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ABSTRACT

Non-destructive testing techniques allow the analysis of wood characteristics with-
out altering its end-use capabilities. Wood morphology, wood density, moisture 
content, and wood decay are some of the features detectable by means of different 
non-destructive methods. Among them, Computed Tomography (CT) and Magnetic 
Resonance Imaging (MRI) stand out because of their ability to measure information 
in a three-dimensional fashion. This enables one to scan volumetrically an entire 
tree log, giving measurements of each location of the analyzed volume. The output 
data can provide information about internal structures or physiological features, 
which can then be used for optimizing industrial processing or for research pur-
poses. In this chapter, the authors describe CT and MRI in terms of their operational 
principles, sampling conditions, data outputs, and advantages and disadvantages.
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INTRODUCTION

Wood is a matter of biological origin whose appearance and properties commonly 
deviate from what is considered desirable. The presence of pith, knots, fiber mis-
alignment, resin pockets, cracks and wood alterations such as rot, color and other 
abnormalities generated during growth, determine the quality of the lumber and 
consequently its final value. Generally, the commercial value of the lumber is in-
versely related to the amount and size of those defects (Sarigul et al., 2003). Due to 
the increasing demand for higher quality lumber coming from logs felling, forest 
companies are devoting a significant effort to optimize log breakdown, sawing and 
peeling. Optimizing those processes can improve productivity, decrease production 
costs and improve recovery value. Productivity in sawmills mainly depends on the 
features of the raw material, the final product valuation, the type of technology 
employed, the maintenance of cutting devices and tools, operators training level, 
among other factors. Considering that raw material cost can account for more than 
75% of the total production cost (Steele et al., 1992), an optimal log recovery is 
crucial for the profitability of the wood industry.

Currently, sawmills employ computing software to optimize cutting patterns, 
based on input information related to main external features of the log such as di-
ameter, length, taper, curvature, etc. These features can be measured before starting 
the sawing process using commercially available technology such as 3D shape scan-
ners. Additionally, if internal defects were known, the process could be optimized 
in relation to log location just when the log is going to be cut (Harless et al., 1991). 
Certainly, knowledge of internal defects before sawing procedure would improve 
lumber quality and would increase its value. According to Steele et al. (1994), 
lumber value could increase in 10% depending on internal defects identification 
and optimal log location with respect to cutting patterns. Even though there are 
a few technologies that could reveal internal features and defects of the logs, the 
wood industry has not introduced those technologies as a common tool for cutting 
optimization. There are however some relevant prototypes (Microtec CT and 2DX 
Ray scanner (Microtec Tomolog)) which have been developed for this particular 
purpose and they are being assessed at laboratory and industrial levels in Europe.

The need to detect and characterize internal features and defects has motivated 
several research efforts focused in the development and evaluation of non-invasive 
testing techniques of log and lumber pieces.

According to the working party 5.02.01 – Non-destructive evaluation on wood 
and wood-based materials – of the International Union of Forest Research Organi-
zation (IUFRO) – a non-destructive evaluation (NDE) is the science of identifying 
the physical and mechanical properties of a material without altering its end-use 
capabilities and then using this information to make decisions regarding appropri-
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ate applications. Such evaluations rely upon nondestructive testing technologies to 
provide accurate information pertaining to the properties, performance, or condition 
of the material in question (IUFRO Division 5 – Forest Products, 2012).

Non-destructive testing of wood has been recognized as an important field in 
wood technologies oriented to support research on wood properties and particularly 
to support evaluation tools during the breakdown of the log and the subsequent 
wood processing. These techniques aim at maximizing the yield of the raw mate-
rial, together with a classification for the best end-use, and improving and control-
ling the quality of these final products. In the last 30 years an increasing amount 
of research and new technologies have been developed. Many of the measurement 
principles and technologies are inherited or adapted from medical applications for 
non-invasive diagnosis.

Some of the wood properties that can be evaluated by existing non-destructive 
testing technology are: density; elasticity; moisture content; fiber direction; pres-
ence of relevant features (knots, resin pockets, cracks, wood decay, rings, reaction 
wood, etc.); microfibrilar angle; heartwood and sapwood distinction; prediction of 
pulp yield, and chemical compounds (Bucur, 2003; Beall, 2007).

Non-destructive evaluation techniques can be classified according to: 1) the 
wood properties being evaluated (Beall, 2007); 2) the physical principles of the 
technique; 3) according to the scale of the wood component that can be analyzed 
(Bucur, 2003); or 4) according to the kind of output information.

Following the fourth criterion, non-destructive testing techniques can be classi-
fied as those that give information of some overall wood property (without spatial 
discrimination); those that give information for every location on a two-dimensional 
slice of the analyzed log; and those that give information for every location of an 
entire volume, i.e. a three-dimensional (3D) map that can show the measured vari-
able of a volume, but discriminating on each spatial location of the analyzed log 
or lumber piece.

Some of the main techniques for industrial use or for research in solid wood are 
ultrasound (Bucur, 2003; Bucur, 2006; Ross et al., 1998; Leininger et al., 2001); 
acousto-sound (Bucur, 2006; Grabianowski et al., 2006; Raczkowski et al., 1999; 
Wang et al., 2009; Mahon et al., 2009; Li et al., 2012); microwave (Bucur, 2003; 
James et al., 1985; Johansson et al., 2003; Schajer & Orhan, 2005;); gamma rays, 
(Bucur, 2003; Tiita et al., 1996; Gierlik & Muchorowska, 2000; Karsulovic et al., 
2005); X-ray Computed Tomography (CT) (Baumgartnert et al., 2010; Brüchert et 
al., 2008; Longuetaud et al., 2012); and Magnetic Resonance Imaging (MRI) (Wang 
& Chang, 1986; Araujo et al., 1992; MacMillan et al., 2001).

From all the existing non-destructive techniques, only two of them correspond 
to 3D imaging techniques: CT and MRI. Both techniques come from the medical 
area. They have different levels of development but they both show great potential, 
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as they allow three dimensional visualization and measurements of solid wood. 
Therefore, they are considered as promising techniques for industrial processes like 
sawmill, plywood and veneer mills.

In the following, we will present both techniques in term of their principles, 
applications in wood, 3D reconstruction of information, and we will discuss their 
potential for future industrial use.

CT SCANNER

X-Ray Principles

Discovered by William Röntgen in 1895, X-ray images have been commonly used 
in medical applications for more than a century. Basically, X-rays are electromag-
netic waves (or “invisible light”) at high frequency, capable of cross some materials 
and be attenuated by others. The image is created in a film, or by semiconductor 
devices to form a digital image (Novelline & Squire, 2004). Its physical principles 
are beyond this chapter, so they will be briefly summarized.

On the electromagnetic spectrum, X-rays are located between UV rays and gamma 
rays, with frequencies between 3x1016 and 3x1019 Hz. Commonly, two types can 
be distinguished: “soft” and “hard” X-rays. They differ in their ability to penetrate 
matter, and the physical conditions that produce them. The “hard” X-rays have a 
wavelength between 0.1 nm and 0.01 nm (greater than 10 keV energy), which is 
in the order of an atomic radius. Only “hard” X-rays have the ability to penetrate 
matter, so are used to generate X-ray images.

When X-rays pass through an object, ray intensity or flow decreases depending 
on the characteristics of the material. Typically, denser materials provide greater 
attenuation of the rays. In a human radiography image we can distinguish between 
bone and soft tissue, although what we see in the picture is the 2D projection of the 
attenuation of a 3D body part in the direction of the X-rays.

Under ideal conditions, attenuation in a homogeneous material under a constant 
source of parallel X-rays is expressed by the Beer-Lambert law (Prince & Links, 
2006):

I I x= −
0
exp( )µ                (1)

Where I
0
 is the incident intensity, µ  the linear attenuation coefficient, x  the ma-

terial thickness and I  the final intensity after crossing the homogenous body. The 
linear attenuation coefficient is related to the material composition and density, so 
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that in heterogeneous materials it is a function of the position and no longer a con-
stant. The total attenuation measured at the receiver depends on the number of X-rays 
crossing the object, and characteristics of the object itself, like density and compo-
sition. Besides, other effects such as distortion of rays and the sensitivity of the 
receiver must be considered. The general form of Equation (1) summarizes all those 
effects. The image obtained by attenuation of X-rays is thus a weighted sum of the 
local attenuation, integrated across the entire object the rays pass through.

I x y I x y z dz d
d
( , ) ( ) ( )exp( ( , , , ) )

max

= −∫∫ η ε ε µ ε ε
ε

00
           (2)

Where η ε( )  is the receptor efficiency at energy level ε . Since µ  is not constant, 
the sum of local attenuation coefficients appears. The importance of the Equation 
(2) is the dependence of the image in terms of the receptor, the source, ( ( ))I

0
ε  and 

local attenuation characteristics of the 3D object in the direction of the X-rays. X-
rays sources generally emit photons in wide spectra, thus emitted photons do not 
have the same energy. In this sense, X-ray sources are called polychromatic or 
polyenergetic.

Another consideration is noise in the images, due to quantum effects in the whole 
process. X-rays are highly energetic, so the number of photons leaving the emitter is 
very low compared to a visible light source with similar energy. Additionally, X-rays 
flux leaving the emitter is not uniform. As with visible light, photons generation can 
be modeled as a Poisson process. Other stochastic processes, modeled as binomial 
processes, are added when rays cross the object and hit the receiver. In general, if an 
object has low attenuation, the signal to noise ratio may be low, requiring a greater 
exposure to the rays to obtain a high quality image.

Under certain conditions, a linear relationship between the attenuation and the 
density of the material can be established, when the source is far from the object 
and receiver, and the density of the object does not vary in the direction of the rays, 
for example using a thin object. In wood, a high linear correlation between density 
and attenuation has been shown. In a well designed setup, X-ray densitometry could 
be computed from calibrated images (Cown & Clement, 1983).

Computed Tomography (CT)

Projection X-rays produce a 2D image from a 3D object. It is desirable to obtain 
an internal image of an object without destroying it. This is possible by means of 
computed tomography (CT), which is one of the fastest growing non-destructive 
techniques for the analysis of wood.
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In CT, 1D projections are obtained from a small portion (slice) of the object, 
using collimators to direct rays through the slice. Digital receivers are located on 
the opposite side of the object. Each projection is the sum of the attenuation of the 
slice in the direction of the rays. In this way, is the same process of projection X-
rays viewed as an image from the top of the slice: the resultant image will be a line 
in 2D, or the 1D projection of the slice. The system is rotated to get projections for 
multiple angles, finally obtaining a set of projections, typically hundreds, in a set of 
directions to complete a regular sequence. The image in CT is not gotten directly, 
but must be reconstructed using a mathematical algorithm (so called “computed”). 
CT images correspond to attenuation images as projection X-ray from 3D to 2D, 
but in a slice of object instead of the whole object. Figure 1a shows the generation 
of one 1D projection.

Figure 1. (a) 1-D projection from thin slice of 3-D object; (b) Philips CT-scanner, 
multi-slice processing a log at the image laboratory, Hospital del Trabajador, Con-
cepción, Chile; (c) A Pinus radiata log digital image showing the presence of knots, 
heartwood, clear wood, and growth rings; (d) Pinus radiata log CT image (Rojas 
& Ortiz, 2012, with permission); (e) Eucalyptus nitens log digital image showing 
the presence of knots, bark, and grown ring; (f) Eucalyptus nitens log CT image.



3D Non-Destructive Evaluation Techniques for Wood Analysis

253

Image CT

Most common CT machines currently use several emitters (X-ray fan beam) and 
multiple detectors, to speed up the acquisition. As the detectors are digital, data is 
reconstructed on the fly. The final image depends on the number of 1D projections, 
the greater the number, the better image quality. It is also possible to use array 
detectors rather than linear, taking more than one slice at a time. CT remains the 
attenuation properties of the X-ray projection, and the remarkable ability of acquire 
an inner image of an object without destroying it; in a reasonable time and cost. This 
makes CT one of the preferred non-destructive inspection tools.

In the ideal scenario, where x-rays are unidirectional and the detector is straight, 
Radon transform can be used to obtain an accurate description of the 1D projection 
of the object slice (Kak & Slaney, 1988). For a particular angle, ϕ  the projection 
is given by:

p r f x y x y r dxdyϕ δ ϕ ϕ( ) ( , ) ( cos sin )= + −
−∞

∞

−∞

∞

∫∫            (3)

Where f x y( , )  represents the 2D object slice attenuation represented in the im-
age. In this ideal case, what is obtained with CT is the Radon transform for con-
tinuous values of ϕ    among 0,π


  and r  between ( , )−∞ ∞ . From the projections, 

f x y( , )  could be estimated (or reconstructed) by inverting the Radon transform. The 
reconstruction is not trivial; so many algorithms have been developed (and still 
developing). For direct reconstruction, the better is filtered back projection, using 
the central section theorem, which uses Fourier transform.

In practice, direct reconstruction methods are used to obtain a first approximation 
of the reconstruction, where a more sophisticated reconstruction algorithm performs 
back end. The issues for direct reconstruction are related to the use of non-parallel 
rays, the geometrical arrangement of the detectors, the finite number of projections, 
the sampled nature of digital 1D projections, among others.

Modern CT scanners provide a high quality/resolution image of slices of objects. 
3D images are obtained by stacking 2D images, and with new emitter/detector arrays. 
In general, getting an image in a CT scanner is fast compared to other techniques 
as MRI, with typical acquisition time in order of seconds.

Computed Tomography (CT), which was developed to be used in medical sci-
ence, is the most popular non-destructive method that has been employed for wood 
analysis. In this sense one of the main applications of X-ray CT has been particularly 
associated with the internal assessment of logs and identification of characteristic 
features.
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For example Figures 1c and 1d present a radiata pine log digital photo and the 
original CT image, respectively. Visual examination of Figure 1d shows clearly the 
internal characteristics such as knot, heartwood, clear wood, and growth rings. These 
characteristics appear as light or dark zones (respectively of high or low density) or 
as discontinuities in the normal growth ring patterns of the log. Knots can be easily 
identified by their whiteness (due to denser wood), by their elliptical form and by 
the change in wood grain occurring in the vicinity of the knot. Heartwood generally 
shows a circular shape and dark color, mainly due to lower MC and concentrations 
of inorganic and extractive substances. Nonetheless, a variation in grey level across 
growth rings can be observed inside the clear wood area. This is basically related to 
the density difference existing between early wood and late wood which is part of 
the tree growth rings. Besides, there is a certain level of noise in the log peripheral 
area which is mainly due to the decrease of the moisture content because of lack of 
bark. This condition can be explained because of the CT scanner physical principle: 
the information obtained from a CT image is related to log green density which is 
sensitive to moisture content variation.

Applications of CT-Scanner on Wood

At the beginning the goal of studies using Computed Tomography was to check the 
ability to identify in obtained CT images main log internal defects. An automatic 
system for CT image segmentation with the purpose of identifying knots and be 
able to measure perimeters in Pinus ponderosa logs and Quercus rubra logs was 
developed by Taylor et al. (1984). This method, based on the analysis of grey levels 
of CT images obtained from histograms of intensity and frequency made possible 
the identification of knots and the external shape of logs. However, according to 
researchers reports due to log moisture content and scarce density variation in the 
area where the knot was located and the area around the knot it was very difficult 
to identify and locate such targets with more accuracy. Funt and Bryant (1987) 
developed a software to identify internal defects such as knots, rot and cracks in 
logs of hemlock, Cedar and Douglas-fir with the use of CT images. The computer 
program uses the high density and elliptical shape of knots to distinguish them 
from clear wood, and the low density and rouge texture of rotten areas to separate 
rotten wood from sound wood. Results showed that CT images can be translated 
by the software and that internal defects can be accurately identified. Wagner et al. 
(1989) reported that internal defects in Oak logs could be identified from images 
obtained from computed tomography. More recently, Rojas et al. (2005) reported 
it is possible to identify internal defects in CT images of green Sugar maple (Acer 
saccharum) logs but identification gets complicated when there is a large variation 
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in moisture content inside logs. In general most of these methods present only a 
qualitative evaluation of their detection procedures performance.

In addition, prediction of knot internal parameters has been determined by X 
rays computed tomography. For example, Björklund (1997), Björklund and Peters-
son (1999), Moberg (2000), and Oja (2000) are some of the researchers which 
have done work on this subject. Oja & Temnerud (1999) reported about a study 
carried out to identify resin pockets in CT images coming from Picea abies green 
logs. Results showed that it is possible to identify resin pockets with this particular 
method. However, according to these researchers there is a large difference in grey 
levels when sapwood is compared to heartwood mainly because of the difference 
in moisture content.

In this direction, Figure 2 shows a series of CT images obtained for the cross-
section of Sugar maple logs (Acer saccharum) after 0, 2, 6, 10 and 14 weeks of 
felling. Figure 2a shows the presence of knots, colored heartwood, sapwood and 
bark. Figures 2b, c, d, e show variations in the gray level while log drying is taking 
place. When figures 2a and 2e are compared visually, it can be observed that the 
sapwood zone presents more variation in the gray level than the colored heartwood 
zone, knots and bark.

3D Reconstruction of Wood

In another sense, 3D reconstruction of logs internal features from CT images (2D) has 
also been explored. A prototype vision system for analyzing and imaging of hardwood 
was developed by Zhu et al. (1996). This vision system locates and automatically 
identifies internal defects in hardwood logs. First, this system filters CT images (2D 
format) to remove useless details, then it makes segments from CT images with the 
purpose of separating possible wood defective areas from non-defective wood and 
finally, with CT images (2D) already segmented it rebuilds a three-dimension im-
age (3D). Preliminary tests performed on Southern red oak logs and Yellow poplar 
logs showed that internal defects identification is possible using the vision system 
based on CT images. Nevertheless, main system limitations are related to moisture 
content variation of logs and to system operation speed.

Besides, Bhandarkart et al. (1999) developed a vision system (CATALOG) which 
detects and builds 3D images of most relevant internal defects such knots, cracks and 
resin pockets. This particular system divides CT images in segments (2D format) to 
separate wood defective areas from sound wood and then it rebuilds a 3D image of 
the log where internal defects can be observed. According to the former research-
ers CATALOG, does not get good results with CT images which contain defects 
or irregular or too dense growth rings, or where rings width is less than scanner 
space resolution. Besides, CT images showed a low level of density variation when 
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normal wood and defective wood were compared. In this direction, Bhandarkart 
et al. (2006) they described the design and implementation of a computer vision 
system for the detection, localization, and 3D reconstruction of internal defects in 
hardwood logs from cross-sectional CT images. This approach proposed integrated 
defect detection, defect localization, and 3D defect reconstruction by incorporating 
a Kalman filter-based feature tracking scheme. The detection rate for all the tested 
species was of a 100%. For cracks and holes, the values varies between 95 and 100%.

Brüchert et al. (2008) scanned Picea abies logs with a discrete two level X-ray 
scanner and after re-scanner with a CT scanner. From obtained CT images 3D model 
taken from logs were rebuilt with the purpose of measuring growth rings width. 
Results were compared with obtained measurements from a two level X-ray scan-
ner. In general, wood features can be detected and measured with a high level of 

Figure 2. Typical CT images of one cross-section of sugar maple log (Acer sac-
charum) showing the presence of knots, colored heartwood, central split, bark, and 
sapwood. The sequence shows the effect of desiccation on image signal, after felling 
and then after different clatter on. This CT image was obtained from a Siemens So-
matom X-ray CT scanner at the Natural Resource Scanography Laboratory owned 
and operated jointly by the Institut National de la Recherche Scientifique, Forintek 
Canada Corp., and Université Laval in Quebec City, Canada.
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accuracy. Nevertheless, there were a large number of local missing values along the 
length of a log due to wood heterogeneity. Wei et al. (2009) employed the method 
based on the marching cubes algorithm to generate a 3D reconstruction of internal 
features (heartwood, sapwood, bark, and knots) of Acer saccharum pieces and Picea 
mariana pieces from CT (2D) images. According to these authors the suggested 
method generates very clear 3D images of each internal feature, except for the knots, 
which have a roughness level. This last may be caused by the high thickness of slice 
(10 mm). Baumgartner et al. (2010) scanned Pinus sylvestris logs in a CT scanner 
(Microtec CT Log). Obtained images were used to get three-dimensional shapes of 
knots (3D) with the purpose of identifying knots present in the heartwood. Obtained 
results showed that knot direction and size can be identified with a high degree of 
accuracy using 3D shapes obtained from CT images. However, these authors stated 
that the shape of the knot which is present in the sapwood is difficult to separate due 
to the small difference between knots grey level and sapwood. Recently, Longuetaud 
et al. (2012) developed an algorithm to automatically detect and measure knots in 
CT images of Picea abies and Abies alba. This algorithm is based on the use of 3D 
connex components and a 3D distance transform. The main results obtained showed 
detection levels between 71% and 100%.

In general, according to reviewed literature, it is clear that Computed Tomography 
is a non-destructive method which permits the identification of defects and internal 
features of logs. Quantitative analysis concerning detection accuracy of different 
classification methods or CT images segmentation presented for different types of 
wood let us view the large potential of this non-destructive technique for sawmill 
industry. To previously know the location, number and type of internal defects 
before starting the sawing process would assist in software optimization or cutting 
patterns improvement in sawmills and it would consequently increase volumetric 
utilization of transformation process. However, the problem is not completely 
solved. Wood complex structure and its inherent variability, density and moisture 
content variations limit in some cases accuracy in internal defects identification. 
Likewise, and according to some researchers, reconstruction of 3D images from 
CT images obtained from computerized tomography would permit the collection 
of more information with respect to log internal features. This situation encourage 
researchers to go on working and assessing different image processing methods and 
3D modeling, which will provide more accuracy in internal defects identification.
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MAGNETIC RESONANCE IMAGING (MRI)

MRI Principles

An MRI scanner consists of a strong homogeneous magnetic field (B0); a set of gra-
dient coils and Radio-Frequency (RF) coils (Figure 3a). The most common element 
detected by MRI scanners is the single proton Hydrogen (1H) that acts as a small 
magnet dipole, referred as spin. Without an external magnetic field, nuclear spins 
are oriented in random directions. The acquisition of an MR image requires four 
steps: polarization, excitation, readout and reconstruction (Figure 3a). The object 
is polarized introducing it into the bore of a superconducting magnet (Figure 3b), 
which produce a strong homogeneous magnetic field. The spins precess about the 
direction of the main magnetic field B0, at a specific frequency (Larmor frequency). 
The individual contribution of each spin produces an overall magnetization in the 
direction of B0 (longitudinal direction). During the excitation, an RF coil is switched 
on producing a rotating magnetic field B1, in the direction transverse to B0. This 
rotating field tips the magnetization out of the longitudinal direction, as spins tend 
to follow B1. A 90º excitation RF pulse makes the spins to precess in the transverse 
plane (Figure 3a).

Subsequently, the RF coil is switched off and the spins smoothly align themselves 
back to their equilibrium orientation, the longitudinal direction. This relaxation 
process can be analyzed with two components: the decay of the transverse compo-
nent and the recovery of the longitudinal component of the magnetization. The 
speeds in those transverse and longitudinal components are determined by the time 
constants T1 and T2, respectively. The magnitude of T1 and T2 are inherent physical 
properties of each material. The variations of the transverse and longitudinal com-
ponents of the magnetization are described by the equations:

M t M e
xy

t T( ) /= −
0

2                (4)

M t M e
z

t T( ) ( )/= − −
0
1 1                (5)

Where t is time, Mxy is the magnitude of the transverse magnetization, M0 is 
the initial longitudinal magnetization and Mz is the magnitude of the longitudinal 
magnetization.

During the readout stage, the transverse component of the magnetization induces 
a voltage on an RF receiver coil, which is digitally recorded. The excitation and 
readout processes must be repeated several times in order to create a single image. 
Once all voltage signals are recorded, a standard reconstruction consists of apply-



3D Non-Destructive Evaluation Techniques for Wood Analysis

259

ing an Inverse Discrete Fourier Transform (IDFT) to the signals and the image is 
ready to be displayed. Data can be acquired in a three-dimensional fashion; therefore 
entire volumes can be analyzed.

MRI allows the generation of image contrast as a function of several properties 
present in the scanned object such as 1H proton density (ρ), longitudinal relaxation 
time constant (T1) and transverse relaxation time constant (T2), among others. Dif-
ferent acquisition strategies and parameters allow different element properties to 

Figure 3. (a) Schematic image of the MRI functional steps (see text for explanation); 
(b) magnetic resonance scanner at the Biomedical Imaging Center, Pontificia Uni-
versidad Católica de Chile; (c) 3D schema of a wood volume showing wood cells 
lumens differences of early and latewood and the effect on water holding capacity; (d) 
MRI cross section of a Pinus radiata sample (softwood or conifer species) showing 
earlywood (high signal, white and light gray tones) and latewood (low signal, dark 
to black tones). The darker lines permit to identify the limits between a wood ring 
and the following one. (e) MRI cross section image of Eucalyptus globulus sample 
(hardwood – broadleaf species) showing a more diffuse ring structure given their 
capacity to growth all around the year. The dark spot at left of the center corresponds 
to a branch. In both samples, the bright signal (white color) in the peripheral sector 
corresponds to very active cambial tissue and enlarging wood cells area.
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be encoded by the image contrast. For standard MRI scans, the most important 
contrast-related acquisition parameters are: the repetition time TR,, which is the time 
interval between two consecutive excitation processes; and the time of echo TE, 
which is the time between the excitation and readout (within the same TR). Choosing 
relatively short TR and TE’s will generate an image in which intensity differences 
of two pixels reflect differences in the T1 values of the elements contained in each 
pixel. This is called a T1-weighted (T1-w) MR image. Equivalently, other combina-
tions of TR-TE values generate proton density-weighted (PD or ρ) or T2-weighted 
(T2-w) MR images (Table 1).

Formally, the pixels’ intensity (AE) of a standard MR image can be modeled by 
the expression:

A e e
E

T T T TR E= − − − −ρ( )/ /1 1 2               (6)

From Equation 6, it is clear that it is not trivial to select optimum acquisition 
parameters, particularly for wood, because T1 and T2 are unknown a priori. It is 
therefore necessary to find those acquisition parameters heuristically.

Other physical or physiological phenomena can be also observed with MRI 
using slightly different acquisition strategies. This includes diffusion processes; 
magnetization transfer; resonance spectrum (spectroscopy); magnetic susceptibility, 
among others (Hashemi, 2004; de Graaf, 2007).

Other important imaging-related issues are Signal to Noise Ratio (SNR) and im-
age resolution. Since most of the MR signal comes from water, the moisture content 
of the samples is critical; the higher the moisture content, the better the image will 
be. Therefore, time interval between harvest and imaging needs to be short, and 
samples needs to be protected from moisture loss (Nishimura, 1996).

MRI Applications in Wood

According to Eitelberger et al. (2011) water can be present in wood in three differ-
ent phases: as bound water, which corresponds to water molecules located within 

Table 1. T1 weighted (T1-w), T2 weighted (T2-w) and proton density repetition time 
TR and the time of echo TE in relative values 

MR image TR TE

T1-w Short Short

T2-w Long Long

Proton density Long Short
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the cell walls; as free or “bulk” water, which corresponds to water molecules in the 
cell lumen; and as water vapor. Below the fiber saturation point only bound water 
and water vapor exist to a significant extent. Dvinskikh et al. (2011) indicate that 
molecules from bound water have lower activity, slower molecular dynamics, they 
form hydrogen bonding to macromolecules, and apparently, they lack the transition 
phase of freezing in comparison to free water. Thus, MRI parameters can be set to 
emphasize the hydrogen that is found in the free or “bulk” water, given their longer 
relaxation times as compared to hydrogen nuclei in woody fibers (Coates, 1998). 
Jones et al. (2012) report numerous studies of relaxation time distributions in wood 
revealing multi-modal patterns that represent water in different structural environ-
ments. The distribution includes slowly relaxing components (T1 and T2 around 
100ms) and one or more fast relaxing components (T1 and T2 around 1-10 ms).

Wood cells are not homogeneous in size or in cell wall thickness. Growth rings 
are recognized due to the alternate bands of earlywood (developed during the 
first part of the growing season) and latewood (developed during the last part of 
the growing season) (Haygreen & Bowyer, 1996). Earlywood cells have a larger 
lumen and a thinner cell wall than those of the latewood cells. The water content 
variation in wood can be exploited to show MR images of these structures or of 
other relevant information. The presence of bulk water is common, for instance, in 
recently harvested logs. In this case, low density regions such as earlywood, with 
larger cells lumens and thinner walls, present higher water holding, higher water 
conduction capacity, and therefore higher signal when analyzed with MRI (Figure 
3c). Similarly, wood of branches, with higher densities than the surrounding tis-
sues, are shown with enough contrast so that to distinguish knots (Figure 4a,b,e,f). 
Low water content of resin pockets, or internal holes and cracks without tissue, 
can be easily recognized because of their almost lack of MR signal (Figure 4l,n,o). 
Heartwood can be recognized as a central core without signal, but in this case, the 
information of the inner rings gets lost.

The first MRI experiments on wood exploited differences in water content to 
study morphological characteristics of different species. Some of the most relevant 
research works with this focus are Hall et al. (1986) in Populus tremuloides; Wang 
and Chang (1986) in Prunus serotina; Chang et al. (1989) in Quercus alba and 
Prunus serotina; Flibotte et al. (1990) in Thuja plicata; Olson et al. (1990) in Quer-
cus alba; Pearce et al. (1994) in Acer pseudoplatanus; Coates et al. (1998) in Quer-
cus velutina; Merela et al. (2005) in Fagus sylvatica; Oven et al. (2011) in Carpinus 
betulus, Fagus sylvatica, Picea abies and Quercus robur; Contreras et al. (2002), 
Albornoz (2003); Morales et al. (2004) and Llanos et al. (2010) in Pinus radiata 
among others. The studies reported the observation of sapwood-heartwood, wood 
rings, earlywood-latewood inside of each ring, knots, wood rays, reaction wood, 
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Figure 4. Different images showing morphological structures of wood obtained 
mostly from proton density MR images. (a) Cross section of a cluster of 5 branches 
at different positions; (b) cross cut of a cluster of pruned branches; (c) cross cut of 
a young stem showing the needle traces as radial lines; (d) cross cut showing low 
signal in the center. The lack of water content permits to associate it with heartwood; 
(e) radial cut showing a branch profile; (f) radial cut of a pruned branch showing 
the recovery of wood after pruning, with a slight scar of occlusion; (g) radial cut 
showing the needles traces as short horizontal lines; (h) blue stain produced by fungal 
attack appears when wood lose water. In this image the lack of signal was absolutely 
coincident with the visual detection of blue stain in the sample; (i) tangential cut 
showing several knots; (j) tangential cut of a pruned branch showing the occlusion 
scar; (k) tangential cut showing also the needles traces as the typical freckles in 
wood; (l) cross section showing cracks as two linear zones lacking signal; (m) cross 
section of a cluster of cones just under formation; (n) cross section of a cluster of 
cones formed years ago, showing the empty holes produced by the expansion of the 
stem pushing the cones outside; (o) radial cut showing the same phenomena; at the 
right the border of the cone can be recognized by some brighter points in the dark 
surrounding of the stem. (All images correspond to Pinus radiata samples, taken 
at the Biomedical Imaging Center of the Pontificia Universidad Católica de Chile, 
with a 1.5 T MR scanner).
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pith, needle traces, wet-wood, gum spots, wounds and cracks and wood decay iden-
tification, as can be seen in Figure 4 for Pinus radiata.

MRI technology has been also used to perform physiological studies in many 
species and tissues. Xylem and phloem flow in vivo, diurnal patterns of solute flow, 
embolism mechanism and repair, structure-function relationships among others, are 
part of the studies developed by mean of MRI (Borisjuk et al., 2012; Homan et al., 
2007). Those studies include different species, for instance Veres et al. (1991) in 
Blechnum unilaterale; Araujo et al. (1992) in Picea glauca; Ilvonen et al. (2001) 
in Pinus sylvestris; Meder et al. (2003) in Pinus radiata; van Houts et al. (2004) 
in Pinus taeda; Terskikh et al. (2005) in Pinus monticola; Utsuzawa et al. (2005) 
in Pinus thunbergii; Kuroda et al. (2006) in Pinus densiflora, Quercus serrata and 
Quercus crepuscula, among others.

The ability of visualizing water dynamics in wood has also transformed MRI as 
a useful research tool for industrial applications. MRI has been recognized as the 
premier method for investigating water distribution in wood (Araujo et al., 1992; 
Bucur, 2003). It has been used for water motion analysis when drying or during 
water uptake of wood; to determine the different water phases in wood, water paths, 
embolism, among other applications.

Araujo et al. (1992) demonstrated that the spin-spin (T2) relaxation behavior 
in wood is a continuous spectrum of relaxation times. The spectra of T2 for Picea 
glauca show separate peaks corresponding to the different water environments. 
Bound water shows a peak with a T2 of about 1 ms and lumen water shows a dis-
tribution of T2 in the range of 10 to 100 ms. The T2 of lumen water is a function 
of the wood cell radius. Consequently, different cell lumen radii distributions for 
sapwood, juvenile wood and compression wood can be readily distinguished. The 
T2 behavior of lumen water in wood with moisture content over the fiber saturation 
point allows getting information about wood anatomy. As wood anatomy is related 
to wood density, with a proper analysis MRI could deliver information not only 
about water density but also about wood density. Complementary to that, the T2 
of bound water above saturation point scales as the solid wood density, because of 
homogeneous distribution of bound water inside of cell wall. Since bound water 
can be separated from free water, the behavior of water during wood drying can 
be followed in an MR image, giving an insight of the process. This could help in 
industrial kiln drying process monitoring and programming.

Ekstedt et al. (2007) used MRI to measure the uptake and loss of water from 
wood exposed to the environment, and also to test the relationship between coated 
wood and water exchange. At low moisture content conventional MRI cannot detect 
enough signals. Araujo et al. (1992) found that 17% was the lowest moisture content 
for a standard image acquisition. MacMillan et al. (2001) showed that woods with 
low moisture content could be visualized using more appropriate MRI sequences, 
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such as SPRITE (Single Point Ramped Imaging with T1 Enhancement). Some 
examples showing MRI as a successful tool to study changes in water distribution 
during water uptake and drying are shown in Menon et al. (1989); Quick et al. 
(1990); Rosenkilde and Glover (2002); and Meder et al. (2003).

Dvinskikh et al. (2011) used samples that adsorbed heavy water (D2O) to obtain 
spatial distributions of water content and the macromolecular wood tissue density. 
The experiments validated MRI as a tool for obtaining accurate and high-resolution 
measurements of moisture concentration gradients (and therefore diffusion mecha-
nisms), and for observing the effects of chemical cell wall modification on mois-
ture as well as details of molecular scale interaction between bound water and the 
polymers in the cell wall.

Another important industrial problem is wood decay in any of its developmental 
stages. Since pathogen presence increase when water content fall under the fiber 
saturation point, MRI can be used in the detection of pathogen damage (mainly 
due to fungi) by looking at the moisture content in wood. Pearce et al. (1994, 
1997) analyzed pathogen damage in Acer pseudoplatanus and Müller et al. (2001) 
in Fagus sylvatica. We detected blue stain in Pinus radiata (unpublished data) in 
logs after a traditional sequence of harvesting, transporting and arrival to the mill 
(Figure 4h). On living trees, MRI has been used to understand how the tree reacts 
after being wounded (Pearce, 2000) and to detect the reaction zone because of its 
higher moisture content compare to healthy sapwood. Umebayashi et al. (2011) ana-
lyzed Pinus thunberghii wood embolism after inoculation with the wood nematode 
Bursaphelenchus xylophilus. The whole process of embolism and dysfunction of 
xylem is an important starting point to better understand the effect of wood wilt, 
silviculture management and posterior wood properties for the industrial drying or 
impregnation process.

3D Reconstruction

MRI is an intrinsic three-dimensional technique. Although one can choose to see 
a specific two-dimensional slice, data is normally acquired from an entire volume.

As in medical applications, the observation of a tree log needs to be done slice 
by slice, otherwise one would not be able to see all the internal structures of the 
tree. The advantage of having a 3D acquisition is that the orientation of the observed 
slices can be chosen a posteriori in any orthogonal or even oblique direction by 
means of a simple interpolation.

Some standard computer graphics algorithms could be applied to create a volu-
metric visual effect. Rendering or Maximum Intensity Projection (MIP) algorithms 
come already installed in the console of MRI scanners, and they can be used to 
look at structures as volumes, from different point of views. Importantly, creating a 
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volumetric visual effect always implies that one is choosing to observe a particular 
structure (e.g. the cortex, a particular ring, etc.) and discarding the rest.

A good example where rendering and MRI gives interesting results is in fiber 
tracking. MRI can be used to measure diffusion processes of fluids; this includes 
measuring Apparent Diffusion Coefficients (ADC) or even Diffusion Tensors (DT) 
on an entire volume. Looking at the preferable diffusion direction of an anisotropic 
diffusion process in each voxel of a DT image, one can define the path that follows 
the fibers of a tree log. We rendered those fibers to observe their shape and structure 
within the tree (Figure 5, unpublished work).

Key Problems to Solve

Although the great potential of MRI for research and industrial purposes, some 
practical problems still represent important limitations.

Wood loses water quite fast after tree felling or even in standing trees, as in 
heartwood formation (Figure 4d). Thus, the MRI signal dependence on water content 
becomes an important problem for industrial purposes. In an unpublished study we 
detected enough signals that allowed us to observe rings and other features with logs 
under 27% of water content, close to the 17% indicated by Araujo et al. (1992). We 
believe that there are still improvements that could be done in terms of sequence 
design using similar approaches as that used by MacMillan et al. (2001).

Figure 5. 3D fiber tracking in Pinus radiata
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A second limitation is the relatively long scanning time needed in MRI. A stan-
dard 3D MRI scan of a large object could take several minutes. This is even more 
critical for low moisture content samples, since poor SNR forces to increase the 
total scanning time (by acquiring the same data set more than once and averaging 
together all the acquisitions) or to reduce the resolution of the image (therefore 
loosing image details) as seen in Figure 6. Some alternative approaches have been 
made in order to reduce the acquisition time without sacrificing image quality. 
Contreras et al. (2002) exploited the cylindrical symmetry of industrial logs by 
sampling them using transverse 1-D projections with an under-sampled helical pat-
tern. The non-acquired data were estimated using linear interpolations and the 
imaging slices were reconstructed by filtered back projection. Computer simulations 
and experimental results showed that the method increased the scan speed by a 
factor of 6, while maintaining the ability to identify typical tree log characteristics.

Thinking in industrial applications, a third limitation arises in terms of the au-
tomation of the information extraction or processing from MR images. Coates et 
al. (1998) used region-growing methods on MR images of oak to segment defects 
from the surrounding normal wood and from growth rings. Although their interest-
ing results, this technique—as they pointed out—shows some limitations since it 
requires the application of constant thresholds over images that sometimes do not 
have enough gray level variability. In those cases structures cannot be segmented 
properly. Morales et al. (2004) developed an algorithm for automatic recognition 

Figure 6. Different time acquisition protocols and resolutions, showing the change 
on image quality
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and reconstruction of rings. The algorithm analyzes a set of transversal MR images, 
detecting and reconstructing growth ring edges. By interpolation they obtained an 
accurate 3D reconstruction of the log and its fundamental constituents (individual 
rings, knots, defects, etc.), as seen in Figure 7. With such approach however, small 
structures could be lost as a result of the interpolation process. Although there are 
some successful examples (such as those previously mentioned), there are several 
image processing related problems that have not been solved yet for MRI. Most of 
the image-processing literature for wood reports algorithms for CT applications, 
which might not be easily translated into MRI applications.

Finally, size and portability are key issues yet to be solved in MRI. Image qual-
ity strongly depends on the strength of the main magnetic field. The technological 
solutions to produce strong and homogeneous magnetic fields have being oriented 
to the design of superconducting magnets. The resulting solutions imply having 
very large and heavy hardware that cannot easily transported, and therefore the 
current standard MRI technology cannot be used for outdoors or for portable ap-
plications.

Figure 7. (a) After log scanning, transversal information can be sampled and the 
profile of signal detected; by mean of a threshold the ring boundaries can be detected 
and the rings boundaries reconstructed. (b) 3D reconstruction of a log based on the 
automate rings detection algorithm developed by Morales et al. (2004).
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New Developments

Different groups are working on portable MRI systems for outdoor plant studies. 
Okada et al. (2006) reported a portable 0.3 T scanner designed for outdoor mea-
surements on maple trees. Kimura et al. (2011) continued the former equipment 
development, creating a flexible magnet-positioning system to measure healthy and 
diseased branches of Japanese pear tree in an orchard. Other authors have reported 
similar efforts for fruits measurements (Geya et al., 2013). Jones et al. (2012) pre-
sented the Tree-Hugger, a portable 1.1 MHz 1H nuclear magnetic resonance imaging 
system with a 55 kg magnet of 0.026 T. They reported the measurement of a 90 
mm diameter tree. Even though those kinds of solution represent major advances 
and useful tools for in-vivo pathological or physiological studies, the relatively low 
strength of their main magnetic fields inevitably produce important problems or 
limitations in terms of image resolution or SNR.

Outdoor-related problems (e.g. weather and temperature changes, dust, mud, etc.) 
are major restriction for the MRI hardware. Geya et al. (2013) and Van Has and van 
Duynhoven (2013) have shown some ongoing research and interesting results for 
fruits and other crops monitoring systems.

The health industry is the leading force behind MRI developments. In this sense, 
every year there are thousands of new developments in terms of hardware, sequence 
design and reconstruction that enable better quality or faster images, or the observa-
tions of different physical or physiological phenomena in the human body. Some of 
the recently developed advances enable to observe or measure diffusion processes, 
magnetic susceptibility, specific molecules, fiber tracks and other characteristics. 
Such developments have not been entirely translated into wood applications, and 
therefore, there is still a fertile ground for MRI research and development in wood.

DISCUSSION AND CONCLUSION

In general, X-ray Computed Tomography (CT) allows to identify and detect features 
and internal defects in wood such as growth rings, pith, sapwood, heartwood, knots, 
rot, cracks, and resin pockets, among others. It has been widely used for research 
purposes, but the precise identification and segmentation of features and defects can 
be affected by the variation of the moisture content of the pieces. Particularly, the 
sapwood’s high water content absorbs radiation in a similar way as branch wood, 
decreasing image contrast and therefore ability of detecting knots in sapwood.

MRI appears as a versatile technique because of the broad kind of structural 
and physiological features that can be detected on wood. Morphological features, 
defects, water content, chemical compounds when applying spectroscopy, are the 
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most relevant variables. One of its major restrictions is the relatively high moisture 
content needed to obtain high quality images. Some advances have been done in 
order to get information at lower moisture content. Samples do not need a particular 
preparation, as far as water content is maintained preferably over the fiber saturation 
point. It means that logs coming directly from the forest or from the log yard could 
be processed, as also green sawn wood recently processed in the sawmill.

Both techniques are complementary in terms of the sample conditions needed for 
an appropriate data acquisition and the output information given by each one. The 
underlying physical principle in CT is the attenuation of X-ray photons, a phenom-
enon that strongly depends on the density (more precisely, the atomic mass) of the 
wood. Whereas for MRI, the 1H-density, and therefore water content, is crucial for 
having enough signal on the images. If both techniques could be applied together 
in a log, they would give complementary information that could be integrated. This 
is a future line to explore.

Speed of MRI scans is slower than that of the main machine of a sawmill. This 
represents an important a limitation of the technique for its operative use in an indus-
trial pipeline. A modern sawmill can process 70 to 120 longitudinal m of wood per 
minute, something that is far from what a standard high resolution MR image could 
take. There are some advances in reducing acquisition times using parallel acquisi-
tions or using under-sampled reconstruction strategies, which could be evaluated.

Under a European Association of Research and Technology Organizations 
(EARTO) initiative (2012), the SP Technical Research Institute of Sweden in col-
laboration with Microtec, have developed a high resolution CT scanner for the forestry 
industry with fast data acquisition. The CT-Log (commercial name) was launched 
in September 2012. It is estimated that the system will significantly increase the 
profitability of the sawmill-to-final product chain by a 10%. The first scanners have 
been already used to find optimal cutting in a hardwood plant in the US, a veneer 
mill in Chile and a softwood sawmill in France. The producers expect that the time 
for a generalized adoption of the technology will be around 10 years.

CT and MRI are both expensive technologies. The profitability of these technolo-
gies for the forestry industry will depend on the level of recovery optimization that 
could be achieved when deciding the log breaking and processing utilizing informa-
tion from the inside. Therefore this profitability also depends on the developments 
on optimization software for sawing processes.

As summarized in Table 2, both technologies are at different development levels, 
but both have a great potential for research and for the forestry industry. With the 
increasing interest in CT and MRI and the number of research initiatives that have 
recently started, we expect that this technology will be in the future a standard for 
the wood industry.
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KEY TERMS AND DEFINITIONS

Attenuation: Attenuation is a general term that refers to any reduction in the 
strength of a signal. Sometimes called loss, attenuation is a natural consequence 
of signal transmission over long distances. In the case of CT scan, the attenuation 
is defined as the reduction of the flow intensity of radiation, for which at the mo-
ment that the flow naughty the object, some photons are absorbed and others get 
lost. The attenuation depends on the coefficient of attenuation of the material that 
forms the object.

CT Image: An image CT is formed for rectangular or square adjustment of the 
elements of the image (pixel), where every pixel represents the coefficient of at-
tenuation equivalent to the volume of the pixel.

CT Scan (X-Rays Computed Tomography): CT scan is a medical imaging 
procedure that utilizes computer-processed X-rays to produce tomographic images 
or ‘slices’ of specific areas of the body. These cross-sectional images are used for 
diagnostic and therapeutic purposes in various medical disciplines. This technique 
non-destructive also has been used for evaluation on wood and wood-based materials.

Excitation: Delivering (inducing, transferring) energy into the “spinning” nu-
clei via radio-frequency pulse(s), which puts the nuclei into a higher energy state. 
Several excited nuclei can produce a net transverse magnetization, which can be 
then measured by a MRI scanner.

Knots: A knot is a particular type of imperfection in a piece of wood; it will affect 
the technical properties of the wood, usually for the worse, but may be exploited for 
visual effect. In a longitudinally sawn plank, a knot will appear as a roughly circular 
“solid” piece of wood around which the grain of the rest of the wood “flows” Within 
a knot, the direction of the wood (grain direction) is up to 90 degrees different from 
the grain direction of the regular wood. In the tree a knot is either the base of a side 
branch or a dormant bud. A knot, when the base of a side branch is conical in shape.

Magnetic Resonance: The absorption or emission of energy by atomic nuclei 
in an external magnetic field after the application of Radio Frequency (RF) excita-
tion pulses using frequencies which satisfy the conditions of the Larmor equation.

Magnetic Resonance Imaging: (MRI) or Nuclear Magnetic Resonance Im-
aging (NMRI): Is a scanning devise originally designed for medical application 
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that is used to visualize internal structures of the body or other samples in a non-
destructive way. It is based on the presence of hydrogen protons in the body or the 
sample, and the alignment and precession of those protons using constant, linearly 
varying and rotating magnetic fields.

Nuclear Spin: Also known as inherent spin, this defines the intrinsic property of 
certain nuclei (those with odd numbers of protons and/or neutrons in their nucleus) 
to exhibit angular momentum and a magnetic moment.

Proton Density: The concentration of mobile Hydrogen atoms within a sampled 
region.


