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A B S T R A C T   

Light microscopy is the conventional method used to investigate wood anatomy, identify the wood taxon, and 
assess its conservation state. It generally requires the mechanical cut of thin sections from a sample to obtain 
informative images. When dealing with wooden artworks or ancient remains (e.g., archaeological waterlogged 
wood), it is important to avoid sample destruction. In this work the efficacy of micro-magnetic resonance im
aging (μ-MRI) to investigate the anatomy of waterlogged wood is assessed in comparison with light microscopy. 
Images along the three anatomical directions (transverse, tangential and radial) of six modern wood species and 
one archaeological specimen of waterlogged wood (from the Neolithic site “La Marmotta”) were obtained both 
by μ-MRI and light microscopy. μ-MRI images were acquired virtually selecting 2D slices along the three wood 
anatomical directions. A 3D reconstruction was derived from 2D μ-MRI images. Conventional light microscopy 
histology was obtained by manually cutting thin sections. To the best of our knowledge, this is the first study in 
which high-resolution MR images and light microscopy images of the three anatomical directions of seven wood 
species are compared. The non-destructive μ-MRI approach allows to investigate the 2D and 3D topological 
organization of the whole waterlogged wood sample up to a resolution of 8 μm. Although the optical microscope 
attains higher image resolutions and remains superior in the observation of wood diagnostic characters, multi- 
parametric μ-MRI provides physiological investigation complementary to light microscopy, giving information 
concerning both a single section and the whole volume of the sample. The presented study may represent a 
starting point for further improvements of μ-MRI techniques applied to the non-destructive investigation of 
waterlogged wood samples, especially those of interest for cultural heritage.   

1. Introduction 

Wood is a porous and fibrous structural tissue of trees and woody 
plants [1]. It contains a multitude of different types of cells, with several 
functions and geometry. Its porosity covers different dimensional scales, 
from nanometers to millimeters. Based on structural characteristics, two 
different groups of wood are recognized: softwoods (Conifers – cone- 
bearing seed plants) and hardwoods (Angiosperms – fruit bearing 
plants), characterized respectively by a more homogenous and a more 

heterogeneous wood structure. The distinct features of each taxon (i.e., a 
group of one or more populations of organisms) are the basis for wood 
identification. They are also crucial to assess the conservation state of 
wooden remains [2–6]. The study of wood anatomy is a common 
practice in different disciplines, such as biology, palaeobotany, 
archaeology, conservation, restoration, engineering, and the timber in
dustry (e.g., Ghavidel et al. [7], Moricca et al. [8], Silva et al. [9]). The 
conventional way of doing this is by light microscopy. This methodology 
is classified as destructive, as it requires sampling a piece of wood and 
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cutting it. Wood has an approximately cylindrical structure, and its 
features are oriented in one of the three orthogonal directions. For this 
reason, it is necessary to cut thin sections along three anatomical planes: 
transverse, tangential, and radial. The transverse section (or cross- 
section) is oriented perpendicularly to the wood grain, whereas both 
the tangential and radial sections are oriented along the main axis of the 
wood grain [7,10]. The radial section is in the longitudinal-radial plane 
and is parallel to the rays, whereas the tangential section is found in the 
longitudinal-tangential plane and is tangent to the annual ring 
boundaries. 

In the cultural heritage field, knowing the species of wood, its 
structural organization, and its conservation state allows one to under
stand its physical and chemical properties [11], extract information 
about past human activities, and plan future restoration interventions. 
Moreover, different wood anatomies and taxa characterize different 
climates, therefore the identification of ancient wood helps to recon
struct ancient ecosystems [12]. 

Specifically, when dealing with wooden artworks, because of ethical, 
aesthetic, structural, and commercial value issues, even collecting a 
sample can be complicated. The main limitation of light microscopy is 
related to the sample volume [9]. To reduce the impact on the artwork, 
only one sample with the smallest volume possible (usually a few mil
limeters) and in areas that would not affect the value of the object should 
be collected [13]. Moreover, it is preferable to limit sample destruction, 
allowing for it to be used for further analyses. In the specific case of 
archaeological waterlogged wood, e.g., ancient shipwrecks [14,15], 
obtaining good informative images by conventional light microscopy, i. 
e., by a manual cut of thin wood sections, may result tricky because of 
the spongy and fragile structure of the archaeological waterlogged wood 
caused by years of immersion in water. Some works [4,16,17] have 
pointed out the use of reflected light microscopy and confocal laser 
scanning microscopy as alternative tools to traditional light microscopy. 
Both these techniques do not require a thin section as they are based on 
the observation of the external surface of the wood fragment. They are 
therefore non-destructive and can be used to characterize wood in-situ. 
However, their application on archaeological waterlogged wood re
mains difficult as the water present within the sample and on its surface 
reflects light, making its observation much harder. 

To overcome the limitations of hand-sectioning fragile ancient 
waterlogged wood, non-destructive and 3D imaging technologies have 
also been developed providing new insight into the spatial organization 
of wood and wood-water interactions [2,3,18–28]. Among these, proton 
Nuclear Magnetic Resonance (1H NMR) is particularly suitable for the 
study of archaeological waterlogged wood. It is based on the study of the 
magnetic properties of hydrogen nuclei and on the resonance phenom
enon. Resonance can be considered as an energy coupling that causes the 
ensemble of nuclei, when placed in a strong external static magnetic 
field, to selectively absorb, and later release, energy unique to those 
nuclei and their surrounding environment or lattice [29]. In this con
dition, an electric signal, called NMR signal is received by the RF probe 
as electromotive force. The NMR signal is proportional to the proton 
density and it decays exponentially in time because of spin-spin relax
ation time processes quantified by the T2 parameter [29]. Super
imposing over the main static magnetic field, time-dependent and 
controlled magnetic field gradients, NMR images are obtained. Due to 
the spin-spin relaxation processes, to obtain images of sufficient quality, 
the sample investigated with NMR imaging (MRI) must be rich in liquid 
protons, i.e., hydrogen nuclei characterized by a relaxation time longer 
than the time duration of the imaging acquisition sequences [30,31]. In 
this regard, wood is a material naturally rich in water (i.e., hydrogen 
nuclei) confined and bounded at different degree to wood-structures 
showing a large range of T2 values. The spin-spin relaxation is faster 
for water which strongly interacts with the wood polymers [32], less 
rapid in the case of cell walls bound water and much slower in the case of 
water that fills vessels and tracheids [28]. Therefore, when all the wood 
structures are filled with water, the different relaxation of water in the 

different structures provides the main contrast mechanism for observing 
the anatomy of the wooden tissues [2,3]. Moreover, because the NMR 
signal depends on several parameters, such as the relaxation times T2 
and T2* and many other, it is also possible to perform a multiparametric 
investigation by acquiring MR images weighted on one of the above- 
mentioned parameters. Specifically, the transverse or spin-spin relaxa
tion time T2 is only affected by the spin-spin interactions, whereas T2* 
takes into account both the spin-spin interactions and the field in
homogeneities [31,33]. In this way, by interpreting the T2- or T2*- 
weighted contrast in each point of the sample or in each pixel of the 
image, chemical-physical and physiological information about wood 
microstructure can be extracted. MRI is also a 3D imaging technique 
[27,34,35]. In fact, the possibility of acquiring images of the sample 
through the virtual selection of an infinite number of slices with an 
extremely variable orientation allows one to scan the entire volume of 
the sample and reconstruct its three-dimensional morphology. 

This work aimed at evaluating the efficacy of micro-magnetic reso
nance imaging (μ-MRI) in investigating the anatomy of different modern 
and ancient waterlogged woods, and in detecting complementary in
formation to those obtainable with traditional optical microscopy. To 
this end, a protocol based on the acquisition of a complete MRI virtual 
histology by various optimized MRI sequences was implemented. 
Moreover, the 3D reconstruction from 2D NMR images was presented. 
The MRI results were compared with those obtained from the traditional 
method of optical microscopy to point out its advantages and disad
vantages. To the best of our knowledge, this is the first work in which 
high-resolution μ-MRI performed along the three anatomical planes of 
waterlogged wood has been compared to optical microscopy. 

2. Materials and methods 

2.1. Sample preparation 

A total of seven wood samples were analysed in this work: six 
cylinder-like samples of about 1.5 cm in height and <1 cm in diameter 
belonging to different contemporary wood species and one archaeo
logical waterlogged wood fragment of size 1 × 0.5 cm. The contempo
rary woods were identified as: Picea abies (L.) H. Karst. (spruce), Pinus 
pinea L. (stone pine), Lovoa trichilioides Harms (African walnut), Entan
drophragma cylindricum (Sprague) Sprague (sapele mahogany), Populus 
alba L. (white poplar), and Pouteria altissima (A. Chev.) Baehni (tanga
nyika walnut). Their size was chosen to suit the NMR capillary tube of 
10 mm in diameter and they were soaked in distilled water until they 
sank, which indicated their complete saturation, to increase the signal- 
to-noise ratio (SNR) and improve the MR image quality. The archaeo
logical waterlogged wood sample was recovered from the Neolithic 
village “La Marmotta”, currently submerged by the waters of the Brac
ciano lake (Latium, Italy). It represents a fragment that had detached 
from a pole. The sample fragment was identified as Fagus cf. sylvatica 
[36] and it remained submerged for the last millennia. Due to its pres
ervation by waterlogging, no sample preparation was required. 

First, MR images of the three anatomical sections of wood, i.e., 
transverse, tangential, and radial sections, were acquired by virtual 
sectioning of the seven wood samples. Then, thin sections in the trans
verse, tangential and radial direction of the wood fragments were me
chanically cut to be observed and photographed through optical 
microscopy. Botanical nomenclature follows the World Flora Online 
[37]. Prior to this study, wood species were identified using the keys 
provided by Schweingruber 1990 [38] for European taxa (P. abies, 
P. pinea, P. alba, Fagus cf. sylvatica), and Wheeler 2011 [39] for the 
remaining species (L. trichilioides, E. cylindricum, P. altissima). 

2.2. Magnetic resonance imaging 

A Bruker Avance-400 spectrometer operating at 9.4 T with a 10 mm 
micro-imaging probe equipped with a high performance and high 
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strength magnetic field gradient unit characterized by a maximum 
gradient strength of 1200 mT/m and a rise time of 100 μs was used. T2- 
weighted or T2*-weighted images were obtained by a Multi Slice Multi 
Echo (MSME) or a Gradient Echo (GE) sequence, respectively, with 
parameters optimized for the different wood species and anatomical 
directions of wood. Both T2-weighted and T2*-weighted images were 
acquired on all the wood samples and among these the images that 
provided the best contrast were selected. Indeed, in the T2-weighted 
images the contrast depends on water dynamics, whereas in the T2*- 
weighted images the contrast is also affected by differences in the 
magnetic susceptibility between different wood tissues and it highlights 
more the paramagnetic impurities that may be present in wood. Table 1, 
Table 2 and Table 3 show the optimized parameters for the transverse, 
tangential and radial directions, respectively. The acquisition time 
necessary to perform MR images of the whole sample spanned from a 
minimum of 6 h when the lowest repetition time (TR), number of scans 
(NS) and matrix size (MTX) were selected, to a maximum of 36 h when 
the highest TR, NS, and MTX were selected. To maximize the NMR signal 
intensity in the MSME sequence, the TR was selected longer or at least 
equal to the specific T1 of each wood sample, which was measured in our 
previous works [3,28]. The NS was chosen on the base of the signal 
intensity measured on the wood sample, which depends on how much 
water each wood species absorbs, on the type of wood and on the 
relaxation time T2. 

2.2.1. Multi-slice 2D acquisition for 3D reconstruction 
T2*-weighted images were also used to obtain a 3D reconstruction. 

For this purpose, 24 slices with thickness of 500 μm were selected along 
all the sample volume. The image matrix was 512 × 512, NS = 256, FOV 
= 0.7 × 0.7 cm2, and TR = 1200 ms. 

3D reconstruction from 2D MRI was obtained using the open-source 
image processing package Fiji (Fiji Is Just ImageJ) based on ImageJ2. 

2.3. Optical microscopy 

Thin sections of soaked wood were obtained manually using a razor 
blade following the anatomical directions of wood (transverse, tangen
tial, and radial). They were mounted on specimen slides and covered by 
coverslips. The thin sections were observed using a Leica DM750 
transmitted light microscope at different magnifications (40×, 100×
and 200×). Pictures were acquired using a Leica ICC50 W transmitted 
light microscope integrated camera and the Leica Application Suite 
(version 4.13.0) software. 

3. Results and discussions 

This work aims at evaluating the efficacy of micro-magnetic reso
nance imaging (μ-MRI) in investigating different waterlogged wood 
anatomies, and to detect complementary information to those obtain
able with traditional optical microscopy. To this end, in Figs. 1-7 the 
anatomical elements of seven different wood species, one of them 
archaeological, highlighted with MR imaging are here compared with 
those obtained with optical imaging. Each figure, from 1 to 7, is divided 
into three rows made of three images: in the first row the images display, 

respectively, the transverse (a), tangential (b) and radial (c) sections of 
the whole sample obtained by MRI; in the second row, a zoomed portion 
of the same NMR images is provided (d, e, and f) to better compare the 
MRI results with those of optical microscopy, focused on smaller por
tions of each sample; the third row shows the optical microscopy images 
obtained in the transverse (g), tangential (h) and radial (i) directions of 
wood. The macro- and micro-morphology of each wood sample inves
tigated is described and discussed in the following sections. 

3.1. Picea abies 

In Fig. 1 the anatomy of Picea abies (spruce) is shown. All the MR 
images are T2*-weighted, therefore their contrast depends on both T2 
and magnetic field inhomogeneities. Both MR and optical images show a 
homogeneous structure in the transverse section (Fig. 1a and d), typical 
of softwoods that are composed of one kind of repeated cells, i.e., tra
cheids (conductor elements consisting of a single, elongated dead cell). 
Moreover, the weak variability in the grayscale contrast of the MR im
ages indicates a gradual early− /latewood transition (white and light- 
blue arrow in Fig. 1a). Comparing the MR image of the transverse sec
tion with the one obtained using the optical microscope, it is possible to 
see the same features but with a different contrast. Fig. 1d and g show 
only one annual ring limit (red arrow), resin canals (tube-like structures 
surrounded by epithelial parenchyma cells which secrete resin; green 
arrow and red circle) and uniseriate rays (i.e., made of only a single line 
of cells when observed tangentially; orange arrow). Conversely, the MR 
image of Fig. 1a highlights the presence of two annual ring limits, with 
each annual ring characterized by a gradual transition from earlywood 
to latewood. Here, many resin canals can be seen and most of them 
provide dark voxels in the MR images (red circle), which indicates that 
they are full of resin rather than water. This is also confirmed by optical 
microscopy in Fig. 1g. Nonetheless, some resin canals emptied and were 
soaked with water during the imbibition process. The cell wall thickness 
(pink arrow) visible in the optical image was not seen in the MR image 
both because of the lower resolution and the very short T2 of bound 
water in the cell wall that produces a black contrast due to the already 
decayed NMR signal at the selected echo time (TE = 5 ms). 

Fig. 1b shows the tangential section of the whole sample. Here, an 
area with incomplete water saturation (black contrast) is visible in the 
upper part of the sample. In the water-imbibed zone, the MR image 
displays the rays (orange arrow) and the tangential resin canals (green 
arrow). In the zoomed portion showed in Fig. 1e, it is possible to notice 
the uniseriate rays (orange arrow) and both full and empty tangential 
resin canals (red circles). Only one empty (i.e., full of water instead of 
resin) tangential resin canal (red circle) can be observed in the optical 
image in Fig. 1h, along with several uniseriate rays (orange arrow). The 
ray cells that surround the resin canal can be observed both in the MR 
image and in the optical image. Fig. 1h confirms the anatomical features 
already observed with MRI but optical microscope, thanks to its higher 
resolution, also makes it possible to count the ray cells that, according to 
literature [38], have an average height of 10 to 15 cells per ray. Most of 
the rays observed through MRI and optical microscopy (Fig. 1e and h) 
appear to fall on the shorter side. Moreover, the optical microscopy 
image shows the presence of bordered pits (i.e., cavities in the secondary 

Table 1 
Optimized parameters used to acquire the MR image of the transverse section of the seven wood species.   

P. abies P. pinea P. alba L. trichilioides E. cylindricum P. altissima F. sylvatica 

Sequence name GE GE MSME GE GE GE GE 
Echo time/Repetition time (ms) 5/800 3/1200 6/1500 5/1000 4/1000 4/2000 2.7/800 
Number of scans 100 128 128 64 128 128 256 
Field of view (cm2) 0.8 × 0.8 0.9 × 0.9 0.9 × 0.9 0.8 × 0.8 0.7 × 0.7 0.8 × 0.8 0.9 × 0.9 
Matrix (pixels) 1024 512 512 512 512 512 512 
Number of slices 4 4 2 2 2 3 10 
Slice thickness (μm) 300 200 300 300 300 250 500 
In plane-resolution (μm2) 8 × 8 18 × 18 18 × 18 16 × 16 14 × 14 16 × 16 18 × 18  
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wall of a cell, together with their outer sealing membrane, covered by a 
dome) on the tracheids wall (light-blue circle). 

To distinguish spruce from other softwood species the radial section 
is of fundamental importance, as it allows one to observe the number 
and type of pits in the cross-field (i.e., pits in the rectangle formed in the 
radial section by the walls of a ray cell and those of an axial tracheid), 
which vary among different softwoods. MR images displayed in Fig. 1c 
and f are characterized by a resolution of 10 × 10 μm2, which is insuf
ficient to recognize pits and cross-fields. Therefore, the radial section 
obtained with MRI cannot provide useful information about the diag
nostic characters of spruce. Here, it is only possible to see the longitu
dinal section of tracheids (blue arrow) and the shadow of rays (yellow 
arrow). In contrast, the optical image in Fig. 1i shows the presence of 
cross-fields with piceoid pits (cross-field pits with a tight, often slightly 
overflowing, opening; green circle). The ray tracheid walls can be 
described as smooth and wavy. 

3.2. Pinus pinea 

The anatomy of Pinus pinea (stone pine) wood is shown in Fig. 2. In 
Fig. 2a, many annual rings with an abrupt shift from earlywood (white 
arrow) to latewood (light-blue arrow) can be observed. The abrupt 
early− /latewood transition is suggested by the strong difference of 
contrast between the brighter earlywood area and the darker latewood 
area. This different contrast is due to the different dynamics of water 
stored in the tracheids of earlywood and latewood. Indeed, the water in 
the latewood tracheids, which have a smaller lumen, is more hindered 
and characterized by shorter T2 values compared to the water stored in 
the earlywood tracheids, which have a larger lumen size. The green 
arrow in Fig. 2a shows one of the many full resin canals that are better 
visible in the zoomed MR image (Fig. 2d) and in the optical image 
(Fig. 2g). In contrast, the red circle in Fig. 2d and g indicate an empty 
resin canal. In particular in Fig. 2d, the resin canal of the latewood area 
is surrounded by a circle of thin-walled epithelial cells [38], character
ized by lighter MRI image voxels, also observable in Fig. 2g. The red 
arrow and the orange arrow in Fig. 2d and g indicate, respectively, the 
annual ring limit and one ray. The cell wall thickness (pink arrow) 
observed through optical microscopy was not seen by MRI. This can be 
due to the lower MRI resolution and/or the very short T2 of bound water 
in the cell wall that produces black image voxels due to the already 
decayed NMR signal at the selected echo time (TE = 3 ms). 

The tangential section of the sample (Fig. 2b and h) shows the 
presence of tangential resin canals (green arrow) and rays (orange 
arrow). In particular, in Fig. 2e the presence of a tangential resin canal 
(green arrow) inside the ray is highlighted. This can be better seen in the 
optical image (green arrow). Both MRI and optical microscopy confirm 
that pine wood has uniseriate rays with an average height of 8–15 cells, 
in accordance with the literature [38]. 

As mentioned above for the case of spruce, the MR image of the 
radial section has a resolution which is insufficient to recognize pits and 
cross-fields, therefore only the shadow of rays (yellow arrow) and the 
longitudinal section of tracheids (blue arrow) are visible in Fig. 2f. 
Optical image in Fig. 2i, instead, shows cross-fields with 2 to 4 pits, 
mainly pinoid (green circle), and uniseriate tracheid pits (light-blue 
circle). The cell walls vary from wavy and smooth to dentate. 

3.3. Lovoa trichilioides 

Lovoa trichilioides (African walnut) is a hardwood, as clearly seen in 
Fig. 3, that shows a diffuse porosity with indistinct ring boundaries. The 
MR image of the transverse section in Fig. 3a is T2*-weighted, whereas 
those of the tangential and radial sections in Fig. 3b and c are T2- 
weighted. In Fig. 3d and g vessels (5–20 vessels per square millimeter) 
with a mean diameter of 100–200 μm are indicated using light-blue 
arrows, along with rays (orange arrows) and thin- to thick-walled fi
bres (white arrows). Axial parenchyma (i.e., tissue composed of typically 
brick-shaped cells) was detected both on the optical image and MR 
image (pink arrows). It is confluent, vasicentric, aliform and scanty 
paratracheal, with each strand composed by four or eight cells. In 
Fig. 3d, it is possible to see that parenchyma cells are characterized by 
lighter image voxels than fibres. This suggests that the lumen of fibres 
contains water which is restricted in smaller spaces. For this reason, it is 
characterized by T2 shorter than 5 ms. Conversely, axial parenchyma 
cells are characterized by water in larger spaces, showing T2 longer than 
5 ms. Therefore, even if we did not directly observe fibres lumen in the 
MR image, we can state that they have a smaller size than parenchyma 
cells. 

The image of the tangential section obtained by MRI only allows to 
identify rays (orange arrow) and vessels (yellow arrow). It should be 
noticed that the gray tones of the image voxels associated with the rays 
are quite light indicating they are wide and characterized by water with 
T2 longer than about 7 ms. The high-resolution image in Fig. 3h shows 

Table 2 
Optimized parameters used to acquire the MR image of the tangential section of the seven wood species.   

P. abies P. pinea P. alba L. trichilioides E. cylindricum P. altissima F. sylvatica 

Sequence name GE GE GE MSME GE GE GE 
Echo time/Repetition time (ms) 5/800 3/1200 5/800 6.6/2000 5/2000 4/2000 2.4/800 
Number of scans 128 128 200 128 100 128 256 
Field of view (cm2) 1.0 × 1.0 1.4 × 1.4 0.9 × 0.9 0.8 × 0.8 0.9 × 0.9 0.9 × 0.9 1.5 × 1.5 
Matrix (pixels) 1024 512 512 512 512 512 512 
Number of slices 4 5 2 4 4 3 5 
Slice thickness (μm) 250 200 150 250 250 250 500 
In plane-resolution (μm2) 10 × 10 27 × 27 18 × 18 16 × 16 18 × 18 18 × 18 29 × 29  

Table 3 
Optimized parameters used to acquire the MR image of the radial section of the seven wood species.   

P. abies P. pinea P. alba L. trichilioides E. cylindricum P. altissima F. sylvatica 

Sequence name GE GE GE MSME GE GE GE 
Echo time/Repetition time (ms) 5/800 2.6/800 5/800 6.6/2000 5/2000 4/2000 2.4/800 
Number of scans 128 64 200 128 100 128 256 
Field of view (cm2) 1.0 × 1.0 1.4 × 1.4 0.9 × 0.9 0.8 × 0.8 0.8 × 0.8 0.9 × 0.9 1.5 × 1.5 
Matrix (pixels) 1024 512 512 512 512 512 512 
Number of slices 4 4 2 4 4 5 5 
Slice thickness (μm) 250 200 150 250 250 250 500 
In plane-resolution (μm2) 10 × 10 27 × 27 18 × 18 16 × 16 16 × 16 18 × 18 29 × 29  
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large rays (most of which are 4-seriate, orange arrow) with gums and 
other deposits (green circle). Septate (blue arrow) fibres are present 
along with simple to minutely bordered pits (pink circle). 

In Fig. 3f only vessels can be recognized (yellow arrow). The optical 
image in Fig. 3i allowed us to observe remarkably heterogeneous rays, 
with elongated and upright and/or square cells. Moreover, minute (< 4 

μm) and alternate inter-vessel pits with polygonal shape (light-blue 
circle) and vessel-ray pits with distinct borders (red circle) can be 
identified. 

Fig. 1. Diagnostic features of Picea abies (spruce) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial section with their 
zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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Fig. 2. Diagnostic features of Pinus pinea (stone pine) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial section with their 
zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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3.4. Entandrophragma cylindricum 

The complete virtual histology of Entandrophragma cylindricum 
(sapele mahogany) obtained by MRI is shown in Fig. 4, together with the 
conventional optical histology. In the transverse section, this type of 
wood is characterized by a diffuse porosity with very large vessels (light 
blue arrows in Fig. 4d and g), many of which are often full of gums or 

other deposits (pink arrow). The presence of gums is identified by MRI 
thanks to their characteristic black image voxels. Indeed, the gum is a 
semi-solid with hydrogens that are characterized by a fast relaxation 
rate (very short T2). The growth ring boundary is indistinct in our 
sample. White arrows in both MR and optical images (Fig. 4d and g) 
indicate paratracheal parenchyma (parenchyma surrounding vases), 
which can be described as vasicentric, aliform and confluent. Each 

Fig. 3. Diagnostic features of Lovoa trichilioides (African walnut) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial 
section with their zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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parenchyma strand has a width between four and eight cells. The MR 
images are T2*-weighted and vessels (5–20 vessels per square milli
meter) are identified by bright image voxels because in they contain 
water with higher mobility and longer T2 compared to water in paren
chyma and other wood structures. Oppositely, parenchyma cells are 
characterized by darker image voxels due to their smaller lumen size 
which causes a fast T2 relaxation. Rays (orange arrows) are highlighted 
by very dark image voxels due to both the presence of gum deposits and 
the very small lumen size of their cells. All these factors contribute to an 
accelerated relaxation of the water quantified with a short T2. 

In the tangential section obtained by MRI (Fig. 4b and e), it is 

possible to observe the height of rays (orange arrow) and the longitu
dinal view of vessels (yellow arrow). The rays' height is better visible in 
the optical microscopy image (Fig. 4h, orange arrow) along with their 
width, which varies from 4 to 10 cells. It should be noticed that rays are 
characterized by image voxels similar to those of the fibres in Fig. 4e. 
This result suggests that rays contain water with a T2 close to that of 
fibres, which causes a sharp decrease in the NMR signal intensity at TE 
= 4 ms. This can be ascribable to the comparable size of cells in rays and 
fibres or/and to the fact that impurities (gums) in rays may have 
shortened the T2 relaxation. 

Lastly, the radial section is shown in Fig. 4c, f and i. Although not 

Fig. 4. Diagnostic features of Entandrophragma cylindricum (sapele mahogany) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and 
(c) radial section with their zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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crucial for the identification of this specific taxon, the anatomical 
characters can be only detected by optical microscopy. Here, the orange 
arrow points out the upright ray cells. Rays can be described as het
erogeneous, being composed of both elongated and upright cells. 
Septate (blue arrow) fibres, which are thin- to thick-walled, are present. 

3.5. Populus alba 

MR images in Figures 5 show the anatomy of Populus alba (white 
poplar), a hardwood characterized by diffuse porosity [38]. An annual 
ring limit is visible in the MR image (Fig. 5d, red arrow). In the optical 
image, the annual ring limit is not observed (Fig. 5g). This sample of 

Fig. 5. Diagnostic features of Populus alba (white poplar) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial section with 
their zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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wood has vessels homogeneous in size, solitary, or arranged in groups or 
short radial files (light-blue and blue arrows in Fig. 5d and g). The rays 
were observed both in the optical microscopy and MR image (orange 
arrows). The T2-weighted image of Fig. 5d shows the cross-sectional 
areas of vessels with bright white voxels due to the longer T2 of water 
in vessels compared to the shorter T2 of water in fibres. The fibres can be 
observed in Fig. 5g (pink arrow). 

Fig. 5b, e and h show the tangential section of poplar. It is possible to 
see uniseriate rays (orange arrow) and the longitudinal section of vessels 

(green arrow) in both the MR and optical microscopy image. Fibres can 
also be observed in Fig. 5h (pink arrow). The optical microscopy image 
allows us to assess the height of rays as being of 10–15 cells. 

In the MR image of the radial section in Fig. 5f we can only see darker 
streaks in correspondence of rays (yellow arrow) and the longitudinal 
section of vessels (green arrow). Thanks to the higher resolution reached 
by optical microscopy, further information can be obtained. We can see 
the presence of homogeneous rays. Ray-vessels pits are large and simple 
(light-blue circle) and inter-vessel pits are large (green circle). 

Fig. 6. Diagnostic features of Pouteria altissima (tanganyika walnut) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial 
section with their zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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Fig. 7. Diagnostic features of Fagus sylvatica (beech tree) wood investigated by the NMR virtual histology of (a) transverse, (b) tangential and (c) radial section with 
their zoomed portion (d-f) and the optical histology obtained by mechanical cut of (g) transverse, (h) tangential and (i) radial thin section. 
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3.6. Pouteria altissima 

In Fig. 6 the morphology of Pouteria altissima (tanganyika walnut) in 
its three anatomical sections is displayed. The images show that tanga
nyika walnut has a diffuse porosity. In our sample, ring boundaries are 
indistinct. In Fig. 6d, a zoomed portion belonging to the MR image of the 
transverse section is displayed, being comparable to the optical image in 
Fig. 6g. Here, vessels (5–20 vessels per square millimeter) with a mean 
diameter of 50–200 μm arranged in radial multiples of 4 (light-blue 
arrow), along with rays (orange arrow) and thick-walled fibres (pink 
arrow) can be identified. Moreover, axial parenchyma in narrow bands 
(white arrow) is visible. Similarly to African walnut (see Fig. 3), fibres 
lumen is smaller than that of parenchyma cells, as suggested by their 
different MRI contrast. Ray parenchyma provides bright image voxels 
which is ascribable to the longer T2 of water due to larger size of its cells. 

The tangential section obtained by MRI (Fig. 6e) allows the obser
vation of rays (orange arrow) and longitudinal section of vessels (yellow 
arrow). Conversely, the optical image of Fig. 6h shows rays with uni
seriate and multiseriate portions, with a width varying between 1 and 4 
cells (orange arrow). Fibres have simple to minutely bordered pits 
(green circle). Silica bodies (red arrows) are present in rays and axial 
parenchyma cells. 

MRI in the radial section (Fig. 6f) allows us to observe vessels (yellow 
arrow) only longitudinally. Optical microscopy image (Fig. 6i) shows 
that inter-vessel pits (pink circle) are alternate with small to medium 
(4–10 μm) size. Vessel-ray pits (light-blue circle) have much reduced 
borders. Rays are heterogeneous with cells of varying size and shape, 
such as procumbent, with one row of upright or square marginal cells. 

3.7. Archaeological specimen of Fagus cf. sylvatica 

In Fig. 7 the anatomy of the archaeological Fagus cf. sylvatica sample 
is shown. All the MR images are characterized by a quite dark contrast 
which suggests the presence of impurities inside the archaeological 
wood structure. Particularly, all the rays (orange arrows) appear black. 
This is due to the accumulation of inclusions, as confirmed by both the 
tangential and radial sections obtained by light microscopy (Fig. 7e and 
f). The MR images also show many decayed areas (pink arrows) char
acterized by different contrast. Specifically, areas with light image 
voxels indicate wood structural damages, such as holes and cavities; 
areas characterized by dark image voxels correspond to accumulation of 
decomposed organic material and/or heavy metals; rounded black and 
large spots indicate bubbles due to the gas emissions of infesting mi
croorganisms (e.g., fungi), as already shown in previous works 
[2,3,36,40–44]. 

The transverse section in Fig. 7a allows us to see the annual ring limit 
(red arrow) and the diffuse-porous ring typical of this wood. Vessels 
organized in groups of two or three (light-blue arrow) or solitary vessels 
(blue arrow) are better visible in Fig. 7d and in the optical image of 
Fig. 7g. Here, an annual ring limit is also visible (red arrow). The white 
arrows in Fig. 7d and g indicate the apotracheal parenchyma. 

The tangential section in Fig. 7e allows to recognize both multi
seriate and uniseriate rays (orange arrows) as confirmed by light mi
croscopy in Fig. 7h, where vertical elements such as fibres and vessels 
can be also seen. Bordered pits along vessels can also be observed (pink 
circle in Fig. 7h). 

In Fig. 7f the radial section images obtained by MRI only shows the 
shadow of rays (yellow arrow) and the longitudinal section of vessels 
(green arrow). These diagnostic features were instead well resolved in 
the light microscopy image of Fig. 7i, where it is possible to see a ho
mogeneous ray (orange arrow) made up of elongated cells. Brown in
clusions can also be observed. 

3.8. 3D reconstruction of E. cylindricum sample 

The 3D reconstruction of the sample volume of E. cylindricum (sapele 

mahogany) is presented in Fig. 8, and three 2D images at different 
heights in the sample are also shown. The 3D reconstruction provides 
the overall morphology of the sample volume. It is possible to observe 
the length of vessels, which run through the entire wood sample. Vessels 
appear as non-linear (wavy) tubular structures completely full of water 
characterized by long T2 value, as suggested by their light image voxels. 
The sample is also characterized by black areas, located both inside and 
outside the vessels, which represent the distribution of gums within and 
along the sample volume. 

In Fig. 9a, the rotated 3D reconstruction of E. cylindricum sample 
helps to better recognize some characteristics of this wood species, such 
as gums deposits (red arrow) and parenchyma cells (green arrow). 
Fig. 9b shows that by cutting the 3D reconstructed wood it is possible to 
obtain a tangential section where rays are visible (yellow arrow). 

Moreover, in Fig. 8c the histogram of voxels intensity in the grayscale 
calculated over the 24 2D NMR images is displayed. The plot indicates 
that in grayscale with 255 tones, where 255 corresponds to white voxels 
and 0 corresponds to black voxels, most of the voxels are associated with 
a tone around 65 that corresponds to a dark gray tone, whereas much 
fewer voxels are light gray. The histogram allows us to quantify, along 
the entire sample, the number of voxels characterized by different 
grayscale tones that depend on the different NMR signal intensity, which 
in turn is affected by the water mobility within the wood structure. In 
this way, it is possible to have an estimate of how much bound or free 
water is stored in the sample. Hence, histograms similar to that shown in 
Fig. 8c could be used to study the water dynamics in different wood 
types, which is indicative of the different size of their anatomical ele
ments, and how water dynamics change with degradation in archaeo
logical wood samples, as similarly done in previous works [2,40,41] . 

3.9. Final remarks 

A summary of the diagnostic characters observed in this work by 
light microscopy and μ-MRI for softwoods and hardwoods is presented, 
respectively, in Tables 4 and 5. In softwoods, μ-MRI does not allow to see 
the cell wall thickness in the transverse section. In contrast, all the 
diagnostic characters of hardwoods can be observed in the transversal 
view. While MRI allows us to distinguish and characterize vessels and 
rays in the tangential section, ray cells and bordered pits cannot be seen 
in both hardwoods and softwoods. Finally, the radial section obtained by 
MRI does not provide diagnostic information in either case. This result 
suggests that μ-MRI can provide informative images, by a non- 
destructive and virtual sectioning of the wood sample, which are able 
to distinguish between softwoods and hardwoods and a more precise 
identification can be reached for hardwoods. The advantages and dis
advantages at the current state of the two techniques used in this study 
for the investigation of modern and ancient waterlogged wood are 
illustrated in Table 6. In this work, μ-MRI attained a maximum in-plane 
resolution of 8 × 8 μm2, which is lower than that of optical microscopy. 
Nevertheless, the image resolution in MRI is not a physical limit but 
depends on the magnetic field gradient strength. Spectrometers equip
ped with stronger magnetic gradients are even able to reach resolutions 
around 1 μm. At the current state, μ-MRI retains a higher cost and longer 
experiment time than those required with optical microscopy but μ-MRI 
is based on the virtual cut of thin slices, therefore avoids sample 
destruction and/or manipulation, better preserving it for further ana
lyses. This makes it easier to perform on archaeological waterlogged 
wood and very small samples compared to optical microscopy. μ-MRI 
also allows the 3D reconstruction of the entire wood sample, which 
cannot be obtained with light microscopy. The MRI 3D model provides 
an overall view of the wood volume of interest. 

4. Conclusion 

In this work the anatomy of six modern waterlogged wood samples 
and one archaeological waterlogged wood sample belonging to seven 
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Fig. 8. 3D reconstruction of E. cylindricum (sapele mahogany) sample obtained by processing of 2D MR images.  

Fig. 9. (a) Rotated 3D reconstruction, (b) tangential cut of 3D reconstruction and (c) histogram of voxels intensity in a grayscale with 255 tones obtained from 2D 
NMR images of E. cylindricum (sapele mahogany). In (a) the red and green arrows represent gums and parenchyma cells; in (b) the yellow arrow indicates the ray. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Diagnostic characters observable by light microscopy and μ-MRI in softwoods.  

Softwoods Light microscopy μ-MRI 

Trasverse section   
Annual ring limits X X 
Resin canals X X 
Cell wall thickness X – 
Rays X X 
Tangential section   
Rays X X 
Resin canals X X 
Ray cells (ray height) X – 
Bordered pits X – 
Radial section   
Pits in cross-fields X –  

Table 5 
Diagnostic characters observable by light microscopy and μ-MRI in hardwoods.  

Hardwoods Light microscopy μ-MRI 

Trasverse section   
Annual ring limits X X 
Porosity (diffuse, ring-porous) X X 
Axial parenchyma X X 
Gums and other deposits X X 
Tangential section   
Rays X X 
Vessels X X 
Ray cells (thickness and height of rays) X – 
Radial section   
Inter-vessel pits X – 
Vessel-ray pits X – 
Homogeneous/heterogenous rays X –  

V. Stagno et al.                                                                                                                                                                                                                                  



Magnetic Resonance Imaging 102 (2023) 164–178

177

different species was studied by a non-conventional methodology, i.e., 
micro-Magnetic Resonance Imaging (μ-MRI) with a maximum in-plane 
resolution of 8 × 8 μm2. To the best of our knowledge, this is the first 
study in which μ-MRI is used to provide high-resolution images of the 
three anatomical sections of wood and compared with light microscopy. 
The results discussed in this work suggest that traditional optical mi
croscopy remains superior to μ-MRI in the species identification, due to 
the higher resolution that it attains. Small wood samples (with diameter 
smaller than 1 cm) were studied in this work. This restriction on the 
sample size, as well as the MR image resolution reached in this work, is 
not an intrinsic limit of μ-MRI technique but it depends on the NMR 
spectrometer used (i.e., size of the access bore). In conclusion, this work 
shows that multi-parametric μ-MRI combined with light microscopy is 
able to achieve a better understanding of waterlogged archaeological 
wood samples, such as their conservation state and the possible causes of 
all their alterations. The present work represents a starting point for 
further improvements of μ-MRI techniques for the non-destructive 
investigation of waterlogged wood samples, especially those of inter
est for cultural heritage. We hope that the technological development of 
NMR scanners will also consider this new field of application: the non- 
destructive study of waterlogged wood. 
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