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Abstract

Waterlogged wooden artifacts are often unstable when exposed to open air, and impregnation with polyethylene glycol
(PEG) remains one of the most widely adopted conservation methods to ensure their long-term stability. Despite its
widespread use, relatively few studies have focused on the interaction between PEG, water and wood. Motivated by the
development and testing of new NMR-based imaging (MRI) protocols for analysing water-PEG-wood systems, NMR
diffusion and relaxation experiments were first conducted on PEG-water solutions at increasing concentrations. High-
field (9.4T) micro-MRI (p-MRI) was then employed to examine the penetration and interaction of these solutions within
chestnut wood, adapting diffusion models originally developed for medical diagnostics. NMR spectroscopy revealed clear
concentration-dependent variations in relaxation and diffusion parameters, indicating a progressive reduction in molecular
mobility with increasing PEG content. High-resolution u-MRI weighted by 7,*, T,, T, and diffusion (quantifying the dif-
fusion coefficient D and the kurtosis parameter K) allowed non-destructive observation of the wood microstructure and the
quantification of relaxation (7, 7)) and diffusion (D, K) values in the earlywood and latewood regions during treatment.
Increasing PEG concentration resulted in decreasing 7', and D values, while 7, and K exhibited contrasting behaviors
associated with changes in local molecular dynamics and microstructural heterogeneity. Notably, the kurtosis parameter
proved sensitive to microstructural differences between earlywood and latewood and to the progressive evolution of the
system during treatment. Overall, the study suggests the potential of u-MRI approach to capture the increasing complex-
ity of the water-PEG-wood system, supporting its applicability for non-invasive monitoring of consolidation treatments in
small samples of waterlogged archaeological wood.

1 Introduction

In recent decades, nuclear magnetic resonance (NMR) tech-
niques have emerged as a valuable diagnostic tool in the
field of cultural heritage conservation (Proietti et al. 2018;
Rehorn and Bliimich 2018; Wagner et al. 2023). These meth-
ods have shown significant potential for analysing complex,
multiscale materials such as waterlogged archaeological
wood, which are often found in severely degraded condi-
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tions (Capuani et al. 2020; Stagno et al. 2021, 2024). NMR
techniques can differentiate between bound and free water
states in wood, providing insights into physical confinement
and chemical composition in hardwoods and softwoods
(Bardet et al. 2012; Gao et al. 2015; Li and Ma 2021, 2022).
Since water dynamics often reflect alterations in porosity,
cell wall integrity and the presence of degradation, the infor-
mation obtained from NMR measurements is particularly
relevant for conservation diagnostics. In submerged archae-
ological contexts, wooden artifacts are prone to chemical
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and physical deterioration. Once exposed to open air, they
may undergo structural collapse due to contractive capillary
forces acting on the cell walls and shrinkage caused by the
loss of bound water (Christensen et al. 2006; Stelzner et al.
2022). To guarantee wood’s dimensional stabilisation and
prevent collapse, polymers are frequently used to fill inter-
nal cavities via a moderate diffusion process. Historically,
impregnation with polyethylene glycol (PEG) has been the
most widely applied method for waterlogged wood treat-
ment. Generally, low molecular weight PEG is suited for
less degraded specimens while higher molecular weight
PEG provides structural reinforcement in heavily deterio-
rated wood (Han et al. 2022; Stamm 1964; Villani et al.
2025). Assessing the state of preservation and the dynamics
of impregnation is essential for evaluating the efficacy of
conservation treatments and Magnetic Resonance Imaging
(MRI) offers a promising non-invasive approach, enabling
the visualisation of wood microstructure and the spatial dis-
tribution of consolidants within waterlogged wood (Cole-
Hamilton 1995; Kanazawa et al. 2017a; Kowalczuk et al.
2019; Mori et al. 2021; Stagno et al. 2023). Previous MRI
studies have demonstrated that relaxation and contrast-based
imaging can detect changes induced by PEG impregnation.
In particular, Kanazawa et al. 2017a reported a progressive
decrease in longitudinal relaxation times (7)) with increas-
ing PEG and trehalose concentrations, interpreted as a con-
sequence of reduced mobility and increased correlation
times in viscous, polymer-rich environments. These results
indicate that 7| represents a robust parameter for monitoring
the dynamics during consolidation treatments. In contrast,
the behaviour of transverse relaxation 7, has proven more
difficult to interpret due to limited and ambiguous variations
of its value across the treatment. Alternative contrast mech-
anisms have been explored by (Kanazawa et al. 2017b)
applying Magnetization Transfer (MT) MRI, demonstrating
a relatively uniform PEG penetration in small wood speci-
mens but an insufficient impregnation in the inner regions
of larger samples, even when high PEG concentrations were
used. This approach proved effective for assessing sample-
size-dependent impregnation efficiency but highlighted that
MT contrast only provides an indirect and non-specific mea-
sure of macromolecular content and offers limited insight
into water dynamics and microstructural confinement. More
recently, (Mori et al. 2021) used 3D ultrashort echo time
(UTE) MRI to reconstruct the spatial distribution of PEG in
treated wood relying on the correlation between MRI signal
intensity and increased PEG concentration.

Despite these advances, most NMR and MRI studies on
treated wood remain primarily focused on qualitative or
indirect visualisation of consolidant distribution. Moreover,
MRI images are often limited by insufficient spatial resolu-
tion and by the difficulty of clearly relating image contrast
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to the water-PEG-wood interactions within different wood
structures. MRI-based relaxation studies (Kanazawa et al.
2017a, b; Mori et al. 2021) and measurement of average
translational self-diffusion coefficients obtained by pulsed-
gradient NMR methods (Kowalczuk et al. 2019) do not
provide spatially resolved information on diffusion pro-
cesses and are generally interpreted within Gaussian dif-
fusion framework. As a consequence, the microstructural
heterogeneity of wood and the presence of restricted and
non-Gaussian diffusion regimes associated with consolidant
impregnation remain insufficiently characterised. Therefore,
there is still a lack of adequate research focused on develop-
ing non-invasive MRI strategies capable of quantitatively
characterising both molecular mobility and microstructural
complexity during wood consolidation treatments. In this
work, we drew inspiration from diffusion MRI models
and experimental protocols originally developed in clini-
cal research for medical diagnostics (De Santis et al. 2011;
Jensen et al. 2005; Maiuro et al. 2025), in particular diffu-
sion kurtosis imaging (DKI), which extends conventional
diffusion MRI by quantifying deviations from Gaussian dif-
fusion that are especially relevant in porous and heteroge-
neous materials. These approaches are here adapted to the
specific physical and structural characteristics of wood.

In this framework, the study applies selected protocols
to the investigation of a chestnut wood sample, combin-
ing NMR spectroscopy and multiparametric micro-imag-
ing NMR (u-MRI) to characterise PEG-water solutions at
increasing concentrations and monitor their penetration into
waterlogged wood. By quantifying relaxation and diffusion
parameters and mapping their spatial distribution across
the sample, we provide a non-destructive means to inves-
tigate conservation treatment and the evolving interactions
between water, PEG and wood microstructure.

2 Materials and methods
2.1 Materials

Sweet chestnut (Castanea sativa Mill.), a species belong-
ing to the Fagaceae family, is a ring-porous hardwood,
characterised by large earlywood vessels arranged in dis-
tinct growth rings. These vessels often display an oblique
to dendritic orientation, contributing significantly to the
wood’s structural and functional properties (Schweingruber
2007). In this study, a waterlogged chestnut wood sample
with initial dimensions of approximately 1.0x0.7x0.8 cm?
was first scanned and then sectioned into two subsam-
ples (1.0x0.7x0.4 cm?®). Sample C1 underwent stepwise
impregnation treatment, while the other one was preserved
as an untreated reference in its original waterlogged state.
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Polyethylene glycol (MW 400), provided by Andrea Gallo
S.r.l., was selected due to its low molecular weight, allow-
ing an easy penetration into well-preserved wood such as
in our case. Polyethylene glycol (PEG) is a linear polyether
with the general formula HO—(CH.CH:0),—H, where n
represents the number of ethylene oxide units. The aver-
age molecular weight of PEG used in this study is approxi-
mately 400 g/mol, corresponding to about 89 repeating
units (Derkaoui et al. 2007). The treatment consisted of
immersing the already fully water saturated C1 sample in
distilled water - PEG 400 solutions at progressively increas-
ing concentrations of 10%, 30% and 50% w/w, with each
step lasting two weeks. This stepwise approach was used to
enable gradual penetration of the consolidant, as commonly
adopted in conservation practice (Christensen et al. 2012;
Hoffmann 1986; Nguyen et al. 2018). Between acquisi-
tions, C1 was stored in a controlled environment (25+1 °C,
50% RH) to minimise variability and optimise treatment
conditions.

Figure 1 summarises the experimental workflow applied
in this study, including sample preparation, sequential treat-
ment steps, and the NMR/MRI analysis pipelines for both
solution and wood sample.

2.2 "H NMR spectroscopy, relaxation and diffusion
of PEG-water solutions

Since PEG water interactions can significantly influence
MRI contrast (Callaghan 1991; Kanazawa et al. 2017a), a
preliminary characterisation of the relaxation and diffusion

700 pL PEG 400 - water solutions
(at 10-30-50% wiw)
and
700 pyL PEG 400

}

NMR analysis:
T, = mono-compartment
T, - mono-exponential decay
D - mono-exponential decay

properties of the solutions was conducted to support the
subsequent p-MRI experiments. '"H NMR measurements
were performed on 700 pL of the prepared PEG—water
solutions and on PEG 400 alone using a Bruker-Avance
400 MHz (9.4 T) spectrometer. The temperature during the
experimental time was 296 K. Data acquisition and manual
resonance peak integration were carried out using TopSpin®
2.0, while curve fitting was conducted using Origin® 8.5.
NMR spectra were obtained using a standard zg (zero-
gradient) sequence, consisting of a single 90° radiofre-
quency (RF) excitation pulse followed by free induction
decay (FID) acquisition. The RF pulse duration was 10
ps, with a recycle delay of 6 s, 2 scans (NS), an offset fre-
quency of 1500 Hz, and a spectral width of 6 ppm. Relax-
ation and diffusion experiments were conducted to quantify
T, T, and the molecular diffusion coefficient D. Transverse
relaxation times (7,) were determined using the Carr-Pur-
cell-Meiboom-Gill (CPMG) sequence with 228 echo times
(1-455 ms, 2 ms step), an interpulse delay of 500 pus, a
repetition time (Tg) of 5 s and 8 scans per point. Longitu-
dinal relaxation times (7)) were obtained using an Inver-
sion Recovery (IR) sequence with a recycle delay of 10 s,
16 inversion times (10-12000 ms) and 16 scans per point.
Molecular diffusion coefficients (D) were measured using a
Pulsed Gradient Stimulated Echo (PGSTE) sequence, with
=5 ms, A=80 ms, 16 gradient steps and 16 scans per point.
The magnetic field gradient was applied along the x-axis,
orthogonal to the sample’s longitudinal direction.

Chestnut sample

= Baseline: untreated state (nt) > MRI scan
Sequential treatment steps (14 days each)
= In 10% solution = MRI scan

= In 30% solution - MRI scan

= In 50% solution - MRI scan

4

MRI analysis:
T, > mono-compartment
T, = mono-exponential decay
D - mono-exponential decay
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Fig. 1 Summary of the methodological workflow applied in this study, illustrating sample preparation, treatment steps, and the corresponding

NMR and MRI analytical procedures
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2.3 Multiparametric p-MRI of wood

Before investigating the behaviour of PEG—water solutions
within the wood matrix, p-MRI was first performed on the
chestnut sample in its entirety to analyse its untreated con-
dition. Following this initial acquisition, sample C1 was
then scanned after each treatment step. All p-MRI acqui-
sitions were performed on the same specimen throughout
the impregnation stages to minimise anatomical variability
and ensure that observed changes were solely attributable
to the interaction between PEG and the wood-water sys-
tem. This approach allowed for a direct comparison within
specific anatomical regions. Spatially resolved images were
acquired using a Bruker-Avance 400 MHz (9.4 T) spectrom-
eter, equipped with 10 mm microimaging and high-perfor-
mance gradient coils capable of producing magnetic field
gradients up to 1200 mT/m with a rise time of 100 us. Data
acquisition and processing were carried out using ParaVi-
sion® 3.2 software. Samples were placed in 10 mm NMR
tubes, either in distilled water or in their treatment solution
(10-30-50% PEG) and set temperature was about 296 K.

The imaging protocol included the acquisition of 75*-,
T,-, T}-, and diffusion-weighted (DW) images, each opti-
mised to highlight specific contrast mechanisms, with the
aim of minimising imaging artifacts and maximising the
signal-to-noise ratio (SNR) of the images. In NMR imaging,
different image contrasts provide complementary informa-
tion about the state of water in wood. 7|-w images primar-
ily reflect the ease with which water molecules exchange
energy with their surroundings and thus provide information
about water mobility and its interaction with the wood-PEG
matrix. 7,-w images are sensitive to the strength with which
water is confined within the wood microstructure, allow-
ing the distinction between water that moves more freely
(white/light pixels) and water tightly associated with cell
walls (gray/black pixels). Diffusion-weighted images inves-
tigate the ease with which bulk water can move through
wood, providing information on pore connectivity and how
PEG treatment affects water transport pathways. Applied
sequences are listed below and detailed parameters are pro-
vided in Table 1.

e T,*-wimages were collected using a FLASH (Fast Low
Angle Shot) sequence;

Table 1 Acquisition parameters used in applied MRI sequences
Sequence TE (ms) TR (ms) FOV (mm?) STK (mm) MTX (px)

FLASH 3.7 1000 13x13 0.3 256 %256
MSME 143 2000 13x13 0.3 256 %256
IR-EPI 36 4000 13x13 0.3 256 %256
DW-EPI 27.8 3000 10> 10 0.6 128 %128

TE is the echo time, TR the repetition time, FOV is the field of view,
STK the thickness of chosen slice, MTX the size of the matrix
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e T,-w images were acquired using a MSME (Multi Slice
Multi Echo) sequence with 16 echo times ranging from
14.3 to 228.5 ms, to measure T5;

e T,-w images were acquired with an IR-EPI (Inversion
Recovery Echo Planar Imaging) with 16 inversion times
ranging from 15 to 4000 ms (step 185 ms) to measure
T

e DW images were collected using a DW-EPI sequence,
with 7 effective b-values (352, 785, 1081, 1487, 2122,
2610, 3088 s/mm?), with 4=40 ms and 6=2 ms to quan-
tify diffusion coefficient D and the kurtosis parameter K.

The acquisition parameters reported in Table 1 are a com-
promise between the limited possibilities of values offered
by the hardware and software of the MRI scanner and the
optimisation of the signal to noise ratio (SNR) and image
contrast to obtain good quality images from bulk water
(Capuani et al. 2020; Stagno et al. 2023). Regions of inter-
est (ROIs) were selected based on structural features visible
in T,*-w images. Two key circular ROIs, with a diameter
of 0.9 mm, were defined: ROI 1 from the earlywood region
mainly containing larger vessels, ROI 2 from the latewood
region with smaller lumen cells (Fig. 2).

Quantitative analysis of signal evolution in these ROIs
was performed using mono-exponential fitting models using
Origin® 8.5 on the mean of the ROIs’ voxels. The follow-
ing equations were used to extract relaxation and diffusion
parameters:

e For T, estimation,

S (t) = Soexp <_t/T2) +c (1)

where S(t) is the signal intensity at echo time (7), So is the
initial signal at t=0, 7> describes the decay of transverse
magnetisation due to spin—spin interactions, and c is a con-
stant offset accounting for baseline noise.

e For T, estimation,

S (t) = So [1 — 2exp (_t/Tl )} 2

where S(t) is the signal intensity measured at inversion time
t, Sy 1s the maximum signal intensity after full longitudinal
relaxation, 7 represents the recovery of longitudinal mag-
netisation due to spin-lattice interactions.

e For Diffusion coefficient estimation,

S (b) = Spexp (—bD) + ¢ 3)
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Fig.2 7,*-w images of untreated (a) and 10% PEG-treated (b) samples. ROIs are marked as follows: dark blue=earlywood (ROI 1), yellow =late-

wood (ROI 2). The diameter of these regions is about 0.9 mm

where S(b) is the signal intensity measured at a given
b-value, S, is the signal intensity at t=0, D is the apparent
diffusion coefficient (m%/s) and b is calculated as:

b =79 g>-0 (A - §/3) (4)

where, y is the gyromagnetic ratio of the proton (2.675 % 108
rad-s™'-T™), g is the gradient strength (T/m), ¢ is the gradi-
ent duration (s), 4 is the diffusion time (s).

The diffusion coefficient D extracted from a mono-expo-
nential fit quantifies the average rate at which water mol-
ecules (or water and PEG molecules) move through wood’s
porous structure. It reflects how easily water penetrates and
diffuse through the interconnected pores and cell walls of
the wood (Anisimov et al. 1998). To further investigate
the interaction between solutions and wood structures, we
applied the Kurtosis representation (Jensen et al. 2005), an
approach that has proven to be more sensitive and specific
in medical diagnostics than the classical mono-exponential
diffusion decay (Maiuro et al. 2025). Therefore, in addition
to the mono-exponential fit, we also performed the Kurtosis
fit:

S (b) = Spexp <—bDK + éK(bDK)2> (5)

where Dy is the apparent diffusion coefficient (m*/s) and K
is the kurtosis parameter whose values might account for
non-Gaussian diffusion as follows:

e K =~ 0: indicates Gaussian diffusion. In this case, the
system is well described by D obtained using the mono-
exponential fit.

e X > 0: indicates non-Gaussian diffusion and the pres-
ence of membranes and microstructures that hinder and
restrain water diffusion.

The K values may highlight interesting new information
about the wood structure itself, pinpointing regions with
higher complexity and chaotic arrangements or enhancing
the edges of the wood’s microstructures.

The initial values for each fitting procedure were estab-
lished as follows: S, was initialised considering the intensity
of the highest point, 7 was set at 1000 ms, 7, at 20 ms, D at
2.1 E-9 (m%/s), Dy at 2.1 E-9 (m?%s) and K at 0. The quality
of the fits was assessed by the coefficient of determination
(R?).

Additionally, to better show the spatial distribution of 7,
and D parameters across the entire sample, parametric maps
were obtained using a custom Python script performing a
voxel-wise nonlinear least-squares algorithm. DW images
were denoised performing the Patch2Self algorithm from
dipy library (dipy.org) (Fadnavis et al. 2022).

3 Results and discussion

3.1 "H NMR spectroscopy, relaxation and diffusion
of PEG-water solutions

The 'H NMR spectra of aqueous PEG 400 solutions at
different concentrations are shown in Fig. 3. In the 10%
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Fig. 3 'H NMR spectra of PEG
400 in water at various concen- PEG 100%

trations: 10% (blue), 30% (red),
50% (green) and pure PEG 400
(violet) obtained at 9.4T. The water
resonance appears at 4.7 ppm in
the 10% solution and gradually
shifts downfield (to 4.6-4.5 ppm)
in more concentrated solutions,
where it overlaps with the PEG
terminal hydroxyl group which is
otherwise visible at 4.3 ppm in the
violet spectrum. The intense peak
resonance at 3.62 ppm corresponds
to the methylene protons of the
PEG backbone with a shoulder at
about 3.52 ppm attributed to the
terminal -CH,-OH groups. For
visual clarity, spectra were overlaid
during post-processing, therefore

PEG 50% in-water
PEG 30% in water
PEG 10% in water

the y-axis, reporting relative signal
intensities in arbitrary units, has
been omitted

T
4.5 1.0 3.5 [ppm]

Table2 T, T, and D values obtained for analysed solutions with errors deriving from fitting

PEG (%) T, (ms) T, (ms) D (m?%/s)

Tiw Tipeg Tw Toreg Dy Dprg
10 2049+190 790+8 943+75 574+59 (9.7+£0.1)x 10710 (2.1£0.1)x 10710
30 151849 627+4 95.7+0.4 357+9 (5.1£0.1)x 1071° (6.9+0.1)x 107"
50 798+2 430+2 62.0+0.1 274+3 (7.2+0.1)x 10710 (8.6+0.2)x 1071
100 - 414+5 - 133+1 - (5.6£0.1)x 1071

Tyw» Tows Dy refer to water resonance while 7'ppg, Thprg, Dprg to methylene proton resonance of the polymer. Numbers 10-30-50-100 refer to

PEG concentration (wt%)

PEG solution spectrum, the water resonance is centered
at approximately 4.7 ppm while PEG-related resonances
are observed between 3.5 and 3.7 ppm. The main signal at
3.62 ppm was assigned to the internal methylene protons
(-CH,CH,0-), with a shoulder at 3.52 ppm corresponding
to terminal -CH, groups. A broad hydroxyl group signal at
around 4.2 ppm is visible in the pure PEG 400 spectrum
and it is undetectable for the solutions due to fast proton
exchange with water.

The chemical shift of the water resonance varies with
PEG concentration, consistently with literature observa-
tions, moving from 4.7 ppm in dilute solutions to 4.5 ppm
in more concentrated ones, likely due to exchange dynamics
(Jora et al. 2016). Average values of the relaxation times (7
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and 7)) and diffusion coefficients (D) measured for both the
water signal and the PEG methylene (-CH2-CH2-O-) proton
resonance are reported in Table 2.

For 100% PEG, only the methylene resonance was con-
sidered, with T\ppg=414+5 ms and T,ppg=133+1 ms.
Concerning the solutions, the longitudinal relaxation times
for both water (7y) and PEG methylene protons (7'ppg)
decrease progressively as PEG concentration increases,
reflecting a reduced molecular mobility in increasingly vis-
cous environment (Clop et al. 2012; Jora et al. 2016; Liisse
and Arnold 1996).

As shown in Table 2 for 10% PEG solution, 7'y, value is
significantly longer than 7'ppg (2049190 ms & 790+8 ms
respectively) reflecting the higher mobility of free or weakly
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bound water compared to the polymer chains (Clop et al.
2012; Jora et al. 2016). As PEG concentration increases
up to 50%, water becomes more involved in the polymer’s
hydration layer, leading to restricted dynamics, with a con-
sequent 7; reduction for both species.

A similar trend is observed for transverse relaxation times
(7). At 10% PEG, Thyw > Toppg, indicating that water mol-
ecules experience higher mobility than more constrained
PEG chains. However, as the concentration increases, Ty
decreases drastically, indicating stronger interactions with
the polymer. In the pure PEG 400, T,ppg has its minimum
value.

Diffusion measurements (obtained with a diffusion time
equal to 4=80 ms) further confirm these observations. At
10% PEG, the diffusion coefficient of water (Dy) is already
reduced relative to pure water, consistent with the occur-
rence of intermolecular interactions with PEG due to water
hydration. As concentration increases, Dy, continues to
decrease, reflecting a growing restriction of water mobility
and the priority role of PEG hydration by water. At 10%,
Dppg is around 2.0 x 107! (m?/s), and the decrease in its val-
ues with increasing concentration is consistent with reduced
chain mobility caused by inter-chain interactions. At a 50%
concentration, a slight deviation from the decrease in the D
value has been observed in both Dy, and Dpgg. This phenom-
enon may result from structural rearrangements within the
PEG chains, aligning with the transition toward a ‘spread-
gel’ phase as reported in literature for PEG 400 aqueous
solutions (Derkaoui et al. 2007). While further investigation
is required to validate this hypothesis, such analysis goes
beyond the scope of the current study and was not pursued
in detail at this stage. Finally, at 100% PEG, Dpgg value
reaches its minimum (about 5.6 x 107! m%/s) as the system
is dominated by the absence of solvent-mediated mobility.

3.2 Multiparametric p-MRI

Axial T,*-weighted images of the chestnut wood sample,
acquired before and after impregnation (10 and 30% PEG),
are shown in Fig. 4. In this orientation, the images provide
a detailed visualisation of the wood cross-section, allow-
ing the observation of its anatomical features and the clear
distinction between earlywood and latewood regions. The
combination of low paramagnetic iron impurity content and
optimised imaging parameters enabled the acquisition of
clear images with strong tissue contrast. Sample C1, being
a contemporary well-preserved waterlogged specimen,
appears structurally intact and free from microscopic degra-
dation, which is in contrast frequently observed in archaeo-
logical wood (Stagno et al. 2023; Stagno and Capuani 2022).
In general, the earlywood region in chestnut is characterised
by large, evenly distributed vessels with wide lumina and
thin walls, which appear as light voxels in the images. In
contrast, the latewood region consists of smaller vessels
(brighter spots) and partially oriented parenchyma cells and
fibres with smaller cavities and thicker walls, resulting in a
lower signal intensity and darker grey voxels.

The annual growth rings are distinctly visible, as well as
localised dark areas likely corresponding to polyphenolic
compounds or extractives, as previously reported by Stagno
et al. (2024). Quantitative relaxation and diffusion values
derived from selected ROIs, defined in corresponding MR
images as described in Sect. 2.3, are reported with associ-
ated fitting errors in Table 3. In the untreated sample, 7
values are relatively high in both regions (7gy=1332+£190
ms and T;w=1479+301 ms) and progressively decrease
with increasing PEG concentration, in agreement with 7}
values of PEG and water reported in Table 2.

Conversely, T, shows an opposite trend, with a grad-
ual increase upon impregnation. This behaviour can be
explained by observing the individual relaxation values of

Fig.4 T,*-w images (STK 0.3 mm, in-plane resolution of 50 x 50 um?)
of the chestnut sample, untreated (a) and treated with 10% and 30%
PEG solutions (b-¢) respectively. Arrows highlight important morpho-

logical features as the annual growth ring (violet), large earlywood
vessels (red), small vessels and parenchyma cells in the latewood area
(yellow) and polyphenolic extractives (green)

@ Springer
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Table 3 T}, T, and D values for selected ROIs in untreated (un.) and PEG-treated sample (10-30-50%)

ROI 1 (earlywood)

ROI 2 (latewood)

T, (ms) T, (ms) D (m%/s) T, (ms) T, (ms) D (m?/s)
un. 1332+190 15.2+0.2 (1.6£0.1)x 107° un. 1479301 11.5+0.2 (1.3+£0.1)x 107°
10% 1227+113 16.3+0.4 (1.5£0.1)x 107° 10% 11214218 13.1+£0.4 (1.0+£0.1)x 107°
30% 621+94 413+1.7 94+1.1)x 1071 30% 831+119 39.5+1.8 (7.9+12)x1071°
50% 311433 85.7+2.8 (1.9+5.6)x 10710 50% 411+24 80.3+8.2 (6.4+13.8)x 10710

Diffusion values at 50% PEG exhibit large fitting errors due to chemical shift artefacts and are therefore not reliable; they are reported for

indicative purposes only

Fig.5 T, maps (with STK of 0.3 mm and in-plane resolution of 50 x 50
um?) of wood samples: a untreated, b—d after treatment with PEG at
10%, 30%, and 50% concentration, respectively. The colour scale on
the right of each image represents 7, (ms), with warmer tones indicat-

water and PEG reported in Table 2 and considering that,
in imaging mode, we quantify the average relaxation val-
ues of protons in solution. In particular, the reported values
are obtained by averaging the signal over all pixels within
the selected ROIs, thereby combining contributions from
regions with longer and shorter transverse relaxation times.
Additional insights are provided by the T, maps in Fig. 5,
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T: [ms]

ing higher values. In the untreated sample, the distribution of 7', values
is broader, reflecting heterogeneous water populations within the wood
matrix. After treatment, a progressive increase and homogenisation of
T, values is observed

which enable a pixel-by-pixel visualisation across the entire
sample.

In the untreated reference sample (Fig. 5a), yellow areas
corresponding to 7, values of approximately 15 ms are
mainly located around the sample and inside vessels lumina,
reflecting the presence of water population with higher
mobility. Darker colour are mostly spread along latewood
areas which in fact correspond to slightly smaller T, values.
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These observations are consistent with studies reporting dif-
ferences in spin-spin relaxation time for water residing in
larger and less constrained vessels compared to water con-
fined in smaller pores (Kowalczuk et al. 2019). Following
PEG impregnation, the yellow zones progressively shift to
green hues, indicating longer 7, not only in the ground tis-
sue but also within larger vessels. At 30% PEG, T, values
in the map range from ~20-30 ms in fibres and ground tis-
sue to ~40-60 ms in vessel lumina, whereas at 50% PEG
the entire sample shows extended 7, values, in the range of
80—-120 ms. These maps provided a spatial distribution of 7,
values in accordance with the quantitative trends observed
for the single ROI-based analysis reported in Table 3 and
allowed an extensive visualisation of the parameter behav-
ior in the entire section of the sample.

The observed increase in transverse relaxation time can
be attributed to a reduction of water-cell wall interactions
induced by PEG uptake. Similar behaviour has been pre-
viously reported using higher molecular weight PEG and
changes in T, were interpreted as resulting from both the
redistribution of water among pores of different sizes and
the occupation of hydrogen-bonding sites at the cell walls
by consolidant molecules, limiting surface occupation and
exchange processes (Bannister 1990). From a physical per-
spective, transverse relaxation in wood, in other porous
materials or biomaterials as bones, is strongly influenced
by magnetic susceptibility differences between the solid
matrix and the pore fluid. As example, in biomaterials such
as spongy cancellous bone, where water and bone marrow
reside within the pores of a mineral matrix, the magnetic
susceptibility difference between water and bone mineral is
about 1 ppm, while that between bone marrow and bone is
approximately 0.4 ppm. Variations in the relative amounts of
these pore fluids, for example due to pathological conditions
such as osteoporosis, are reflected in measurable changes
in T, relaxation times (De Santis et al. 2010; Rebuzzi et al.
2013).

In the case of wood, water and PEG, water is more dia-
magnetic than wood, with a susceptibility mismatch of
approximately 0.2-0.4 ppm. Considering PEG molecular
structure, hydrophilicity, and density compared to wood,
we can reasonably think that the magnetic susceptibility of
PEG is greater than that of water and less than that of wood.
If the difference in magnetic susceptibility between PEG
and wood is smaller than that between water and wood,
two concurrent effects likely contribute to prolong 75,. First,
increasing polymer concentration reduces the suscepti-
bility difference at the wood-wall-solution interface; this
attenuates the internal dephasing gradients and increases
transverse relaxation. Second, the overall relaxation rate
is influenced by the increasing fraction of PEG molecules
which from 30% concentration are characterised by longer

T, values than water (see Table 2). The combination of
these factors results in a progressive increase in the mean
T, observed during the consolidation treatment as reflected
by the ROI-based analysis (Table 3) and spatially resolved
maps (Fig. 5).

Diffusion measurements highlight the confinement of
water due to the wood’s porous structure, with D values
(Table 3) lower than those of free water and slightly higher
in earlywood than in latewood, in agreement with the larger
vessels cross-section. The reported diffusion coefficients
represent an average measure of molecular mobility within
investigated ROIs, reflecting the combined contribution of
water and PEG protons under the chosen experimental con-
ditions. After the first impregnation step, a reduction in D is
observed in both regions, consistent with the replacement of
pure water by more viscous water-PEG solutions. At higher
concentrations (30-50% PEG), the acquired images are
affected by chemical shift artefacts due to the coexistence of
two proton pools with distinct resonances. Indeed, in diffu-
sion-weighted imaging, when no frequency-selective exci-
tation is applied, these signals overlap in the reconstructed
images, leading to superimposed contributions from water
and PEG protons. As a result, the effective image resolution
decreases and it further affects ROI definition and quantita-
tive map reconstruction, as visible in Fig. 6. This limitation
will be addressed in future experiments by implementing
selective signal suppression schemes and alternating acqui-
sitions for the resonance of water and PEG (which dif-
fer of about 1.2 ppm), to clarify their individual diffusion
behaviours and provide a more accurate characterisation
of the impregnation process. Nevertheless, with increasing
PEG concentrations, a general reduction of diffusivity is
observed, which is consistent with the expected behaviour
of confined water and its progressive replacement by PEG
solutions (Kowalczuk et al. 2019).

The application of the Kurtosis representation shows
interesting results as reported in Table 4, providing addi-
tional insights on water and solution pathways in wood
microstructure. In the untreated sample, the K value in ear-
lywood (K=0.6) indicates a water diffusion regime which
only slightly differs from Gaussian behaviour, while values
in latewood (K= 1.0) reflect a more complex structure. Ear-
lywood cell types (mainly vessels) are large in diameter with
thin cell walls, while latewood cells mostly have smaller
diameters with thicker walls. Wider lumina give earlywood
areas a more open and porous structure that facilitates fluid
transport. Latewood, instead, has narrower lumina and
a higher proportion of solid material, imposing stronger
restrictions. Our results therefore suggest that K is more
sensitive to the abovementioned microstructural difference
than D coefficient, while the diffusion coefficient provides
an average measure of mobility, the kurtosis parameter

@ Springer



34 Page 10 of 14 European Journal of Wood and Wood Products (2026) 84:34

Fig.6 Parametric maps (STK 2.00

0.6 mm, in-plane resolution of

78 x 78 um?) of diffusion coef- 1.75

ficient D of wood samples:
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Table 4 Dy and K values for selected ROIs in untreated (un.) and PEG treated sample (10-30-50%). In both ROls, the values at 50% PEG exhibit
fitting errors due to chemical shift artefacts in the acquired images and are reported for indicative purposes only

ROI 1 (earlywood)

ROI 2 (latewood)

Dy (m? /s) K Dy (m? /s) K
un. (1.66+0.05) x 107° 0.59+0.01 un. (0.98+0.04) x 107° 1.02+0.02
10% (1.61£0.05) x 107° 0.60+0.02 10% (0.89+0.10) x 107° 0.90+0.08
30% (0.69+0.05) x 107° 1.22+0.05 30% (0.52+0.04) x 107° 1.54+0.07
50% (0.13£0.12) x 107° 1.70+8.36 50% (0.20+£0.21) x 10~° 3.44+1.81

complementarily captures deviations from Gaussian diffu-
sion arising from microstructural heterogeneity and restric-
tion. In addition, upon PEG impregnation, mean K values
increase to values exceeding~1.2—1.4 (Table 4) suggesting
the emergence of compartments and microenvironments
in which water is more restrained and characterised by a
non-Gaussian motion propagator due to the interaction with
PEG molecules and the wood’s microstructure. The diffu-
sion coefficient values obtained using the kurtosis represen-
tation applying Eq. 5 follow the trend previously observed
for mono-exponential diffusion coefficient derived from
Eq. 3 and are reported in Table 4.

In Fig. 7, the parametric non-Gaussian diffusion maps
are displayed for each PEG percentage. The K map of the
untreated wood (Fig. 7e¢) shows an average K value that
is homogeneous across the entire sample, while the ones
obtained for treated wood (Fig. 7f-h) reveal microstructural

@ Springer

details, with higher K values particularly in earlywood pores
characterised by water following a non-Gaussian motion.
Overall, K highlights deviations from purely Gaussian dif-
fusion, providing sensitivity to microstructural complexity.
Higher K values may highlight restricted or heterogeneous
water motion within the wood, emphasising structural dif-
ferences such as denser latewood regions or the pore net-
work in earlywood, where diffusion follows a non-Gaussian
behaviour. The trends of all the estimated parameters as
a function of the PEG concentration in the chestnut sam-
ple are summarised in Fig. 8. The behaviour of 7} and D
(Fig. 8a and c), evaluated through the mono-exponential
fitting, decreases with increasing PEG concentration, indi-
cating a progressive reduction of molecular mobility due to
increased solution viscosity and confinement. This decrease
is more pronounced in earlywood, consistently with larger
lumen dimensions, suggesting higher sensitivity of its
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Fig. 7 Parametric maps of diffu-
sion coefficient Dy (STK 0.6 mm,
in-plane resolution of 78 x 78

um?) of wood sample: a untreated,
b-d after impregnation with PEG
at 10%, 30%, 50% concentra-
tion, respectively. Corresponding
maps of the kurtosis parameter K:
e untreated sample, f-h after treat-
ment with PEG at 10%, 30%, 50%
concentration, respectively. Colour
bars indicate the magnitude of D
(m?s) and K, with warmer colours
representing higher values. With
increasing PEG concentration, a
progressive reduction of the image
resolution is observed, mainly

due to the chemical shift artifact.
Note that the maps at 50% PEG
are affected by severe artefacts and
that the derived Dy and K values
are therefore associated with large
uncertainties

microstructure to the treatment solution. Conversely, 7,
(Fig. 8b) increases at higher PEG concentrations (>30%) in
both regions, reflecting the combined relaxation contribu-
tions of water and PEG within the ROIs and the shielding
effect of the PEG which reduces the magnetic susceptibil-
ity difference at the interface between water and wood,
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positioning itself right at the interface. The trend suggests,
as previously discussed, a reduction of water—cell wall
interactions due to PEG accumulation at pore cell-walls,
resulting in prolonged relaxation times across the sample.
The diffusion coefficients obtained either from conventional
analysis (D) or from kurtosis fitting model (Dg, Fig. 8d)

@ Springer
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Fig.8 Summary of the main trends of relaxation and diffusion parame-
ters (T}, T5, D, D, and K) as a function of polyethylene glycol concen-
tration in earlywood and latewood. In all the graphs, the progressive

consistently show a strong decrease, while the kurtosis
parameter (K, in Fig. 8e) increases with increasing poly-
ethylene glycol concentration, indicating a growing devia-
tion from Gaussian diffusion. This highlights the increasing
microstructural complexity and restriction experienced by
diffusing molecules as PEG accumulates within the wood
pore network. The consistency between the trends of D and
Dy confirms that both parameters capture the overall reduc-
tion of molecular mobility, while the additional increase in
K provides sensitivity to microstructural restriction that is
not accessible through a single diffusion coefficient alone.
Notably, the decrease of Dy and the increase of K are more
pronounced in latewood, due to its higher intrinsic micro-
scopic heterogeneity compared to earlywood, if we con-
sider the term “heterogeneity” associated with smaller cell
dimensions, thicker cell walls, and a larger solid fraction
(Liszka et al. 2023).
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Concentration (%)

numbers displayed in x-axis are used for visualisation purposes only, 0
(%) refers to the untreated sample while only 10-30-50 (%) refers to
the real steps of the treatment

3.3 Limitation and reproducibility

The combined analysis of relaxation (7, 7,), diffusion (D,
Dy), and kurtosis (K) parameters demonstrates that PEG
impregnation progressively reduces molecular mobil-
ity while increasing diffusion heterogeneity, with distinct
responses observed in earlywood and latewood. These
results were obtained despite the methodological approxi-
mations adopted in the present approach. In particular, a
mono-exponential model was used to describe both relax-
ation and diffusion signal decays, although the strong
structural heterogeneity of wood suggests the presence of
multiple relaxation and diffusion compartments. The fail-
ure to account for multiple compartments is reflected in
the increased fitting uncertainties observed for 7| and D
values reported in Table 3. A further limitation arises from
the emergence of chemical shift artefacts at elevated PEG
concentrations, which indicates the need for further optimi-
sation of the applied imaging protocol. The chemical shift
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difference between water and PEG protons (about 1 ppm),
leads to signal overlap in diffusion-weighted EPI acquisi-
tions, affecting image resolution and quantitative accuracy.
Although these artefacts do not compromise the qualitative
trends reported here, they limit the reliability of diffusion
metrics at the highest PEG concentrations. Therefore, future
improvements, such as the implementation of frequency-
selective saturation pulses or selective suppression of water
and PEG resonances, are expected to provide greater robust-
ness and precision in identifying different water reservoirs
and consolidant distribution within the wood microstructure.

4 Conclusion

In this study, diffusion and relaxation MRI protocols deriv-
ing from medical diagnostics research were adapted and
applied to the investigation of polyethylene glycol (PEG)
impregnation in waterlogged wood. High-resolution u-MRI
enabled non-destructive visualisation of the wood micro-
structure and the consolidant penetration, with 7, maps
proving particularly useful for visualising the spatial dis-
tribution and uneven PEG penetration between earlywood
and latewood regions during treatment. Diffusion-weighted
imaging provided quantitative insight into molecular mobil-
ity within the wood matrix. The mono-exponential diffusion
coefficient D was used as a robust and reproducible descrip-
tor of average mobility under the adopted imaging condi-
tions. Deviations from Gaussian diffusion were explicitly
addressed through the application of the kurtosis model,
with the kurtosis parameter K showing higher sensitivity to
increasing microstructural complexity of the wood—solution
system than conventional diffusion signal decay alone. In
particular, K revealed non-Gaussian diffusion behaviour of
multi-compartmentalised water within the complex wood
matrix, providing new insights into the confinement effects
of the porous structure and the interaction of water-PEG
with wood structures.

Building on the results and limitations of this prelimi-
nary study, the proposed pu-MRI protocol will be applied
to archaeological waterlogged wood, with the aim of non-
invasively characterising PEG-water-wood interactions in
more complex and degraded systems and supporting the
assessment of conservation treatments.
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