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ABSTRACT

literature search focussed on the current capabiliti

. Ultrasonics can differentiate a wide range of wo
Y

eful two-dimensional, gross density maps related to specifi

and impregnation of liquor. Magnetic rescnance imaging is
-ng technique because it provides a two-dimensional image of
ironment in the material as well as proton (1H) distribu
inct signals are detected with MR, including the T, and

mes and permit correlation of these with the physical and
acteristics of wood. The same defects and internal

ics can be detected using MR as is possible using CT. The
z rim correlation studies of CT and MR with decay and wood gua
characteristics have provided a PRELIMINARY evaluation of the tecnn+q
results confirmed and extended the claims made in the literature, and

icate what future work needs to be done to develop and commercialize
cechniques.
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ure distribution. Through interpretation they can detect and
e deca'. knots, cracks, worm holes, annual rings, insect cav

hes, s: w~ood/heartwood boundaries, bark and resin pockets, Db

es oL
ltrasonics, ¥X-ray and gamma ray computed tomocgraphy (CT) and
nance (MR) to detect decay and wood quality of logs and standin
waves are limited to shallow penetration and do not fferent:
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Weight Loss and Identity for

The electromagnetic
Pattern of sampling

This agar plate was

white spruce.
unidentified,
Armﬂ' “!Ta:ea sSp.,

Defects and Wood

spectrum

for

inoculated with five chips from th
Two basidiomycetes have grown out:
from the chip at the top left and Isoclate WSh,

mapping of fungus distribution in

@

Isola

from the chip at the top of the plate.

Five of these eight chips from the heartwood/sapwood boundary in

trembling aspen have yielded Isclate TAa,

a very slow growing

fungus without the characteristic appearance of a woocd rotting

basidiomycetes: Rhellinus fremulae.

Two of these chips,
sampling annulus in lodgepole pine,

top and left,

taken from
have yiel

the second
ded Isolate

Jeartwoeosa
T

LPa, a

fungus of basidiomycete appearance which does not produce

Phellinus pini.

characteristic clamp connections:

AlL ¢light of these chips from the heartwood of black spruce have
yvielded Isolate BSa, tentatively identified as Stereum

sanguinolentum.

Three of these four chips from balsam fir heartwood have yielded

Isolate BFa, Stereum sanguinolentum.

The fourth chip has a

non-basidiomycete fungus which was inhibited by the selective

medium.

Three of these chips from alpine fir heartwood have yielded

Isolate AFa, Stereum sanguinolentum.

The fourth has a

non-basidiomycete fungus which was inhibited by the selective

medium.

All seven of these chips from the heartwood of white spruce h
easily identified as an Armillerea
rhizomorphs,

vielded Isolate WSh,
black root=-like mycelial cords,

this genus.
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The original report includes a voluminous
appendix of 119 figures (photographies,
MR images, CT images and schematics).
That appendix can be consulted at
Forintek”s Western Laboratory in
Vancouver and at the Northern Forestry

Centre, Canadian Forestry Service, in
Edmonton.
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e ulcimate .-ilization of the major species in Alberta will requir
minimization -7 the impact of defects on solid wood products or r
w : croduced. The products must be durable, serviceabl
Of considerable importance are the major h
aspen [Populys Lrepuloides (Michxzx.)] and balsam pcoliar
mifera (L.)]. Commercial use of these species has met with
ss. One major cause is the widespread existence of internal
aracteristics including wet pockets, pocket rot, incip:i
These are often found in wood of these species, whic
external examination. Also of importance are the maj
lodgepole pine [Pinus contorta (Dougl.) var. atifold n.)
fir [Abjies lasiocarpa (Hook.) Nutt.]; balsam fir [Abies lsamea (.9
(111.]1; Dblack spruce [Piceg mariapna (Mill.) BSP]; and white spruce [2iczea
glauca (Moench) Voss var. albertiana (S.Brown) Sarg]. These species are used
for lumber, solid wood products and re-constituted wood products such as
riented strandboard and pulp and paper. Knowledge of the moisture
stribution and chemical composition as well as the nature of defective or
abnormal regions in wood will assist the development of better utilization
technigques for extracting maximum value from logs, chips and lumber. The
identification of such characterlstlcs as wood density, wet pockets, incipient
ecay, pocket rot, knots, e
cod boundaries will be of considerable value in the timely use of computer
ptim*zation programs for log and lumber breakdown. Application of this
rowledge to standing timber should lead to improved stand management
echniques to provide increased growth and increased wood quality.
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The use of internal scanning and imaging technology has good potential to
identify and spatially locate the various characteristics already discussed
The techniques of X-ray computed tomography (CT), magnetic resonance (MR)

imaging, ultrasonics and microwaves are four which deserve investigation.
Although thes= techniques are in varying stages of development, they should ke
applicable to logs and lumber in locations where space limitations are nct za
cropblem. These internal scanning techniques should eventually be applicable
to standing trees with the attendant reduction in equipment size and
optimization of parameters which will yield the most appropriate informaticn
for the forester.
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2.0 OBJECTIVES

7o idernt:Zy and evaluate the use of and potential opportuniti for
internal scanning and imaging technologiles to assess decay and wocd
guality in logs and standing trees for the principle species of Albesrtaz
through a comprehensive literature review.

To produce and analyze images using X-ray Computed Tomography and
Magnetic Resonance imaging to demonstrate the potential for scanning

ag

and imaging decay and wood quality in logs and standing trees for the
principle species of Alberta. To identify the parameters used for
species considered.

To evaluate the scanning and imaging technologies in terms of their
potential application in the primary mills (sawmills, pulpmills,
panelboard plants) with an estimate of the costs involved and the

potential increases in productivity and savings.

To identify opportunities for further research, developments and
applications or adaptations by the Alberta forest industries and R & D
establishments of the methods and equipment reviewed.



3.0 LITERATURE REVIEW
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THE FIZI. OJF INTERNAL SCANNING AND IMAGING

In theory, any technique which provides a signal that varies in response to
the internal characteristics of logs or standing trees can provide the
necessary information for a two dimensional image. Examination of the

electromagnetic spectrum (Figure 1) shows a range in fregquencies from 10
25

3

to 10 Hz. Signals from the external and/or internal characteristics of
materials can be produced over this frequency range. This review will
concentrate on four window areas (Figure 1) which can give a signal related
the internal characteristics of wood: microwaves (300 MHz to 300 GHz);

ultrasonics (20 kHz to 500 MHz); X-rays (lO18 Hz to 1040 Hz, which include
X-rays and Gamma rays); and magnetic resonance {(MR) (1 KHz to 50 MHz).

1
O

The internal characteristics that are useful to identify are shown in Table 1.
Techniques developed for the detection of decay in wood poles are described in
a number of manuals and review articles (Stott, 1969; Goodell and Graham,
1983; Morris and Friis-Hansen, 1984; and Smith, 1984). Non-imaging techniques
range from picking, visual evidence, drilling, torgue measurement,

resonant sounding, colour reactions, moisture content, impact resistance
strength testing (pilodyn), pulsed audio signal-electrical resistance
(shigometer), sonic velocity (pol-tek), acoustic dampening, acoustic
vibration, to X-rays or gamma rays, co, detection, sniffer dogs, mechanical

impedance, culturing of fungi, microscopy, ultrasonic (Purl),

electrical resistance, strength tester (PEST), to name the majority of
reported techniques. Techniques which lend themselves to mapping the location
of internal decay will be described in the following sections (i.e.,
ultrasonics and X-rays).

There have also been a number of overviews on scanning for defect and wood
quality detection for the solid wood product industries, including: Anon,
1984; Mayer, 1985; Szymani, 1979; Szymani and McDonald, 1981; Szymani, 1985;
Lee, 1958. Some of the techniques are offshoots from the medical scanning
field (Mayer, 1985; Burgess, 1983). These techniques cover the fields of
video scanning, electrical scanning for moisture content, laser and fibre
optic scanning, sub=-sonic, sonic and ultrasonic vibrations, microwaves,
X-rays, positron emission tomography (PET), electron spin resonance (ESR),
neutron scanning, magnetic resonance (MR) imaging and optical methods. Again,
the methods lending themselves to spatial location of internal wood
characteristics will be covered in the following sections (i.e., microwaves,
ultrasonics, X~ray computed tomography and MR imaging).

3.2 MICROWAVES

Microwaves have a frequency from 300 MHz to 300 GHz and a corresponding
wavelength in air from 1 m to 1 mm, respectively. The wavelengths would be
1/2 to 1/5 as long in wood, depending on the dielectric constant of wood.
Microwaves have different propagation phenomena - reflection, refraction,
absorption, delay and depolarization. Information can be generated for both
phase and amplitude.
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noernal Defects and Wo

Table 1

d_Qua

-

-

Ly a0 Logs and Standing Trees

sound knots*
unsound knots*
compression wood*
worm holes

decay*

incipient decay*
spiral grain
splits*

cross grailn

bark pockets
specific gravity*
juvenile wood*
extractives*
moisture pockets*

foreign objects - rocks,

dead knots*

tension wood
grub holes
rot*

stain*
checksx*

pitch pockets
pithx*

low density*
sapwood/heartwood boundary*

wood species*

metal, etc.

defects present in experimental sample log sections.



An electromagnetic wave impinging on the interface between air and a
dielectric interrace has some ¢0f the energy reflected. The amount of ensrgy
reflected depends on the dielectric constants of the two materials, the angle
of incidence and the polarization of the wave.

3.2.2 Refraction

The energy that 1is not reflected is transmitted into the other material. The
wave 1is usually refracted at the interface. The velocity of the refracted
wave 1s inversely proporticnal to the refractive index of the material. The
refractive index in turn is the square root of the dielectric constant of the
material. When the wave passes the interface, it follows the angle of trans-
mission which is dependent on the refractive indexes of the materials. This

change of direction must occur to ensure phase continuity across the bounda

3.2.3 Absorption

Dielectric materials usually absorb electromagnetic energy and convert it to
heat. The amount of absorption depends on the material and to some degree on
the frequency. The wave thus loses energy as it passes through the dielectric
material. Although many materials exhibit low loss factors, water in either
sclid or gaseous form leads to increased loss. Absorption is usually a linear
effect dependent on the distance travelled.

3.2.4 Delay

Since the velocity of the wave in a material varies with the dielectric
constant, a delay in the wave propagation occurs when compared to its
propagation through the same distance in a vacuum. This delay is proportional
to the refractive index and the distance travelled.

3.2.5 Depolarization

When a planar wave impinges on an object of arbitrary shape, the surfaces may
not always correspond to the polarization planes of the wave. The reflectred
wave may then have a polarization which differs from the incident wave; it is
thus depolarized. This phenomenon can also occur when the wave propagates
through an anisotropic or inhomogeneous material.

The field of microwaves is the least developed and requires more work to
determine how promising it will be for application to internal scanning of
logs and standing trees. Using the previously described microwave propagatiocon
properties, work has concentrated on the detection of such wood characteris-
tics as density, moisture content, grain direction, shape, thickness, surface
conductivity, decay, holes, knots and dielectric constant (Szymani and
McDonald, 1981; Szymani, 1979; Szymani, 1985; Bergh, 1985; Juvonen, 1985;

King et al., 1985). Microwaves are unable to penetrate deeply into conduc-
tors, making them more suited to applications using lumber than to applica-
tions using logs or standing trees. In addition, the differentiation of
defects smaller than the wavelength are difficult even in lumber sized pieces.
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generation, propagation, detection and use o
frequency between 20 KHz and 500 MHz - Figure 1)

g of ultrasound is basically a mechanical phe
regquently for the non-destructive evaluation of inte
characteristics in wood (Stott, 19%69; Goodell and Graham, 1983; Morr
d sen, 1984; sSMith, 1984; Szymani, 1985; Lee, 1938; Mille
rrott, 1965; Anon., 1983; Holland and Heath, 1983; Kristians
198%; Pellerin gt al., 1986; Arita et al., 1986; Szymani, 197
nald, 1981).
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dy with the form of the wave dependent on the elastic properties of th
redium. Longitudinal waves (compression waves) are created by displaced
carticles vibrating parallel to the direction of wave propagation. The
velccity 1s dependent on Young’s modulus, Poisson’s ratio and the density.

For transverse waves (shear waves) the dis=laced particles vibrate

rpendicular to the direction of wave progagation. The velocity is dependent:
th

e medulus of rigidity and the density. Longitudinal waves have a hig

Ultrasonic waves (longitudinal or transverse) can be propagated in any

locity in most media with the wavelengths being very short compared to the
oss-sectional area of the transducer procducing the waves. This allows
ocussing of the energy into a sharp beam. Transverse waves, on the other
nand, have a velocity about half that of the longitudinal waves and a
similarly shorter wave length. The shorter wavelength makes the transverse
waves more sensitive to small inclusions and results in internal scattering of
the waves.

ve
r

H) Q

ltrascnic waves ma e subj o reflection, refraction or mode conversion
£ c e y b bjected t flect £ t d

Ul

when the waves propagated in one medium reach an interface with another

medium. Mode conversion is the changing of longitudinal waves into transverse
waves and visa versa. Each medium has a characteristic impedance, which is

iven as the product of the wave velocity and the density, and helps determirne
he transported waves’ energy intensity. An incident wave impinged on a plans
interface at other than a zero angle of incidence will give both longitudinal
and transverse reflected and transmitted waves. Internal differences in
density and velocity due to inclusions (defects) give rise to changes in the
wave energy intensity and thus information about the type and location of
defects.

rr LQ

There are at least five different ways ultrasonic testing can be done. One
way 1is through transmission requiring a transmitter and a receiver. A defec:
or flaw reflects some of the energy, causing a reduction in amplitude. For

the other methods, the transmitter and receiver are one and the same and use
checes to detect changes inside a material. Echo ranging uses a straight beam
which, 1f a defect or flaw is present, echoes the beam back while the end of
the work piece creates a back echo. Other techniques use variations of thi
same principle.

One major problem with ultrasonics for imaging logs and standing trees is the
acoustic coupling between the transducer (a piezoelectric crystal) and the
wood. The characteristic impedance of air (0.0004 kg/mz) is about 1/5000 that

th

o}

wood (1.7 kg/m2 for pine to 3.5 kg/m2 for oak) giving rise to an almost



ss of energy transmission. This can be resolved by ensuring thas nao
ir gap exists between transducer and the wood surface. To overcome this

U Ak
"""" ~zr has been used as an acoustic coupling medium,

zharacteriscl: .mpedance (1.48 kg/mz) is closer to that of wood. This
cechnique has l2d to the spatial location and identification of such internal
wood characteristics as knots, cross grain, rot, holes (greater than 3/4 in.;,
citch pockets, bark inclusions, pith, wane, and torn grain in lumber
(Kristiansen, 1985; Mayer, 1984; Szymani, 1979; Szymani and McDonald, 19%81;
Szymani, 1985) and in logs (Mayer, 1984). Normal variations in moisture and

in the area of rot detection and spatial location has occurred with scoe
ss (Arita et al., 1986; Morris, 1986). The method used by Arita gt al.

) uses propagation time and signal decay {(attenuation) between a

ducer and receiver. To detect sapwood decay the transducer and receivear
irst placed across the diameter at a healthy location on the post to give
ropagation time for a reference value. The propagation time is then
measured through the diameter eight times at equally spaced intervals around
the post at the location of interest (usually at groundline). The propagation
time 1s then measured for each quadrant with the transducer/receiver placed ac
90 degrees to each other. For heartwood decay the transducer is placed at one
location and the receiver is moved stepwise around the circumference to pick
up the difference in propagation time. This approach is tedious; however,
results are promising.

Two independent lines of research in the United Kingdom have recently come up
with experimental scanning devices for imaging decay in wooden poles and
railway tles, respectively (Morris, 1986). The former evaluates attenuation
of an ultrasonizc pulse across the pole between three transmitter and 27
receiver positions. The presence or absence of a threshold level for the
signal denotes sound or decayed wood respectively between the transmitter and
receiver. The 27 positive or negative readings are used to create a
computerized timogram of the decay. Several independent evaluations (one of
which was carried out by P.I. Morris) showed that the device shows a great
deal of promise but requires fine tuning. Refinement of the device 1is
currently underway in the U.K. and it may be possible to obtain a modified
version in the near future.

The second British device analyzes the wave form created in a tie by an impacct
from a hammer. It is claimed that the analysis can detect the location and
extent of defects within the tie. This device is being developed by Biokil
Chemicals Ltd. under contract to British Rail as part of a remedial treatment
and a maintenance program.

Ultrasonics show good promise for imaging in the future because of their
ability to detect a wide range of wood characteristics. For logs and standing
trees the acoustic coupling problems must be better resclved. Resolution and
response speed must also be improved.



3.4 X-RAYVS, GAMMA RAVS AND NIUTRON
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K-ray window (Figure 1) for looking at wood includes both X-rays,
cro

neutrons. X-rays characteristically have sho wavelengths o

S and 10 *“ meters. The X-ray tubes are operated at a pectential ¢f
KeV and 1 MeV. For radiography, an X-ray tube is used as a sourcs
X-rays and an image receptor--photographic film, fluorescent screen, TV

r scintillographic system--is used to detect changes in attenuation
as the rays pass through the object. The projection image of the
being examined is the sum of the transmitted energy through the

The horizontal location of any included defects can be determined:;
the vertical spatial location cannot be determined from a single
ission. Work has been done to detect decay, insect damage, density
es, holes and knots using radiographic techniques (Szymani, 1979;
ymani and McDenald, 1981; Szymani, 1985; Birring and Smith, 1985; Truman,
3; Gardner et al., 1980; Thornton ef al., 1980; Liu ef al., 1984; Burgess,
5; Nystrom, 1985; Solberg, 1985; Harbich, 1984). A practical application

radiography in the forest industry is the TINA log quality measuring system

in Sweden (Nystrom, 1985). The transmitted intensity at two diameters at

ight angles is used to place the logs into quality classes. Density
variations and knot locations determine the class. However, a precise two
imensional spatial location of included wood characteristics is not possible
hrough this technique.

T

(S
=
[V
o

3

e

(%]

— O
0 b D
81 "
S
[V
jo]
(0]

o~
[

t
()]
H

VIS
o}
) ()
&1}
H-

i

O
o

ot
g
O M % U
o]
6]

h

[

[
O
T

ey
O

(D
3 (D

et

oy

b3 b 2 'O

O

3.4.2 Neut

Neutrcn radiography (Solberg, 1985; Szymani, 1979; Szymani and McDonald, 1531
is similar to X-ray radiography but can penetrate a greater thickness of more
dense material with less scattering. Even greater difficulty in obtaining a
two dimensional 1image is present since it examines the total mass content as
opposed to mas: content along specific rays as given by X-ray or gamma ray
methods. This technique has proven useful in measuring moisture content in
bulk materials, consistency of pulp slurries, density, thickness, flaws,
cracks, voids and inclusions.

3.4.3 Xc-ray and Gamma Ray Computed Tomography (CT)

Computed tomography is one of the most significant advances in X-ray imaging,
since it allows the internal structure of an object to be reconstructed from
multiple projections of the object. A thin cross section of the object is
scanned with a wide fan X-ray or gamma ray beam and the transmitted radiation
detected. The beam is rotated through 360 degrees and the resulting photon
density data is reconstructed into a two dimensional image using an
appropriate algorithm. Computed tomography imaging is not confined to the
wood products industry (Allan, 1984; Hartley, 1986). However, CT imaging has
been used to study wood all over the world, particularly with logs or standing
trees.

These studies began using medical scanners to determine the potential of this
technigque (Burgess, 1985; Hailey ef al., 1985; Schmidt, 1978; Asplund and
Johansson, 1984; Benson-Cooper, 1982; Hattori, 1985; Funt and Bryant, 1984;
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, 1984; Wagner and Taylor, 1985; Taylor, 1980;
cn, 1986). These studies have demonstrated that e
narz..z=xristics such as decay, knots, cracks, worm es, 5!
ct cavities, pruned branches, sapwood/heartwood beundary, bark and
£3, o~iue stain, rocks, moisture distribution and extent of
lilguor can be detected and differentiated. The 1 mm resclution
imaging systems was noted as being more than required for
i al forest products application. The time needed to ccllect the data
and to reconstruct the image is currently too long for potential on-line
applications. The high cost of medical scanners (in excess of $1 millicn) was
considere X-ravy

s ed to be prohibitive. Radiation hazard, life expectancy of the
:ubes, the need for highly qualified personnel, and availability of highly
p ex computer programs to make use of the internal information fo
ximizing recovery were some of the additional problems to be solve
dical types of scanners can be used in industrial applications.
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There are three other areas of interest in imaging using X-ray CT. To addres:
the problem of how to take advantage of the internal information from CT, the
Japanese have looked at the determination of grain orientation to maximize
value recovery in lumber (Noguchi, 1985; Tochigi, 1983). Soft X-rays were
used to determine the grain orientation and knot location in test logs. A

mputer simulation program was used to generate an optimum sawing soluticn.
is system 1s still too expensive for adoption by Japanese industry.
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trees (Onoe et al., 1983; Fox, 1983; Onoe, 1986; Nakamura, 1984). The scanner
nas three columated X-ray beams at eight degrees apart with projection data
taken every two degrees around the circumference of the tree to obtain a two
dimensional image of the tree. Decay, tree rings, knots and various other
internal defects can be determined with adequate resolution. However, a
weight of 50 kg, a scan time of 10-1/2 hours, and the inability to produce
on-the-spot pictures, make the present system unacceptable for frequent use.

The other main development 18 in Germany where a portable gamma ray CT scanner
has been used to reasonably successfully measure decay in standing trees
(Habermehl, 1982a and 1982b). This device uses a single source and detector
on opposite sides of the tree. The attenuation of the beam is measured for
the entire thickness of the stem at one location. The device then moves the
source/detector along a coordinated parallel path until the entire diameter
has been scanned. The device is then turned through a small angle and the
next profile recorded. A complete profile of the cross section is built up.
The data are collected and the reconstruction is completed in the laboratory

A three dimensional representation of the two dimensional absorption
coefficient map is created to allow ease of interpretation. The four
classifications of decay require some subjective interpretation from the
created image. Resolution required improvement to identify small areas of
decay. In addition, a semi-portable rapid data collecting system was
described using a wide fan beam source and a 71 detector array, rotated around
the circumference every eight degrees. 1In addition to the decay applicatior

t is hoped some correlations can be developed between the absorption
coefficient and the chemical composition of the wood.



3.4.4 Radicgraphy and CT Suymmary

:»ny is a dramatic improvement over radiograph

Lve a one dimensional spatial location of intern
Computed tomography provides a two dimensional reconstrucoed

rap utilizing the absorption coefficlent of the wood cros

detect and differentiate the following internal defeczts and

O

es
stics: decay, knots, cracks, worm holes, annual rings, insec:t
aviti runed branches, sapwood/heartwood boundary, bark and resin pockansz,
olue stain, rocks, moisture distribution, and impregnation of liquor. The
czilization of CT scanners in the sawmill appears to be at least two years
away. The high cost of CT scanners ($0.6 to $2 million) must be reduced., Th:z
refL“@ment of portable scanners is continuing in Japan and Germany. The
radiation hazard must be protected against.
3.5 MAGNET E NCE

The magnetic resonance window makes use of the low-energy, radio frequency
pand of the electromagnetic spectrum (Figure 1) from 1 KHz to 800 MHz. T:e
rinciple of MR (Fullerton, 1982; Pykett et al., 1982; Portugal, 1984) beg
h the object to be studied being placed in a very uniform magnetic fiel
se nuclei within the object with a magnetic moment align themselves to th
ernal magnetic field. The magnetic moment of the nuclei precess about the
gnetic field with an angular frequency called the Larmor frequency. This
eq ency is dependent on the field strength and the magnetogyric constant
ch is characteristic of the specific nucleus under study. Nuclei with a
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high magnetogyric constant ( H and 19 F) lend themselves to imaging and

spectroscopy, while those with a lower constant (13C and 31?) can be used £
pectroscopy. If the object is then irradiated with a radio frequency (RF)
e at the resonant frequency, the magnetization will be rotated out of th
criginal plane. When the RF wave ceases, the magnetization realigns it

h the original plane. The two characteristic relaxation phencomona are

(the spin-lattice relaxation time) where the perturbed nuclei realign
themselves with the lattice structure, and T, (the spin-spin relaxation time)

where the perturbed in-phase spins dephase with respect to one another. The
importance of these two relaxation times is that they provide information
about the chemical environment in the vicinity of the protons. There is no
similar analogy with X-rays.

3.5.1 Magnetic Resonance Spectroscopy

Part of the basis for scanning or imaging of logs or standing trees using MR
is the characteristic relaxation time of different internal wood
characteristics which can be obtained from spectroscopic studies. Both th
spectroscopy and imaging of wood to date look at 1H protons because of the
relative abundance and high magnetogyric constant. A number of spectroscopic
studies examined the moisture content of wood and/or pulp using an MR
technique (Magnusson gt al., 1972; Nanassy, 1973, 1974, 1976, 1978). To
obtain an accurate estimate, the weight of the sample was required.
ubsequent studies looked at water flow and diffusion in wood (Parker, 198
Peemoeller et al., 1985; Gummerson et al., 1979; MacGregor, 1983). Furthe

U]
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at understanding the location of the water in the wced and
ticn times (Riggin ez al., 1979; Byrne et al., 1986; Mencn
nsson, 1985; Hailey gf gal., 1985). One of the mora
(Menon et al., 1987) has shown that for Douglas-fir and
tern red cedazr there are three components to the T, relaxation time which
nave been anatomically confirmed. These components are: water in the cell
walls, water in the latewood tracheids and ray cells, and water in the
earlywood tracheids. Because water in the cell walls should be most

influenced by the chemical environment, the identification and eventual
imaging of this component should lead to better identification of wood
characteristics.

The absolute moisture content of wood can be determined from the free
induction decay when combined with a knowledge of the chemical composition of
the wood. The fibre saturation point can be determined from a single T,

measurs .nt on the sapwood. Follow-up work has been underway during the pas
yvear and has resulted in further collaborative evidence as to the location o
the water components. A reduction in T, value due to the presence of decay

has also been shown. In addition, some differences in T, between species have

been indicated. The spectrometer studies above all can enhance the
interpretation of MR images (Menon gf al., 1987; Hailey gt al., 1985).

A further area of interest is the solid signal from the cell walls. The MR
spectroscopy of the lignin and cellulose may lead to applications in the pulp
and paper field. Work with bean plant cell walls (Taylor et al., 1983; MacKay
et al., 1982) has characterized cellulose and pectin. Thus, the
characterization of cellulose, hemicellulose and lignin should also be
possible with the cell walls of wood. This could lead to rapid identification
of wood guality since it relates to the chemical makeup.

3.5.2 Magnetic i

Magnetic resonance imaging uses the same basic process as spectroscopic
studies (Burgess, 1985; Pykett et al., 1982; Fullerton, 1982; Portugal, 1984;
Aronson, 1984). The addition of a one dimensional field gradient coil across
the object allows a projection profile to be created in the perpendicular
direction. The gradient direction is rotated in increments to cover 180
degrees. The data intensity profiles of these projections is used to
reconstruct a map of the protons in the object. By using different RF pulse
sequences, T2 and Tl maps can also be obtained. Several studies have

investigated MR imaging of wood (Hailey ef al., 1985; Asplund and Johansson,
1984; Johansson, 1985; Burgess, 1985; Hall et al., 1985, Kucera gt al., 1985;
Wang and Chang, 1985). The technigue can detect the presence of the following
wood characteristics: knots, sapwood/heartwood boundary, decay, moisture
pockets, worm holes, shake, annual rings and juvenile wood. Potential future
applications of the technique are in wood drying, wood preservation and plant
pathological studies. Problems for on-line application include the scanning
time, which is currently up to tens of minutes long, the high cost of the
scanners (over $1,000,000), the immobility of the systems, and lack of
detailed studies on the fundamental parameters involved.
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Tt re Developments £or MR Imaging

S.20.2  DAALAL

rch (Anon., 1986a, b, ¢, d and &) is helping =2 make ME

for physiological characterization. Of particular

od products applications are the developing high-speed

ork 1s also being done on flow imaging, which is alsc o3

e ast imaging sequences are required to characterize flow

The consensus 1s that practical MR imaging of a single slice will be dcne in =
20 millisecond interval, making the technique practical for fast full
characterization of an entire log, at some time in the near future Other
developments include the use of ultra-low field magnets (less than 0.02 Tasla;
which reduce the cost of such a system. Work is being done by the majcr MR
imaging companies (Picker, Phillips, Siemens etc.) on various image
reconstruction techniques which will more completely define the inherent
characteristics of the material being imaged, particularly T, and T,. The
M.V. Phillips (Holland) group showed interest last August at the Fifth Annual
Meeting of the Sociey of Magnetic Resonance in Medicine conference in

application of MR to forestry. Magic angle and chemical shift imaging ma
he;p to more fully define the chemical characteristics of the material be
ctudied.

3.5.4 MR Summary

Magnetic resonance 1s such a promising technique for the forest industry
because it detects the effect of the physical and chemical environment on the
proton (1 H) distribution. Magnetic resonance spectroscopy allows the
non-destructive determination of the moisture content of wood. The fibre
saturation polnt can be determined from a single sapwood measurement.

Magnetic resonance also allows correlation of the high resolution measurements
of the relaxation times (T, and T5) with the physical and chemical

characteristics >f wood for optimizing imaging. One of the relaxation times
(Ty) may allow some separation of species.

th

Magnetic resonance imaging allows reconstruction of a two dimensional image ©
any plane through wood. Proton density, and T4 and T, maps of the internal

physical and chemical characteristics can be reconstructed. The following
defects and internal characteristics can be detected: knots,
sapwood/heartwood boundary, decay, moisture distribution and pockets, worm
holes, shake, annual rings and juvenile wood. The log scan times currently
required (many minutes) may soon be reduced to tens of milliseconds using hi

speed imaging techniques. The high cost may be reduced dramatically by use Of
lower magnetic field magnets. This in turn would reduce the size of the
eguipment.

Mill applications using some of the basic MR parameters could occur within the
next few years. Application of two or three dimensional MR imaging of whole
logs in sawmills is five years or longer away.
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4.0 IMAGING DECAY AND WOOD QUALITY USING MR AND CT

uction were obtained in early July, 1986, courtesy of Millar Western
ies Inc. from their logging area in the Whitecourt Forest Distr

-

R
oo

12 inches in diameter. The segments were double-wrapped in plastic to retain
~he moisture that was present. Within a week of arrival at Forintek, aft
removing four inches of trim, a one-inch disc was removed from each end of

log segments for carrying out decay assessment. These discs were labelled

Slice 1A and Slice 2A. The decay assessment vas to allow correlation with MR
and CT images to be subsequently obtained. The remainder of the log segments
were then heavily wrapped in plastic and stored in a controlled environment
chamber at 26 percent relative humidity to minimize moisture loss.

4.1.2 Decay Assessment

Although visible evidence of decay such as discolouration, softening and
shrinkage was readily discernible in most of the logs under study the absence
f these diagnostic features in some areas does not necessarily preclude the
presence of wood-rotting basidiomycetes and reduction in strength properties.
These fungi can frequently be isolated several centimeters from the edge of

the visibly decayed area.

It may also be the case that areas of timber with discolouration suggestive of
early stages of decay may be due to wound responses of the tree rather than
fungal attack.

Since MR spectroscopy can detect the effect of solutes in wood on the MR
parameters, there may be an effect from fungal metabolites, in particular
radical cations and other highly reactive chemical species involved in decay
on these same parameters. The concentrations of these metabolites may vary
with the stage of decay and may help to explain variations in the MR spectrum.

In order to confirm the preliminary application of scanning techniques for
decay detection it was necessary to assess the extent of colonization by the
wood-rotting basidiomycetes (WRB) .

The two 1 inch thick slices, cut from each end of each log adjacent to the
positions to be scanned, were stored in plastic bags in a refrigerator until
they were sampled. The sampling technique was originally developed for
determining fungal distribution in wood poles (Morris, Dickinson and Levy,
1984). It accounts for any variation in size or shape of roundwood while
permitting accurate location of fungi isolated.

Small chips of timber were removed at 20 mm intervals around sample "annuli"
paced 20 mm apart, working in two directions away from four radii at 90° to
ch other (see Figure 2). One of the four radii is arbitrarily designated
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N Radius Code

Annulus Code

Chip Code————
W— —E
Heartwood
Sapwood
Bark

Figure 2. Pattern of sampling for mapping of fungus distribution in ilogs.
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ers are consequently south, east and west. Th
ntified by their position with respect to thes
ur i i1l were glven the subscript No’ SO, o o+ The chips 20 mm
‘E, NW, WN, etc., subscript 1 and the next either side wera
Where the sets of samples, e.g. NW and WN, apprcach
tnl penultimate chips were 25-35 mm apart, a single chi
f-way between them. Prior to sampling, the cross section
d by swabbing with tissue socaked in 70 percent ethanol.
were formed with two inclined cuts from a U-shaped gouge. The
end of the chip was pushed into a selective agar medium with ¢
decontaminated surface horizontal. This permits fungi from 3-5 mx
w the original surface, unaffected by the 70 percent alcchol, to grow
rectly into the agar (see Figures 3 to 9). The agar medium (Morris,
xinson and Levy, 1984) contains 2.0 percent malt extract, 3.0 mg Bencmyl
elective for basidiomycetes) and 100 mg Streptomycin (selective against
ia)
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The samples were incubated at 25°C and examined after 0.5, 1, 2 and 4 weeks.
The fungi isclated were subcultured and examined for the growth habit and
presence of clamp connections which are diagnostic features of basidiomycetes.
Isclates were identified by the initial letters of the wood species and a
suffix "a" or "b" for different basidiomycetes from the same log.

Almost all the slices yielded isoclates from large areas of the visibly decayed

wood, which did not possess these diagnostic features. It was necessary to
determine whether these were WRB, secondary non-wood rotting basidiomycetes or
seﬂondary non-wood rotting mould fungi. This could be done by identifying the

fungl as known wood-rotting species or by assessing their decay capability
:;:ect*y As tris project was directed towards decay detection, it was felt
hat categorizarion of these isolates should be on functional criteria. A
modification cf the AWPA M-10 (American Wood Preservers’ Assocation, 1986)
:3'1 plock test was therefore used to assess their ability to cause weight
loss in wood. The method was similar to that given in the M-10 standard with
the exception of: (1) a reduced block size, 14 mm rather than 19 mm; (2) three
blocks rather than two per soil jar; (3) an eight week rather than a twelve
week incubation period; and (4) the use of the non-standard fungi under test.

Ponderosa pine sapwood was used for fungi isoclated from softwoods and aspen
sapwood was used for fungi isolated from Ropulus sp.

At the completion of this test the results for four of the isolates were found
to be inconclusive. It was therefore necessary to attempt the identification
of the isolates by comparison with known isclates from culture collection or
by the use of selective enzyme reagents and microscopic features (Stalpers,
1978) .

Blocks representing both sound and decayed wood were chosen from the discs
used for decay assessment to determine both moisture content and specific
gravity. The number of blocks per disc varied from 18 to 39. The green
weight and oven dry weight were used for moisture content determination. The
specific gravity was determined using the green volume and the oven dry
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This agar plate was inoculated with five chips from the sapwood
white spruce. Two basidiomycetes have grown out: Isolatre WSa,
unidentified, from the chip at the top left and Isolate WSh,
Armillarea sp., from the chip at the top of the plate.

of
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Figure 4. Five of these eight chips from the heartwood/sapwood boundary in

trembling aspen have yielded Isclate Tha, a very slow growing
fungus without the characteristic appearance of a wood rotting

basidiomycetes: Phellinus tremulae.
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Figure 5. Two of these chips, top and left, taken from the second heartwood

sampling annulus in lodgepole pine, have yielded Isolate LPa,
fungus of basidiomycete appearance which does not produce
characteristic clamp connections: Phellipus pini.

a
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Figure 6. All eight of these chips from the heartwood of black spruce have
yvielded Isolate BSa, tentatively identified as Stereum
sanguinolentum.
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Three of these four chips from balsam fir heartwood have yielded

Isolate BFa, Stereum sanguinolentum. The fourth chip has a

non-basidiomycete fungus which was inhibited by the selective

Figure 7.

medium.
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Figure 8. Three of these chips from alpine fir heartwood have yielded Isolate

AFa, Stereum sanguinolentum. The fourth has a non-basidiomycete
fungus which was inhibited by the selective medium.
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Figure 9. All seven of these chips from the heartwood of white spruce have
vielded Isolate WSb, easily identified as an Armillerea by the

black root-like mycelial cords, rhizomorphs, characteristic of this
genus.
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eight. The green volume was measured by saturating the samples in water Dy
supmerging the blocks in water and subjecting them to 1-1/2 hours of vacuum
ollowed by 1-1/2 hours of pressure. The calculation of the specific gravity
en given by (Smith, 1954):

§—

specific gravity =

M

s
- 0.34¢6
Mop
where Mg = saturated weight; Mgp = oven dry weight .
1.1.4 MR I

Magnetic resonance (MR) images were obtained from a single 10 mm slice, fou
inches from one end (Slice 1, four inches from decay assessment Slice 1A)
sach of the seven species at the end of July, 1986. A Picker scanner with
0.15 Tesla superconducting magnet, housed at the University of British
Columbia (UBC), was used. A specially designed multiple echo protocol
designated 51 ME6SS was developed to image as wide a range of echo values (TE)
as possible (scans for each of the following TEs were obtained: 26, 52, 78,
104, 130 ad 156 millisec.). The following additional parameters were used:
repeat time (TR) of 500 milliseconds; 8 repetitions; 256 views; a 30 cm field,
and 17 min. scan time.

r
of
a

Iin addition, the trembling aspen segment (Slice 1) was scanned on the more
powerful Philips Gyroscan 1.5 Tesla imaging system at the Montreal
Neurological Institute (MNI) on August 20, 1986. A TR of 500 msec was used
with 8 repetitions for a slice thickness of 10 mm. There were 8 multiple echo
times imaged with TE = 30, 60, 90, 120, 150, 180, 210 and 240 msec. Three
additional T2 images and three RH {(proton density) images were produced using
TE = 30 msec with 8 repetitions and the total signal from 8 echos.

Computed tomographic (CT) X-ray images were obtained for the same single slice
(Slice 1) used for MR images for each of the seven species on July 31, 1986.
An additional image was obtained four inches in from the opposite end cf each
log segment (Slice 2, 4 inches from decay assessment Slice 2A). A Siemens DR2
scanner housed at the University of British Columbia was used. The scan time
was two seconds per each 8 mm slice using a 125 KV X-ray source giving a
resolution of 1 mm.

FEach image had "N", "S", "E" and "W"™ quadrants designated for ease of

comparison with each other and for correlation with the previously described
decay assessment.

4.1.5 photographic Imaging

For visual comparison of the wood gquality and decay present in each log
segment with the corresponding MR and CT images, the center of the plane
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nrcugh which the images were made was sawn open and a color and a plack and
wnite photograph taken.

)
1

The MR, CT and ghctographic images, fungi location figures and moisture
ontent and specific gravity overlays are presented as Figures I-1 through
-119 in Appendix I. The order of the species is trembling aspen, balsam
oplar, lodgepole pine, alpine fir, balsam fir, black spruce and white spruce.
tnin each species the order of the figures are: MR images, CT images, <c2l:or
hotographs, black and white photographs, fungi location and moisture content
and specific gravity overlays (e.g., I-28 and I-30). Refer to pages viii =2
x1 for a detailed listing of the figures. For lodgepole pine and white spruce
rhere were respectively only one and four MR images obtained for the short TE
values because of low moisture content.

ri ()
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The distribution of wood rotting basidiomycetes (WRB) and of bacteria in the
cross sections sampled (represented as coloured dots) is presented in

Figures I-27, I-29 for trembling aspen; I-43, I-45 for balsam poplar; I-54,
I-56 for lodgepole pine; I-70, I-72 for alpine fir; I-86, I-88 for balsam fir:
I-102, I-104 for black spruce; and I-116, I-118 for white spruce.

Fach sample position where microorganisms of interest were located has been
colour coded for type of fungus or bacterium. Unlabelled positions were
either sterile or yielded no fungi known to be associated with basidiomycete
decay. Red spots represent WRB; green spots represent non-wood rotting fungi
assoclated with decayed wood: and yellow spots represent bacteria possibly
associated with decay or with wetwood.

4.3 DISCUSSION
4.3.1 DRecay Assessment
: ~2pabili E ]

Only two of the isolates tested, WSa (Figure 3) and BPa, from white spruce and
balsam poplar, respectively, demonstrated an ability to cause rapid mass loss
in the M-10 test (Table 2). Isoclate TAa from trembling aspen caused a
comparatively low weight loss, but this may be explained on the basis of its
very slow growth rate. The results for the remaining four isolates were
inconclusive. Weight losses caused by the isolates from alpine fir (Ara) and
balsam fir (BFa) were less than the level (three percent) regarded as
significant. The isclate from lodgepole pine (LPa) was borderline, while the
isolate from black spruce (BSa) was barely significant.

TA | i 1 T

Isolate TAa (Figure 4) was identified as Phellinus tremulae (Bond) Bond and
Borsov, using Stalpers’ (1978) key to the Aphyllophorales. This fungus is bty
far the most common cause of heart rot in trembling aspen in Canada (Hepting,
1971), but has commonly been referred to as Fomes ignarius (L ex Fr) Kickx.



Table 2
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Isolate Number Identity if Xnown Mean Percent Wood
Weight Loss

WSa Unidentified 20.57 Pine

WSb Armillarea sp. NT -

BSa Stereum ganguinlolentum 5.27 Pine

BFa " " 1.98 Pine

AFa » " 2.70 Pine

LPa Phellipnus pini 3.25 Pine

BPa Unidentified 24.47 Aspen
ThAa Phellipus tremulae 9.01 Aspen
Control None 0.56 Pine

NT - Not tested



The isolate from lodgepole pine (Figure 5), with a barely significant weigh=z
58s, was identified as Phellinus pinl (Thore ex Fr.) Pilat, one of the mos=:
cmmen causes ~F stain and heart rot in lodgepcle pine in Alberta {(Lcman and
21, 1963 Roc.nson-Jeffrey and Loman, 1963).

The isclates f:2m black spruce (BSa), balsam fir (BFa) and alpine £ir (AFa),
with very low w~eight losses, were very similar to each other in appearance
Figures 5, 7 and 8, respectively). On the basis of microscopic
characteristics and comparison with culture collection strains these three
were tentatively ildentified as Stereum sanguinolentum (Alb & Schw. ex Fr.) Fr.
Isolate BSa differed from the other two in some microscopic features and in
its capacity for decay. This fungus does not cause rapid weight loss in
laboratory experiments (Ammer, 1963) as found in this study. It is, however,
oy far the most common for heart rot of balsam fir and alpine fir (Hepting,
1371). It is also one of the two most common heart rot fungi in black spruce,
e other being Phellinus pini (Hepting, 1971). Both of these fungi rapidly
clcnize heartwood, causing a red stain. This is followed by a slow decay of
he wood.

~1
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The most frequent isolate from the white spruce log, WSb, was easily
identified as an Armillarea sp. by the presence of rhizomorphs in culture
(Figure 9). Fungi of this genus are well known as causes of butt rot;
consequently it was unnecessary to test its decay capability.

As a result of the decay testing and identification procedures, all the
suspected basidiomycetes could be classified as WRB.

. . . . . Ldi

Irexbling Aspen. Slices 1 and 2 (Figures I-27 and I-29): Phellinus tremulae
was isolated from most of the sampling positions within the zone with visible
evidence of decay. This WRB was present up to and just beyond the dark border
of the damaged ragion; presumably a physiological reaction zone caused by the
fungus or by the tree. Bacteria were isolated from a pocket of discoloured
wet wood in Slice 2. The absence of the dark border at some points suggests
that the fungus has broken through this barrier. The remains of a previously
breached barrier can be seen towards the centre of the log.

Balsam Poplar. Slices 1 and 2 (Figures I-43 and I-45): The two single
isolations of an unidentified WRB are probably of no significance,
particularly as they are not in corresponding positions in the two slices and
were not associated with any signs of decay. The patch of discoloured wood,
at least in Slice 1, was associated with bacteria. These two slices both
appear to be otherwise sound.

Lodgepole Pine. Slices 1 and 2 (Figures I-54 and I-56): The stain and heart
rot fungus Phellipnus pini was isolated from the whole of the area of
discoloured wood in Slices 1 and 2 and from a few positions in visibly
unchanged wood in Slice 2.

Alpine Fir. Slices 1 and 2 (Figures I-70 and I-72): The scarcity of
isoclations of Stereum sanguinolentum from Slice 1 compared to Slice 2 has no
explanation at present. This fungus was found over the whole of the



discoloured area of Slice 2, even extending into protrusions of discoclouration
into the sapwood.

23.s Fir. 3..:es 1 and 2 (Figures I-86 and I-87): In both slices 3tereum
sanguinolientum ~as isolated from the whole of the central discoloured zone ang
several points in the apparently sound sapwood.

o) ruce. Slices 1 and 2 (Figures I-102 and I-104): The isolate
tentatively identified as Stereum sanguinolentum was isoclated from the whole
of the discoloured zone in both slices up to the visible boundary but not
beyond.

White Spruce. Slices 1 and 2 (Figures I-116 and I-118): Isolates of
wood-rotting basidiomycetes representing two species were located from the
whole of the visibly decayed zor~ in both slices. Isolate WS2, the
Armillarea sp., accounted for th aajority of these whereas the unidentified
isolate WS1 was found in only a few sites in the sapwood. This log exhibited
the most advanced decay including shrinkage and consequent voids.

o ; £ T | MR I {th F 1 Isolati

Trembling Aspen. The X-ray CT scan (Figures I-21 and I-22) picked up distinct
changes in density between decayed and undecayed heartwood in both slices,
although measurements of specific gravity (Figures I-27 and I-29) did not pick
up any recognizable differences. This may be partly due to a lower moisture
content in the decayed wood in the centre of the log (Figures I-28 and I-30).
Although this moisture content was above the minimum necessary for MR (about
40 percent), it did not show up to any great extent in the MR (Figures I-1

to I-6), suggesting a very rapid relaxation time, T,. The MR images taken

with the higher field strength (Figures I-7 to I-20) show more signal in the
heartwood; however, a comparison of Figures I-7 through I-15 indicates a
reduction in T,. The band of wet wood at the edge of the decay pocket

(Figure I-25), a well-known feature of decay by P. tremulae (Shigo, 1963) was
detected by the CT and by the MR. They also detected the remains of an old
decay boundary in the centre of the log.

A patch of bacterial wetwood discoloured grey in the colour photograph
(Figure I-25) was also effectively imaged.

Balsam Poplar. The successful MR imaging of the sound heartwood of the balsam
poplar (Figures I-31 to I-36), despite moisture contents as low as those found
in the aspen, adds weight to the indication that the MR image is affected by
decay. Unfortunately, in this preliminary study sound and decayed samples of
each species were not available for direct comparison. There was still a
small difference between the T, in the heartwood and the sapwood of balsam

poplar. This may be due to the presence of extractives in the heartwood as
well as the high moisture content and larger amount of unbound water in the
sapwood (Figures I-31 to I-36). Both the CT (Figure I-37) and the MR

(Figure I-31) picked up the area of bacterial wetwood, discoloured a rusty red
in the photograph, and there were indications of a band of wet wood around the
heartwood/sapwood boundary.
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Ledgepole Pine. The CT (Figures I-48 and I-49) and MR (Figure I-47) &c
ailed to distinguish the area of incipient decay in this log, possibly due
ntirely, in the zase of the MR, and partly, in the case of the X-ray, o
oW moisture ccrn.ent--near or below 40 percent. Even at generally higher
moiszure contents the CT would only be able to detect this very early stage =7
ne decay process if there were some variation in moisture content caused by
~he fungus. Although no change in density has been recorded (and P. pini dces
not have a rapid rate of decay), there may clearly be some effect on strengtn
and on pulping properties.

\D th

s

The scanning results for these two logs

(Figures I-58 to I-65 and I-74 to I-8l) were almost identical, as were the

fungi isolated (Table x) and the patterns of decay observed (Figures I-70 and
I-72, I-86 and I-88). The CT did not detect any difference in density between
scund and discoloured timber (Figures 1I-64 and I-65, I-80 and I-81) but shcwed
ip the preponderance of wet pockets in the sapwood of both logs. The MR also

vicked up these wet pockets but did not show up the discoloured heartwood,
again suggesting a possible effect of fungal activity on T,

Black Spruce. Moisture contents in the decayed heartwood (Figures I1-103 and
I-105) were somewhat marginal for MR imaging but the difference in decayed
wood/sound wood contrast between the MR (Figures I-90 to I-95) and the CT
(Figures I-96 and I-97) suggests some effect other than moisture content in
the MR image. For example, a difference in the MR image between decayed
heartwood and a small band of sound heartwood is particularly encouraging.
Smaller moisture content samples would indicate if this difference was simply
a moisture content difference, or, as suggested, an indication of the presence
of decay.

White Spruce. This log, although meeting the requirement of being fresh cut,
and having some decay present, was much too dry (Figure I-117) for MR imaging
across most of the cross section (Figures I-106 to I-109). Only the wet
boundaries of the decayed wood and small wet pockets were seen.

Due to the large density changes caused by the decay, the CT (Figures I-110
and I-111) produced an excellent image of the severely decayed timber. Some
patches of early stages of decay (arrowed on Figures I-111 and I-114) were not
so well-defined. This type of decay, a butt rot, often does not extend far up
the trunk and proceeds directly through the decay process rather than rapidly
staining and slowly damaging the timber like some of the fungi in other logs.
It may therefore be particularly suitable for studying the detection of this
type of butt rot at various stages.

4.3.2 Hood Quality Assessment

In addition to the ability to identify decay in its various forms, the CT and
MR images allow evaluation of various additional wood quality features as they
appeared in the samples examined. Table 1 indicates the wood characteristics
present in some of the experimental log sections. The CT and MR scanned
sections were cut open to allow a subjective evaluation of the ability of CT
and MR to detect the various wood characteristics. It must be noted that the
CT images show density variations - a combination of specific gravity and
moisture content. The MR images show moisture content variations related to
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“ne presence cf water in the cell cavities. Water in the cell walls canncrt ze
imaged by MR since the minimum TE possible with the UBC imaging scan sequernce
13 26 millisec:-nds. A TE of one to five milliseccnds would allow thne imagin
> cell wall wazar. Since it 138 this water component that should be
infiuenced the most by chemical environment, such as the effects of decav,
imaging 3ystems chat can see this component need to be developed fcr large

samples. The C.urrent ability of MR systems to see only the longer T,

e}

components does not preclude their use for decay detection, but further
studies are required.

)

und Koots. Sound knots appear in the first slice of black spruce section
(Figure I-98). 7The CT image (Figure I-96) shows the sound knot as an area of
increased density. The MR image (Figure I-90) indicates the presence of the
knot because of a moisture content reduction where the knot passes through rthe
sapwood. There is also a faint increase in meisture content around the knot
in the heartwood. The second slice of the lodgepole pine section

(Figure I-52) shows five live knots. The CT image (Figure I-49) shows the
kxnot presence by a similar increase in density. The two live knots in the
second slice of the trembling aspen (Figure I-25) also are indicated in the CT
image (Figure I-22) as an increase in density.

Dead Kpnots

Dead knots show up in the first slice of the balsam poplar sample

(Figure I-39). The CT image (Figure I-37) shows the larger dead knot in the
South position as an area of relatively uniform density. The second very
small dead knot at the NW position shows up as an increased density area. A
comparison of this area in the MR image (Figure I-31) shows up as an increase
in meoisture content, indicating the apparent density increase in the CT image
results from an increase in moisture, not a specific gravity increase.

Unsound Knota. Unscound knots appear in the first slice of the alpine fir
section (Figure 1-66). The CT image (Figure I-64) indicates the presence of
these knots as a density increase. Comparison with the MR image (Figure I-58)
indicates that this is8 not only due to an increase in moisture content but
also an apparent increase in extractive content. The unsound knots show up as
moisture content increases in the heartwood and sapwood.

Compression Wood. Compression wood is present in the first slices of both the
black and white spruce samples (Figures I-98 and I-112, respectively). The CT
image (Figure I-96) for the black spruce shows the compression wood at the E
position as an area of increased density; however, this is inconclusive. The
black spruce MR image (Figure I-90) shows the compression wood as an increase
in the moisture content as well as an increase in the annual ring width. This
is slightly more conclusive. The white spruce CT image (Figure I110) again
shows the compression wood at the NW position as an area of increased density.
This image shows the compression wood more conclusively. The MR image

(Figure I-106) gives no signal for most of the section due to moisture
contents less than required for imaging of the water location, making
evaluation of the compression wood impossible. The same conclusions may be
drawn from the second slices of black and white spruce (Figures I-100 and
I-114) when compared to the respective CT images (Figures I-97 and I-111).
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ne only sample showing stain (bluestain) is the lcdgepole pilne

- and I-52). The stain is in the sapwocd and the CT images

3~3 I-49) show the sapwood as being an area of lower Zensity,
~13 13 not conclusive to the identification ¢f 3tain since ~here aras
he sapwood with no apparent 3tain. The first slice (Figure I-47)

W a mclsture content to allow adequate imaging by MR of the stain
his tecanique.
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Zxecks and Splits. These characteristics are present only in the white spruce

mples. Because the checks at the SSE position in the sapwood of the first
(Figure I-110) are very small, the resolution of the CT image

I-110) which is approximately 1 mm and the resolution of the MR image

re I-106) which is approximately 2 mm, would preclude their
ification. The split at the N position, since it is quite wide, shows up
e CT image. Again, the low moisture content of the sample makes
valuation of the MR image for this characteristic impossible. The second
lice of the white spruce (Figure I-114) has larger splits at the SE and SSW
ositions. These are readily seen in the comparable CT image (Figure I-111).

Ui

—

0}

[N

Do o e
.
Q

jo-

Pith. The location of the pith is quite visible in the CT images. It is also
visible in the MR images for at least the shortest TE value (26 milliseconds)
for all the species despite relatively low moisture contents in the heartwood
of all but the balsam poplar samples. The first slice of the lodgepole pine
(Figure I-50) with the lowest moisture content, even shows up a faint image of
the pith in the comparable MR image (Figure I~-47). All of the MR images of
the balsam poplar (Figures I-31 to I-36) indicate the pith presence because of
high moisture content (Figure I-44).

Juvenile Wood. There is juvenile wood in all of the species examined. The CT
images of all but the white spruce samples (Figures I-110 and I-112) indicate
clearly a decrease in density in the juvenile wood portion of the cross
section. What zppears to be the Jjuvenile wood area shows up in the MR images
for only the balsam poplar (Figures I-31 to I-36) and to a small degree in the
trembling aspen (Figures I-1 to I-20), black spruce (Figure I-3%0) and the
white spruce (Figure I-106). These latter three species show an increase in
moisture content associated with the juvenile wood area, although this is not
uniform within the whole of what appears to be juvenile wood area.

Sapwood/Heartwood Boundary. The sapwood/heartwood boundary is easily
identified in both the CT and MR images of balsam poplar, trembling aspen,
alpine and balsam fir and black spruce. For lodgepole pine and white spruce
only the CT images indicate the boundary. The low moisture content of the
sections of these two species precludes identification of the boundary from
the MR images.

Extractives. Because of the presence of extractives in the heartwood the
differentiation of the sapwood/heartwood boundary discussed previously gives
rise to some information about the presence of extractives. Two species which
give an indication of extractives being present are the MR images of the
alpine and balsam fir (Figures I-58 to I-63 and I-74 to I-79). This
observation 1s based on the rather high moisture contents present throughout
the cross sections (Figures I-71; I-73; I-87 and I-89). These high moisture
contents would normally be easily imaged by MR. The extractives and/or the



fungal activity discussed earlier would appear to have reduced the T2 value of

the water in the heartwood.

Specific Gravity. The specific gravity is shown in part by each of -he CT
images. There 13, however, the confounding factor of the moisture content

affecting the density value given by X-ray attenuation. Comparison of the MR
with the corresponding CT image for each species would allow removal of
variation caused by water in the cell cavities to give a clearer indication of
specific gravity variation across the section. The water in the cell walls
cannot be imaged by MR, so this component of the CT image cannot easily be
adiusted.

Low 3 i£3 ity. Low specific gravity areas resulting from decay and
aprarent juvenile wood have been covered in previous sections.

Moisture Pockets. Moisture pockets are present in the balsam poplar, alpine
and balsam fir and to a limited degree in white spruce. The pockets clearly
show up in the MR images of the first slices (Figures I-31 to I-36; I-58

to I-63; I-74 to I-79; and I-106 and I-107). These pockets also show up in
all of the CT images (Figures I-37 and I-38; I-64 and I-65; I-80 and I-81; and
I-110 and I-111) as an increase in density. The moisture distribution in the
alpine and balsam fir samples (Figures I-71 and I-73; I-87 and I-89) indicates
many small pockets of moisture which relate to problems encountered in drying
these species.

Wood Species. The separation of wood species by imaging can only be
demonstrated from the MR images of the alpine and balsam fir samples

(Figures I-58 to I-63 and I-74 to I-79). The apparent characteristic moisture
distribution pattern was not present in any other species. The extremely high
moisture content of the balsam poplar (Figures I-44 and I-46) may also be a
characteristic allowing some species separation as shown in both the CT and MR
images (Figures I-37 and I-38 and I-31 to I-36). The separation of species by
specific gravity does not appear to be possible by either CT or MR and is
certainly not apparent from the samples examined.

4.3.3 MR Imaging Using High Field Strength

The trembling aspen was imaged using both a 0.15 Tesla (UBC) and a 1.5 Tesla
(MNI) magnet. The resolution of the growth rings was much greater for the
higher field (Figures I-1 and I-7). The detail in the heartwoocd was greater
with the higher strength magnet, particularly with the T, eight echo summation

(Figures I-6 to I-18). The boundaries surrounding the decayed areas are also
much clearer (Figures I-7 to I-20) for the high strength magnet than for the
UBC system (Figures I-1 to I-6). Small changes in water distribution are more
noticeable in the proton density map (Figures I-18 to I-20), than in the other
images (Figures I-1 to I-17).

4.4 CONCLUSIONS

The MR and CT scans provided a PRELIMINARY evaluation of the ability of these
technigques to detect the degree of decay and wood quality present in the
sample log sections.
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The samples examined provided a PRELIMINARY evaluation of two scanning
techniques o detect internal characteristics. Magnetic rescnance imaging
cequlres melst.ife content in excess of the fibre saturaticn point. Many wo
sresent in the sample logs were detectable using MR imaging.
cmed in trembling aspen, alpine and balsam fir and tlazk and
whilte spruce witna a resulting apparent reduction in the spin-spin relaxatisn
~ime (TZ)‘ Sound xnots were detected in black spruce; dead knots were

detected in balsam poplar, and unsound knots were detected in alpine fir.
Compression wood was partially identified in both black and white spruce.

|
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pith is identifiable in all the species. Juvenile wood in balsam pcplar,
trembling aspen, black spruce and white spruce was detected to varying
degrees. The sapwood/heartwood boundary is clearly shown for balsam poplar,

trembling aspen, alpine and balsam fir and black spruce. The presence of
sxtractives and/or fungal activity is indicated in alpine and balsam fir as a
reduction in T, in the heartwood. Moisture pockets are detected in balsam

poplar, alpine and balsam fir and white spruce. The characteristic MR images
of alpine and pbalsam f£ir may allow separation of these species from others
using this feature. The high moisture contents of the trembling aspen and the
palsam poplar may allow separation of these species from others. The ability
to identify similar defects in the species other than those listed above was
not possible since the defects did not exist in all samples. Magnetic
resonance imaging was unable to identify some defects because the moisture
content was too low (less than 40 percent). It 1s expected, however, given
sufficient moisture, that these defects in species such as lodgepole pine and
white spruce can be detected by MR. The higher field strength of the MNI
system gives improved resolution and additional signal in the heartwood of the
trembling aspen sample.

Many wood characteristics present in the sample logs were detectable using
X-ray CT imaging. Decay was detected in trembling aspen, black and white
spruce. Sound knots were identified in trembling aspen, black spruce and
lodgepole pine. Dead knots were detected in balsam poplar while unsound knots
were detected in alpine fir. The identification of compression wood in black
and white spruce was inconclusive. Splits and checks were identifiable in
white spruce. The pith was easily identified in all species. Juvenile wood
of all but white spruce was identified as an area of lower density. The
sapwood/heartwood boundary was identifiable for all species. Moisture pockets
are detected in balsam poplar, alpine and balsam fir and white spruce.
Separation of balsam poplar, due to its very high moisture content, may allow
separation of this species from others. Computed tomography can image at any
moisture content; however, the information is limited to the relative density
changes which are a combination of specific gravity and moisture content. In
addition, X-rays have a low tolerance to wide variations in density, making
some characteristics difficult to identify.

Incipient decay in lodgepole pine was not detectable by either imaging system
possibly due to its low moisture content. Blue stain, also present in the
lodgepole pine, was similarly not detectable. Further work is necessary,
particularly with imaging of the cell wall water component, to determine the
ability of MR to identify these defects.
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5.0 APPLICATION OF SCANNING AND IMAGING
TO PRIMARY MILLS AND FQORESTS

PR™M VoM TT TS

(9 1)

The internal scanning of logs for decay and wood quality must lead to an
increase in product wvalue to justify a major capital expenditure for such
equipment. For softwoods of large diameter, where grade recovery 13 to be
maximized, knowledge of the internal characteristics can be used to derive -he
sawing solution.

However, the determination of the magnitude of potential increases in value or
volume recovery due to technology that will detect and identify internal
defects 1is not an easy task. The underlying assumptions about current
practices and the potential improvement from the new technology must be
carefully considered. The use of sawing simulation programs can shed some
light on the topic. Some estimates of improved recovery from the worst to the
best log rotation range from five to 22 percent (Wagner and Taylor, 1985).
This does not completely addresss the real question about the effect of the
internal characteristic on the achievable recovery or the current ability of
the operator to make correct Jjudgements. The work by the Japanese (Noguchi,
1985; Tochigi gt al., 1983), which looks at the computer simulation of grain
patterns on sawn surfaces, does address the question. Here, the differences
in value recovery between the best sawing method and the worst was 20 percent.
The conclusion they reached, however, was that the sawyer using human
judgement did an equivalent job to the computer. If processing speed were
increased or if the operator’s skill decreased, then the computerized system
would provide an improvement. In Sweden, the use of the TINA scanning systemnm
(Westergaard, 1986; Nystrom, 1985) has been driven by a 4:1 price difference
between the highest grade pine and the fourth grade. Here, small improvements
in grade outturn have a large effect on mill profitability. Studies are being
proposed to devzlop extensive data bases (Wagner and Taylor, 1985; Johansson,
1985) to determine the potential benefits from internal log scanning.

The Instrument Development Branch of Atomic Energy of Canada Ltd. is concerned
about the same questions. A confidential report by Woodbridge Reed and
Associates (Division of H.A. Simons) done for them focussed on the target
market, the potential degree of market penetration, and the forest resource
and lumber marketing trends that could have an impact on the need for CT
internal scanning. A separate determination of the potential improvements is
required for each specific mill, since equipment, products, manpower, resource
and markets are different.

An increase in value recovery of 10 percent represents about $4 MM per year
for a mill producing 100 MM fbm per year for grade recovery {(assuming an
average price of $400 per Mfbm). For a similar small log sawmill producing
100 MM fbm of dimensicn lumber, an increase of five percent in value recovery
represents additional revenue of $1.2 MM per year (assuming an average price
of $240 per Mfbm). These types of increases in revenue are significant and
appear to be a realistic expectation and could justify a reasonable
expenditure to achieve them.



The ccst of internal scanning technology has been estimated as high as $2

million for a medical type MR 3canner down to about $0.6 million £or a TINA
“vce scanner. £ increased revenues are in the range of five to 10 percen:,
“nen scanner = 3tems with a <Zost of $0.5 to $1 millicn are not out of line.

2ecause the dejree of sophistication of most medical type scanners is ni
technoclogy mus:z progress towards lower cost equipment, with sufficient
resolution ana speed for the purpose, before scanning systems such as these

#will be implemented in the forest industry. The current form of medical
scanners with thelr circular gantry opening may be altered to provide better
access. It i3 also necessary to have adegquate computer programs to oOptimize
the sawing patterns based on internal log defect information. Although these
—echnologles are not ready for mill use yet, there are signs that scme soon
will pe. For example, an X-ray system to scan logs for rot, knots and rocks
may reach a prototype stage as soon as 1988 (Sorensen, 1986). Magnetic

resonance systems that determine some of the wood characteristics of interes
are possible within four to five years.

ot

The primary industry in Alberta may look to the future use of internal
scanning technology for use in the sawmills where optimum sawing patterns will
ensure maximum value recovery. The use of the same technology in the plywood
industry is also a likely possibility. For reconstituted panel product
plants, a scanner for internal log quality may assist in making best use of
the available raw material; higher quality wood can be diverted to more
valuable uses. Any part of the manufacturing sector that is aiming at value
added products may alsc be able to take advantage of such equipment to
maximize value recovery. The available future technology may either be CT or
MR, or perhaps a combination of the two. The preliminary demonstrated ability
of MR to look at more than just nominal density variations will help to drive
the continued development of this technology for application in primary
plants. The CT imaging field is progressing and, as noted above, should see
an industrially applied scanner for logs in about two years.

It should be ..ed that developments in both the microwave and ultrasonic
fields may eventually lead to internal scanning systems capable of detecting
internal characteristics with good resolution and defect identification for
logs.

5.2 EQREST APPLICATIONS OQF INTERNAL SCANNING

The benefits of internal scanning and imaging in the forests could have a
potential impact on plant physiology, environmental assessment, silviculture,
mensuration and harvesting. Since these techniques are non-destructive, the
trees can continue growth without problems associated with other more
destructive techniques which can range from cutting the tree down to remova.
of an increment core. The detection of decay is of prime concern,
particularly decay which does not have external indicators. These technigues
could also determine which trees are not worth harvesting before felling. The
identification of incipient decay could aid in the prevention of its spread.
The use of such technology to evaluate growth rates will help identify plus
trees and the effects of silvicultural treatments. Studies on the physioclogy
of living trees using MR techniques may also lead to enhanced growth.
Techniques using CT (Habermehl, 1982a and b; Onoe et al., 1983; Onoe, 1986;
Fox, 1983) can currently provide some of this information. The technigues
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need to be refined for greater ease of application. Use of ultrasonics holds
promise as a simpler and less costly technigue, at least for rot detection in
lcgs or standing timber. The MR technique needs to be further deveisped wizh
~he possible use o2f a lower magnetic field and a degree of portabilizy not
surrently present.

The cost effect.. eness of internal scanning and imaging in the forests depends
on the potential benefit to the user which are related to the application.
Defining the dollar value of the benefits is not easy. An increase in growth
>r increase in log grade due to a specific treatment can provide an estimate
of value increase that can offset the scanning costs, including those of the

scanner itself. If it is silvicultural techniques or treatments that are
teing evaluated, then the results should apply to large forested tracts,
making an expensive scanner cost effective. If every tree needs to be

scanned, then the cost and portability are an important concern.

The continued development of MR, CT and even ultrasonics should lead to
portable scanning or imaging systems with suitable resolution of wood
characteristics.



6.0 RECOMMENDATIONS FCR FUTURE RESEARCH
AND DEVELOPMENT

lzanning tecnnigues based on X-rays or ultrasonics rely on
art

shanges in wood vroperties. They have difficulty in loc rly 3zages

cf decay, which may still have significant effects on the wood quality

ool ssion wood, stain and wood species characteristics such as extra

Magnetic resonance scanning, which may detect changes at a molecular level, is

~herafcre a more promising tool.

There are two directions which future research using MR should take. The

first 1s an MR spectroscopic analysis of the following wood characteristics:

e Clear, sound wood of all species. This will allow the characterizaticn
cf sapwood, heartwood and juvenile wood as well as the effect of
extractives on the MR signals.

2. Decayed wood of all species. This should investigate the effects of
the presence of white and brown rot fungi and stain or mould fungi on
MR, It should also incorporate evaluation of physical changes in the
wood structure and the production of metabolites, particularly those
with free radicals and the intermediates in lignin and cellulose
breakdown.

3. Compression wood, tension wood, knots, stain, pitch pockets and
moisture pockets.

The spectrosccpic equipment necessary for such studies is outlined by Sternin

(1985) .

The second research direction is further MR imaging studies (coupled with
comparative CT imaging). Field echo imaging should be explored which allows
T, images to be produced with a TE of 13 to 18 milliseconds as compared to the

26 milliseconds of the current study. This technique, available on the UBC MR
scanner, would allow more of the water to be successfully imaged. Fast
imaging should be explored on both a 0.15 Tesla scanner {(UBC), and with a high
field strength 1.5 Tesla (Mcntreal Neurological Institute) scanner when the
software to carry out the technique has been installed. There also exists a
1.5 Tesla scanner in Edmonton which should eventually have fast imaging
software available. An imaging study must also be done with a scanner using a
lower magnetic field coupled with fast imaging. The imaging of cell wall
water (1 to 5 milliseconds) should provide additional correlation of decay and
wood quality with MR parameters. This will require development of scanners
able to do this.

The spectroscopic studies will allow a clear definition of the MR parameters
(Ty, T, and proton density) so images can be correctly interpreted. The

imaging studies will identify technologies which will speed up the collectior
and interpretation of the data.

Future developments for internal scanning of logs need to be aimed at the
creation of a lower cost MR scanning system presumably using lower magnetic
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fields with fast scanning. A computer program must be developed which taxes
advantage of the internal scanning data to optimize the processing system
{i.e., log bucking, primary breakdown, remanufacture, veneer peeling, etc.).

t would appear that such a program has been confidentially developed by M & 3
@search for their internal use.

The research out..ned above has the potential to be accomplished in Alber:za.
The University of Calgary (M.R. Smith), Department of Electrical Engineering,
nas MR experience. A Phillips 1.5 Tesla MR imaging system is in use at the
nospital facility in Edmonton. The Alberta Research Council has demonstrated
cftware development expertise as shown by their program METEOR. The major
orest products equipment companies are located in British Columbia; however,
igh technology equipment development should be able to take place in Albercta
given the province’s industrial capabilities.

o w
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