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Abstract: Wood decay is an economically significant
process, as it is one of the major causes of wood dete-
rioration in buildings. In this study, the decay process
of Scots pine (Pinus sylvestris) samples caused by cellar
fungus (Coniophora puteana) was followed by nuclear
magnetic resonance (NMR) spectroscopy and magnetic
resonance imaging (MRI) methods. Altogether, 30 wood
sample pieces were exposed to fungus for 10 weeks.
Based on the decrease of the dry mass, the samples
were categorized into three classes: decomposed (mass
decrease 50-70%), slightly decomposed (10-50%), and
nondecomposed (<10%). MRI made it possible to iden-
tify the active regions of fungus inside the wood samples
based on the signal of free water brought by the fungus
and arisen from the decomposition of wood carbohy-
drates. MRI implies that free water is not only created
by the decay process, but fungal hyphae also trans-
ports a significant amount of water into the sample.
Two-dimensional 'H T-T, relaxation correlation NMR
measurements provided detailed information about
the changes in the microstructure of wood due to fun-
gal decomposition. Overall, this study paves the way for
noninvasive NMR and MRI detection of fungal decay at
early stages as well as the related structural changes.
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Introduction

Wood is a hygroscopic material that adsorbs moisture
in humid conditions (Simpson 2007). Water adsorbed
in cell walls is called bound water, whereas water in
larger cavities, such as lumens of tracheid cells, is
called free water (Kettunen 2006). In dry wood, mois-
ture is first adsorbed into cell walls. As the bound water
content increases, wood swells, its mechanical strength
decreases, thermal and electrical conductivities increase,
and the rate of bound water diffusion increases. Free
water appears in the wood only close to the cell wall
saturation point, which is called the fiber saturation
point (FSP). Beyond this point, the amount of free water
increases, but the physical properties of wood change
only slightly with increasing moisture content (MC; Siau
1984; Skaar 1988). For pine wood, the MC corresponding
to the FSP is 25% to 30%.

Fungal decay is one of the most significant causes
of wood deterioration in buildings (Tura et al. 2016). To
enable the fungal metabolic activity, the MC of wood
has to be high enough, i.e. close to or above FSP (Griffin
1977; Zabel and Morrell 1992). The efficiency of the decay
process depends on many environmental factors, such
as temperature and availability of nutrients and oxygen
(Zabel and Morrell 1992; Ringman et al. 2019).

Cellar fungus Coniophora puteana is a very common
threat for softwood in buildings. It is a brown-rot fungus
that decomposes cellulose and hemicellulose of wood and
leaves only the modified lignin as residue. It can cause a
mass loss of wood up to 70% (Hyde and Wood 1997; Irbe
et al. 2006; Novaes et al. 2010). The optimal MC for cellar
fungus is 50% to 60%, but it is effective in a range of 15%
to 80%. The fungus is active at the temperature range of
0°C to 45°C (Williams and Hale 2003; Tura et al. 2016).

Nuclear magnetic resonance (NMR) spectroscopy
is one of the most powerful tools in chemical analy-
sis (Keeler 2010). The NMR frequency of nuclear spins
depends on the structure of the electron cloud surround-
ing the nucleus as well as other nearby spins. Therefore,
spins in different functional groups of a molecule resonate
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at different frequencies and the NMR spectrum is like a
fingerprint of the molecule. The T, and T, relaxation times
of the spins reflect the mobility of the molecules (espe-
cially rotational motion). The most well-known applica-
tion of NMR, magnetic resonance imaging (MRI), enables
one to determine the spatial distribution of spins not only
in medical context but also in materials research (Brown
etal. 2016).

NMR has been broadly exploited also in wood
research. The 'H NMR signal of solid wood is very broad,
of the order of 100 ppm, and its T, relaxation time is
very short (Dvinskikh et al. 2011a; Terenzi et al. 2013).
Therefore, it is readily distinguished from the signal of
moisture, which is characterized by much narrower line
and longer T,. 'H NMR can be used to quantify the MC of
wood (Sharp et al. 1978; Quick et al. 1990; Hartley et al.
1994; Labbé et al. 2002; Merela et al. 2009). 'H relaxation
measurements provide means to resolve and quantify
the free and bound water components in wood, as the
T, of bound water is much shorter (~1 ms) than that of
free water (10-100 ms; Riggin et al. 1979; Menon et al.
1987, 1989; Fantazzini et al. 2006; Almeida et al. 2007;
Telkki et al. 2013; Zhang et al. 2013; Kekkonen et al.
2014, Beck et al. 2017; Zhou et al. 2018). T, also reflects
the size of the cavities; the shorter T, is, the smaller is
the cavity (Menon et al. 1989; Javed et al. 2015). The size
distribution of micropores in the cell walls as well as
lumens has been investigated by NMR diffusion and cry-
oporometry methods (Kekkonen et al. 2009, 2014). Solid-
state NMR techniques reveal the details of the chemical
composition of wood (Sivonen et al. 2002; Koenig et al.
2010). Time-domain NMR has also been exploited in
the investigation of drying and water absorption of
(modified) wood (Hoffmeyer et al. 2011; Thygesen and
Elder 2009) as well as in the investigation of natural
and artificial aging of wood (Rostom et al. 2019). Two-
dimensional (2D) T-T, correlation experiments signifi-
cantly improve the resolution and information content
of the analysis; for example, they enable the resolution
of two types of bound water in cell walls (Cox et al. 2010;
Bonnet et al. 2017; Rostom et al. 2019).

'H MRI reflects predominantly the spatial distribu-
tion of free water in wood, as the signal of bound water
and wood macromolecules is mostly decayed before
detection (Quick et al. 1990; Pearce et al. 1997; Rosenkilde
and Glover 2002; van Houts et al. 2004, 2006; Hameury
and Sterley 2006; MacMillan et al. 2002; Wang and
Chang 2007; Hernandez and Caceres 2010; Mazela et al.
2014; Javed et al. 2015; Ibach et al. 2016; Zupanc et al.
2019). It is also possible to measure relaxation-weighted
images or T, relaxation maps to achieve better contrast in
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between free water in different wood structures (Araujo
et al. 1992; Telkki et al. 2013; Kekkonen et al. 2014; Javed
et al. 2015).

NMR has also been used to determine the struc-
tural changes in wood caused by the decay process.
Gilardi et al. (1994) observed increased T, and T, relaxa-
tion times in wood due to higher degree of mobility in
degraded wood. Onuchin et al. (2018) exploited T *
contrast to determine the relative amounts of decayed
and sound wood. Beck et al. (2018) studied wood-water
relations before and after brown-rot decay using low-
field nuclear magnetic resonance relaxometry on water-
saturated samples. The amounts of lignin and cellulose
in degraded wood have been quantified by “C cross-
polarized magic angle spinning technique (Gilardi et al.
1995). Miiller et al. (2001) showed that the fungal decay
of wood can be detected by MRI. The authors hypothe-
sized that the method is based on the fact that brown-
rot fungi decompose cell wall carbohydrates into CO,
and water. Consequently, the MC content in the active
regions of fungus increases above the FSP, and the pro-
duced free water becomes visible in MRI, whereas other
regions remain invisible. Initially, primarily low mole-
cular weight sugars within the cell lumens are respired,
with no strength, mass, or density changes. However, the
authors concluded that MRI enables the detection of the
initial stage of the decomposition.

In this study, the decay process of 30 wood samples
exposed to cellar fungus was monitored for 10 weeks.
Based on the overall decrease of the dry mass of the
samples, they were categorized into three classes: decom-
posed, slightly decomposed, and nondecomposed. With
MRI, the progress of fungal activity inside the samples
was directly observed based on the assumption that
the occurrence of free water inside the samples can be
explained only by water transportation from outside by
fungal hyphae or fungal degradation of carbohydrates.
T-T, correlation measurements provided detailed,
complementary information about the changes in the
microstructure of wood.

Materials and methods

Materials were provided by the Natural Resources Institute Finland
(Luke), and they were derived from Punkaharju (61°81'N, 29°32E),
Finland. There were 30 nonextracted autoclave-sterilized Scots pine
(Pinus sylvestris) sapwood pieces, which were serially numbered
from 1 to 30. The pieces had rectangular cuboid shape with dimen-
sions of about 6 x6x30 mm. The longest dimension of the samples
was along the longitudinal direction of wood. Aggressively growing
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cellar fungus (Coniophora puteana; strain BAM 112) inoculated in
Petri dishes with malt extract agar as media (European standard
EN113 1996) was used for decomposing the wood pieces. There was
a sterile supporting net structure in the dishes for preventing the
samples to absorb water directly from the wet agar.

The samples were dried in an oven at 60°C for 48 h, and the
dry masses (at ~2% MC) were weighed before the start of the decay
process. Then, the samples were inserted in the dishes, three sam-
ples in one dish, in numerical order. Dishes were kept in an incuba-
tion cabinet at a temperature of 24°C and relative humidity of 70%.
Figure 1 shows a representative example of a dish in the beginning
of the decay process (left) and after 1 week incubation (right). After
1 week, all the samples were covered by the fungus.

'H NMR and MRI as well as gravimetric measurements were
performed for two or three dishes for 1, 2, 4, 6, 8, and 10 weeks after
the beginning of the decay process. Some samples were measured
many times to follow the decay process thoroughly, whereas the
other samples were measured only once to avoid interruptions in
the decay process. Only one dish was out of the cabinet at the same
time to minimize interruptions and contamination. The treated dish
was taken to a laminar flow cabinet, where it was opened, and the
hypha was wiped off from the samples. After weighing a sample, it
was inserted in a 10 mm diameter NMR tube. Teflon pieces on the
top and bottom fixed the sample inside the NMR tube. The NMR
tube was sealed with parafilm for measurements. After the NMR
and MRI measurements, the pieces were placed back in dishes in
the same position as before the measurements and taken back to the
incubation cabinet.

During the decay process, some of the dishes began to dry
despite the high humidity in the incubation cabinet. To stop the dry-
ing, those dishes were almost fully sealed with parafilm to prevent
the moisture evaporation. Only a little aeration hole was left open.
Samples 1to 3, 7 to 18, and 25 to 27 were treated this way. However, it
turned out to be very useful to have samples with different outcomes
in their decay processes; it enabled us to identify the NMR and MRI
signatures of each classes (decomposed, slightly decomposed, and
nondecomposed). After the last NMR and MRI measurements, the
samples were dried in an oven at 60°C for 48 h and their final dry
weight was measured.

The NMR and MRI measurements were carried out by Bruker
Avance III 300 spectrometer equipped with a microimaging unit
with x-, y-, and z-gradients. A 10 mm 'H RF insert as well as TopSpin
and Paravision software (Bruker) were used in the measurements.

Figure 1: An example of a dish including the wood samples at the
beginning of the decay process (left) and after 1 week incubation
(right).

In 1 week, hyphae have grown around the samples.
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First, the position of the sample was checked and adjusted by meas-
uring three orthogonal slices by a gradient-echo imaging method.
Thereafter, an axial slice (parallel to the radial-tangential plane)
was measured using a multiecho spin echo imaging method with
the following parameters: number of echoes, 8; echo time, 12.4 ms;
field-of-view, 1 cm; spatial resolution, 125 um (80 x 80 matrix);
slice thickness, 2 mm; repetition time, 1.8 s; number of averages,
2; and scan time, 4 min 48 s. The slices corresponding to the first
echo are shown as spin-density images in Results and discussion,
whereas all the eight echoes were used to reconstruct T, maps.

In addition to MRI experiments, spectroscopic 2D TT, relaxa-
tion correlation maps were measured by the inversion recovery (IR)-
Carr-Purcell-Meiboom-Gill (CPMG) sequence (Peemoeller et al. 1981;
Song et al. 2002). The sequence includes an IR part (Vold et al. 1968)
followed by the CPMG loop (Carr and Purcell 1954; Meiboom and
Gill 1958). The number of echoes in the CPMG loop was 512 and the
echo time was 0.7 ms. IR-delay varied from 0.001 to 5 s (increasing
logarithmically), and the sequence was repeated with 24 delays. The
relaxation delay was at least three times the longest T, in the sample
(individually acquired). Pulse lengths were 17.25 us for 90° and
34.5 ps for 180° pulses. The number of scans was 4, and the experi-
ment time was about 4 min.

The measurement data were processed by MATLAB. The MAT-
LAB-based Laplace inversion program was provided by the late Prof.
P. Callaghan. Masses of the samples were measured before and after
all the NMR and MRI experiments, and the mass decrease during
the experiments was insignificant. This confirms that the drying of
samples during the experiments was minor.

Results and discussion

Decomposition level based on gravimetry

The relative mass changes of the samples during the decay
process are shown in Table 1. The percentage of the mass
change was calculated by the following equation:

m.—m.
Am=—L—"1x100% (1
m

i

where m; and m; are the initial and final dry masses of the
wood samples (in Figure 2, m, is the wet mass of the wood
sample before MRI scan). The observed mass change
varied from +8% to —70%. There were several samples
whose mass changed almost —70%. The mass change for
some other samples was negligible, indicating that the
decay process did not progress for too dry conditions or
some other reasons. There were also some samples with
the mass change between these extremes, showing a
moderate effect of fungus.

Based on the gravimetric data, the wood samples
were divided into three classes (see Table 1): decomposed
(Am between -70% and -50%), slightly decomposed
(Am between -50% and -20%), and nondecomposed
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Table 1: Classification of the samples by mass change Am [percentage difference between the final and initial dry mass of the wood

samples; see Equation (1)].

Sample # Am (%) Class Initial density (kg m—3) Final water content (%)
-70 Decomposed 500 157
1 -68 Decomposed 499 165
14 -64 Decomposed 472
29 -64 Decomposed 510 206
11 -63 Decomposed 505
26 -62 Decomposed 523 75
10 -61 Decomposed 486
25 -61 Decomposed 537 99
19 -61 Decomposed 468
23 -60 Decomposed 470
30 -60 Decomposed 530 245
13 -60 Decomposed 484
2 -58 Decomposed 433 141
22 -58 Decomposed 459
21 =57 Decomposed 492
12 -50 Decomposed 463
27 -50 Decomposed 460 105
24 -43 Slightly decomposed 491
15 -41 Slightly decomposed 456
28 -33 Slightly decomposed 481 237
(saturated)?
-28 Slightly decomposed 439
5 -25 Slightly decomposed 497
20 -20 Slightly decomposed 490
8 -5 Nondecomposed 493
7 -4 Nondecomposed 555
18 -1 Nondecomposed 503
16 3 Nondecomposed 419
6 4 Nondecomposed 453
9 6 Nondecomposed 452
17 8 Nondecomposed 466

Classes: decomposed (Am between -70% and —-50%), slightly decomposed (Am between —=50% and —-20%), and nondecomposed

(Am between -20% and +8%). The initial density of wood is calculated by dividing the initial dry mass by the volume of the sample
calculated from the sample dimensions. The final water content is calculated for the samples measured and weighed on week 10. It is
calculated by dividing the mass of moisture by the final dry mass of the sample. 2MRI showed that sample 28 was water saturated at the end

of the decay process (on week 10 but not on week 2).

(Am between -20% and +8%). Of the 30 samples, 17
belonged to the decomposed class. Those samples were
brownish and fragile as the brown rot decomposed almost
all cellulose and hemicellulose, and mostly modified
lignin was left (Hyde and Wood 1997; Kettunen 2006;
Novaes et al. 2010). The decomposition of the cellu-
lose and hemicellulose was not complete in the slightly
decomposed samples. The nondecomposed pieces did
not lose mass almost at all or they even gained more mass
during the experiment. The latter could be explained by
experimental errors, incomplete drying process after the
experiment, or some fungus remaining in the exterior of
those samples.

Visualization of the decay process by MRI

Figure 2 shows representative 'H spin-density images of
the samples belonging to each decomposition class as a
function of the decay time. As explained in Materials and
methods, the initial MC of the samples was about 2%, i.e.
well below FSP; therefore, there was no free water in wood
at the beginning of the decay process. At a relative humid-
ity of 70%, the samples began to absorb water. However,
adsorption from air could not raise the MC above FSP.
When a significant amount of free water is observed in the
samples, the water has to be transported into the sample
by fungal hyphae or it is created by fungal degradation
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Figure 2: Spin-density MRI of the decomposing wood samples.
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The images are 2 mm axial slices (radial-tangential plane) from the center of the samples. Label P1W1 refers to piece 1 on week 1. The

first row depicts decomposed samples, the second row depicts slightly decomposed samples, and the third row depicts nondecomposed
samples (except for the image on the bottom, right, which depicts the slightly decomposed, water-saturated sample). The intensity is
proportional to the amount of free water molecules, and the maximum intensity of each image is scaled to be 1. Therefore, the amplitudes
of different images are not comparable. The images including mostly noise indicate that the amount of free water is negligible in those
samples. The regions of free water signal show the locations of active decay process. The field of view is 10 x 10 mm.

of carbohydrates. These processes cause a local, discon-
tinuous, strong signal of free water, which can be readily
disentangled from weak and smooth background signal
of bound water or small amount of free water, which may
exist even below FSP (Telkki et al. 2013).

The image of the decomposed sample (piece 1) meas-
ured during the first week (up, left) shows a strong signal
of free water at the edges of the sample, indicating that ini-
tially the fungus was active in those regions, decomposing
wood carbohydrates into water and CO, (Miiller et al. 2001).
However, the signal is so strong that we suggest that it is
not only caused by the water arising from the decomposi-
tion, as Miiller et al. hypothesized, but also most probably
it includes the contribution of water brought by fungus as
well; a maximum of 56% of the mass of the decomposed
cellulose and hemicellulose is converted to water, and in
the initial stage of the decomposition process, this mecha-
nism could not cause a significant increase of the amount
of free water.

The relative mass changes (Am) calculated by
Equation (1) are also given in Figure 2. Here, m, corre-
sponds to the mass of the sample before the NMR experi-
ments, whereas m, is the initial dry mass. Before the
fungal decay, Am is equal to the MC of the sample. Fungal
decay decreases the mass of solid wood and the fungus
increases the total mass of wood. As the previous effect is
expected to be dominant, Am represents the lower limit
of MC, i.e. MC is larger than Am during the decay process.

At this point, the mass of the wood sample had
increased by 101% compared to the dry mass mostly due
to the increased MC of the sample but partially also due to
the mass of the fungus. Based on the mass increase, it is
obvious that the MC of the sample was much higher than
the FSP; therefore, the gravimetric data confirmed that
there was a significant amount of free water in the sample.
Not all the free water could be in the regions of the most
intense MRI signals at the edges of the sample; free water
had to exist in other regions as well. Indeed, there is some
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free water signal visible all around the sample shown as
a light blue color in the image. The T, relaxation time of
free water covers a broad range, from 10 to 100 ms (see
also Figure 4). As the echo time in MRI experiments was
12.4 ms, only about 30% of the signal of the shortest T, com-
ponent of free water (corresponding to small cavities) was
detected, whereas the same weighting factor for the longest
T, component was 90%. As the relaxation time of bound
water is much smaller (0.5-5 ms, see below) than the echo
time, its contribution to the observed signal was minor.

The image from week 2 (up, middle) reveals that the
fungus had penetrated deeper inside the sample. The
mass of the sample was slightly lower than on week 1
(Am=93%), but, anyway, the MC remained high. The
image from week 8 shows bright free water spots in the
center of the sample, showing that the decomposition
process was almost completed. The signal-to-noise ratio is
lower than in the previous images because of the lowered
activity of the fungus (and therefore lowered amount of
free water) at the end of the process. The lowered free
water content and decomposition of the wood is reflected
in Am, which was dropped to 2%. According to Table 1, the
overall dry mass change of piece 1 was —68%. As Am on
week 8 was 2%, the sample included a significant amount
of moisture, potentially located in the water-adsorbing
micropores created during the decomposition process
as proposed by Karppanen et al. (2008). Most probably,
the T, of water in the micropores is so short that the cor-
responding signal is significantly attenuated in MRI.
However, based on the observations described above, we
interpreted that the fungus activity is associated with the
increase of local concentration of free water observable
with MRI, and only after the activity has been stopped,
free water can completely disappear.

The image of the slightly decomposed sample (piece
5, middle, left) measured on week 1 also shows a signifi-
cant amount of free water in the sample, and the gravimet-
ric analysis confirms the high MC (Am=_86%). However,
the image from the second week (middle, middle) does
not show any free water signal but noise only. This sig-
nificantly decreased mass (Am=45%) imply that the
decay process was interrupted due to too dry conditions.
The image of another slightly decayed sample (piece 20)
measured on week 8 shows brighter free water signal only
in the outer parts of the sample, indicating that most of
the sample volume was intact.

The images of the nondecomposed piece 6 measured
in both weeks 1 and 2 (bottom, left and middle) are almost
lacking the free water signal. The weight of the sample
was also low (Am=55% and 39%), suggesting that the
decay process did not start at all due to the low MC.
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One of the slightly decomposed samples (piece 28)
showed extremely high free water signal (bottom, right)
along with very high mass (Am=187%) on week 10. We
interpreted that this sample was almost fully saturated
with water (perhaps due to the dropping of condensed
water from the dish cover), and the fungal metabolism
was ceased due to the lack of oxygen. The clear regions
of annual rings (early and late wood) visible in the images
visualizes also that the fungus did not change the structure
of wood significantly. However, the observed decrease of
the dry mass (-33%; see Table 1) indicates that there had
been active degradation process in the beginning when
the sample was not water saturated.

The bright spots in Figure 2 indicating the active
regions of fungus are rather small (<1 mm) compared to the
overall size of the sample pieces as well as the distances
water can diffuse to during the decay process. Therefore,
the extra water may be diluted to the close surroundings
due to diffusion after the activity of the fungus has fin-
ished and it does not necessarily need to be removed from
the wood. The fungus may also transfer some of the extra
water to the new active region.

Figure 3 shows the corresponding T, maps of the same
samples. The maps are highlighting the distribution of free
water in a similar way as the spin-density images in Figure
2. However, the contrast is slightly different. Free water in
the active regions of the fungus appear to have T, of ~20 ms
(light blue color), which is longer than the echo time
(12.4 ms) in the spin-density images. In the slightly decom-
posed, water-saturated sample (bottom, right), free water
in early wood has significantly longer T, than free water
in late wood due to smaller lumen sizes in the latter part.
Small dots visible in the late wood parts arise from free
water in longitudinal resin channels (Javed et al. 2015). It is
noted that the randomly appearing reddish regions in the
T, maps are noise (not water components with a long T,).

MRI observations can be summarized in the following
way: small intense regions of free water signal in the spin-
density images and T, maps highlight the active regions of
the fungus; if there is no free water visible in the images
or maps, the fungus is not active; if an intense free water
signal is continuously visible over the whole sample, the
sample is water saturated and the fungus is not active due
to the lack of oxygen delivery.

Free and bound water during the decay
process

Bound water cannot be observed in MRI due to its short
T,. However, both bound and free water can be detected in



DE GRUYTER

P1W1

P1W2

Decomposed

P5W2

Slightly decomposed

P6W2

Non-decomposed

Figure 3: T, MRI of the same samples in Figure 2.
Note that the dark red background is noise.

the relaxometry experiments (without spatial resolution).
Therefore, these experiments provide useful complemen-
tary information about the changes in the microstructure
of wood due to the decay process, as it also changes the
mobility of both bound and free water.

PIW8, Am =2%,
decomposed

P20WS, Am =119%,

Ty (s) slightly decomposed

P6W2, Am = 39%,
non-decomposed
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Figure 4 shows representative 'H T-T, correlation
maps and T, distributions of the samples belonging to
each decomposition class. The nondecomposed sample
(piece 6, week 2) shows three peaks in both T-T, map and
T, distribution. The most intense signal has the shortest T,

P28W10, Am = 187%,
slightly decomposed

1
10 A (2.6 ms, (3.9 ms, (0.75 ms, (46 ms,
130 ms) 490 ms) 110 ms) 270 ms)
10()
10! (51 ms,
1200 ms)
102
A | o 14 ms/69% q 0.67 ms/70%
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Figure 4: T-T, relaxation correlation maps (top) and 7, relaxation distributions of the wood samples.
T,and T, relaxation times of the tops of the peaks are shown in the T.-T, maps. Furthermore, T, values and relative integrals of the peaks are

given in the T, distributions.
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(~0.7 ms) and T, (110 ms), and it arises from bound water
(Telkki et al. 2013; Kekkonen et al. 2014). The second
intense signal owns intermediate relaxation time values
(T,=9 ms and T,=200 ms) and the smallest signal the
longest (T,=46 ms and T,=270 ms). These two signals
originate from free water. One possible interpretation is
that the shorter T, component arises from free water in
late wood tracheid cells (small lumens) and the longer
one from early wood (large lumens), as, according to the
surface relaxation model of Brownstein and Tarr (1979),
T, is directly proportional to the pore size. Furthermore,
our earlier MRI T, maps (and Figure 3) showed shorter T,
values of free water in late wood than in early wood of
pine (Javed et al. 2015); the values differed approximately
by the factor of 2, which is equal to the lumen size differ-
ence (Kettunen 2006). In contrast, Fredriksson and Thy-
gesen (2017) observed two free water T, components from
separately measured early and late wood spruce pieces
and interpreted that the longer T, component arose from
tracheid lumina, whereas the shorter one from the pits
and ray cell lumina. Furthermore, extractives and organic
compounds may also change T, values (Labbé et al. 2006).
Therefore, it is not possible to make conclusive interpreta-
tions of the origins of the two free water components.

The slightly decomposed wood sample (piece 20, week
8) shows only two peaks in narrower region in both T, and
T, directions. We interpreted that this is a consequence
of the partial destruction of the structure of wood. As the
cell walls decomposed partially, bound water had higher
mobhility, and T, of bound water became longer (T,~4 ms;
Beck et al. 2018). Due to the same reason, the two free
water pools are not well resolved anymore. T, values of
bound and free water became almost equal (~400 ms). A
potential explanation is that diffusion-driven exchange
time between these pools became short compared to T,
due to the decomposition, making T, values equal. In
contrast, the exchange time was long compared to T, as
separate peaks of bound and free water were observed in
the T, direction. In addition, the signals of bound and free
water pools may be partially overlapping with the signal
of water-adsorbing micropores created during the decom-
position process (Karppanen et al. 2008). T, value of water
in the slightly decomposed wood sample is higher than
that of any component in the nondecomposed sample.
Most probably, this is associated with the higher relative
free water content due to MC.

In the decomposed sample (piece 1, week 8), the
peaks are even narrower region in the T, direction than in
the slightly decomposed sample due to the decomposition
of cell walls, and T, values are equal due to the accelet-
ated exchange. T, is shorter (~150 ms) than in the slightly
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decomposed sample (~400 ms) most probably because
of the lower amount of free water; the free water compo-
nent in the T, distributions appears to be much smaller
for piece 1 than for piece 20. However, the changes in the
micropore composition may also have their own contribu-
tion to the relaxation times.

T, values of the slightly decomposed, water-saturated
sample were much longer than in the other slightly decom-
posed sample due to much higher amount of free water.
T, values of the free water component were also slightly
longer for the same reason. Note that the large signal on
the left edge of the T, distribution is most probably an arti-
fact related to the instabilities of Laplace inversion; such
artefacts are typical on edges (Bernin and Topgaard 2013).

In addition to the above-mentioned effects, sugars
and other cell wall degradation products in the liquid
phase will affect the T, and T, of the liquid (Labbé et al.
2006).

In summary, the decomposition of wood is reflected in
the relaxation distributions in the following way: T, relax-
ation time of bound water is increased due to increased
mobility; T, relaxation times of free and bound water com-
ponents become equal as the exchange between these
pools is accelerated due to the destruction of the struc-
ture of wood; when the sample is fully decomposed, T,
becomes shorter because of the lowered amount of free
water and changed pore structure.

Full time series

Samples 1 to 3 were analyzed by MRI and gravimetrically
altogether six times during the decay period. The full
time series of the analysis is shown in Figure 5. All those
samples belong to the class “decomposed”.

During the first week, the mass of the samples
doubled due to the adsorption of the moisture from the
humid atmosphere of the incubation cabinet, the mois-
ture brought by the fungus and produced in the decom-
position process as well as by the growth of hypha (as
explained in Materials and methods, the initial MC of the
samples was ~2%). In MRI taken in the first week, intense
free water signals were visible only on the surfaces of the
samples. In the second week, intense free water signals
were visible in the inner part of the sample, showing the
progress of the decay process. Between weeks 2 and 4, the
masses of the samples decreased substantially, and MRI
contained mostly noise. This implies that the samples
dried, and the fungus could not work efficiently due to
lack of water. Thereafter, the dishes were sealed better
with parafilm (see Materials and methods) to prevent
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Figure 5: Spin-density MRI (top) and mass (bottom) of wood samples 1to 3 as a function of decay time.
Note that the first and last points correspond to the dry masses of the samples before and after the decay processes, whereas the other

masses are the wet masses.

samples from drying. As a result, the weight of the sample
became slightly higher on weeks 8 and 10, and free water
was observed again in MRI. The intense free water spots
show that the fungus was active deep inside the samples.
The final dry mass after the decay process was about one
third of the initial dry mass, reflecting the significant
decomposition of the cellulose and hemicellulose of the
sample.

In summary, MRI clearly showed the initial
active regions of the fungus, although it could not be
observed from the gravimetric data yet. The images also

visualize how the decay process progressed deeper inside
the samples, and the lack of free water signal revealed the
period of the low activity of the fungus due to too low MC.
In contrast, the images showed also that the activity of the
fungus was recovered after raising the MC of the sample.

Conclusions

This article demonstrated the usefulness of the combined
MRI and relaxation analysis for monitoring the decay
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process of wood in detail. MRI reveals the active regions of
the fungus through the observation of free water brought
by the fungus and produced in the decomposition process.
MRI shows the initial activity of the fungus and visual-
izes the progress of the decomposition process toward
the interior of the sample. T-T, correlation measurements
highlight the changes in the mobility and exchange of
water molecules due to the decomposition, providing
important information on the microstructure of wood. The
decomposition of the cell walls is reflected as elongated
T, value of bound water, and it also made the T, values
of all the components equal due to accelerated exchange
between the water pools. Overall, the results, interpreta-
tions, and classifications reported in this article facilitate
the use of these methods in the characterization of the
decomposition process noninvasively in real time. The
methods might be used, for example, in the investigation
of new kinds of protective agents of wood or in situ detec-
tion of decomposition of buildings by portable NMR/MRI
devices (Dvinskikh et al. 2011a,b; Pourmand et al. 2011).
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