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AbStRACt

High-resolution X-ray micro-tomography (μCt) has emerged as one of the most 
promising new tools available to wood anatomists to study the three-dimensional 
organization of xylem networks. this non-destructive method faithfully repro-
duces the spatial relationships between the different cell types and allows the 
user to explore wood anatomy in new and innovative ways. With μCt imaging, 
the sample can be visualized in any plane and is not limited to a single section 
or exposed plane. Conventional Ct software aids in the visualization of wood 
structures, and newly developed custom software can be used to rapidly automate 
the data extraction process, thereby accelerating the rate at which samples can be 
analyzed for research. In this review the origins of xylem reconstructions using 
traditional methods are discussed, as well as the current applications of μCt in 
plant biology and an overview of pertinent technical considerations associated 
with this technique. μCt imaging offers a new perspective on wood anatomy 
and highlights the importance of the relationships between wood structure and 
function.
Keywords: Synchrotron, 3D, tomography, wood anatomy, visualization, μCt.

IntRoDUCtIon

over the past 10–15 years high resolution X-ray micro-computed tomography (μCt) 
has seen a surge in popularity as a tool for producing three-dimensional (3D) visualiza-
tions of plant tissue. this non-destructive method allows wood anatomists to repeat-
edly section a single block of wood from any perspective, selectively isolate a region 
of interest, and then repeat the same process ad infinitum throughout the sample with 
each iteration of this process digitally preserved. μCt technology has progressed to the 
point where it now rivals low magnification scanning electron microscopy (SEM) in 
its ability to resolve fine details. However, SEM can only visualize an exposed surface 
while μCt can be used to probe the entire sample and virtually expose a plane in any 
orientation. As this technology continues to mature, image resolution, quality, and 
acquisition time will improve and μCt has the potential to serve as an important tool 
in the analysis of wood structure and function. Increased interest in this new technique 
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is indicative of the recognized importance of xylem network connectivity by wood 
anatomists and the inherent difficulty of visualizing the spatial organization of xylem 
networks in three dimensions.
 Studying the spatial organization of xylem vessels is challenging not only because 
of the scale at which the networks exist, but also because of the tools traditionally 
available to visualize such networks. Light microscopy is the most common visualiza-
tion method, which applies a two-dimensional tool to a three-dimensional problem. In  
many species, vessels do not follow a straight course through the wood, but instead 
“drift” laterally around the stem, often resulting in spiral grain (Zimmermann & brown 
1971; André 2005). As a consequence, aligning a microtome to cut a radial or tangen- 
tial plane through multiple vessels to track their ascent through a large sample of wood 
is exceedingly difficult, and a single transverse section reveals little about the axial 
course of a vessel or vessel group. Serial sectioning, therefore, has been the most popu- 
lar method for reconstructing xylem networks (e.g. burggraaf 1972; bosshard &  
Kučera 1973), continues to be used regularly (Fujii et al. 2001; Kitin et al. 2004), and 
is one of the fundamental components of confocal microscopy (Kitin et al. 2003). From 
those sections the path or course of individual xylem conduits can be tracked through 
a length of plant tissue such that the connections between vessels can be determined. 
 this exercise, while time consuming and at times tedious, is highly recommended 
for anyone interested in studying the spatial organization of the xylem, as it is one of the 
easiest ways to develop a three-dimensional understanding of the spatial relationships 
between different plant tissues. the serial sections and reconstructed xylem network 
reveal that vessels are not merely straight, vertical pipes, but dynamic structures that 
move or “drift” radially or tangentially around the stem. Serial sectioning also allows 
the viewer to study the elegant solutions plants have developed for the distribution of 
water through the bifurcation of vascular bundles that lead to leaf traces (McCulloh  
et al. 2003) or the rich diversity in stelar organization (beck et al. 1982; Pittermann 
et al. 2013), often revealing relationships between structure and function of the xylem 
network that are otherwise obscured by the complexity of plant tissue (brodersen et al.  
2012).
 the development of the optical shuttle method was one of the key advancements in 
the reconstruction of xylem networks using serial sections (Zimmermann & tomlinson 
1966). the system developed by Zimmermann and tomlinson (1966) featured a 16 mm  
film camera mounted to a microscope focused on the exposed transverse face of a stem 
sample mounted in a microtome. Following the removal of each transverse section a 
photograph was taken, and the serial images were then assembled into a film. Each 
frame could then be viewed sequentially in forward or reverse to scroll axially along 
the stem, where the z-axis of the stem was translated into time (e.g. Zimmermann & 
Brown 1971; Zimmermann & Tomlinson 1968). This method significantly decreased 
the time necessary to process a stem sample and preserved the sections as photographic 
images that could be reconstructed at a later time. However, reconstructing the network 
was performed manually by projecting the film onto tracing paper where the position of 
individual vessels could be tracked through a length of stem (Zimmermann & brown 
1971; Fig. 1). the resulting reconstructions revealed the complex and convoluted nature 
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of the vessel networks in many species. the method has been updated to couple serial 
sectioning with digital micro-photography, yielding excellent results (Kitin et al. 2004; 
André 2005; Huggett & tomlinson 2010; Wu et al. 2011).
 The original films are still of use today because of the high quality of the serial sec-
tions, many of which have been digitized. As an example, one such film (Zimmermann 
1971) was loaded into freely available software (Quicktime 7.0.1, Apple Computer Inc.; 
FIJI image processing software (a Java-based distribution of ImageJ)), and the individual 
frames of the film were extracted as an image sequence. Because of the known frame 
rate in the digital version, the original frame rate of the film version, and the section 
thickness, the image sequence was easily transformed into a 3D volume rendering using 
commercially available software (Avizo 7.0, VSG) (Fig. 2). the whole block of wood 
can be reconstructed from the image sequence (Fig. 2b), and individual vessels can be  
selected, reproduced as volume renderings, and viewed from a variety of angles to study  
the course of the vessels through the wood (Fig. 2c, d). Much like the original films, 
the axial scale can be compressed (Fig. 1, 2b–d), or displayed to show the true scale of  
the sample (Fig. 2e). While this example shows that films produced some 40 years ago  
can be quickly reconstructed using modern computer software, it should be noted that 
this method is easily adaptable to serial sections created today. While the optical shuttle 
equipment makes the process much faster, traditional serial sections can be used with 
the same software to make reconstructions of xylem networks. Currently, μCt systems 
often have limited access, and digital serial sections created using light microscopy could 
be a simple and inexpensive alternative if imaging in a single plane is sufficient. 

Figure 1. Partial reconstruction of 
the vessel network of Cedrela fissi-
lis redrawn from Zimmermann and 
brown (1971). Serial light micro-
graphs were used to plot the course 
of vessels through a block of wood 
visualized using the optical shuttle 
method. Each vessel is numbered 
at the end where it enters or leaves 
the block of wood. the y-axis was 
foreshortened ten times. 
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TECHniCAl ConSidErATionS For viSuAliZing Wood AnAToMy WiTH 
µCT iMAging

Plant research utilizing μCt has proliferated over the past decade and these studies 
were facilitated by the presence of lab-based μCt systems in university imaging facili- 

Figure 2. three-dimensional reconstruction of Cedrela odorata xylem vessels using visuali-
zation software. Transverse serial images of the wood (a) were extracted from the film produced 
by Zimmermann and Brown (1971) by isolating individual frames in the film and then loading 
them into 3D visualization software. the block of wood could then be visualized as a whole 
(b), foreshortened in the y-axis as originally presented by Zimmermann and brown (1971), as 
selected vessel groups (c, d), or fully expanded in the y-axis (e). the software readily allows the 
user to visualize the network from different perspectives (c, d) to track the course of the vessels 
through the wood. the long edge of the wood block is X μm, and scale varies with perspective 
in b–e. In (e) the length of the block is X μm. 
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ties and the development of synchrotron-based microtomography instruments at a 
limited number of facilities around the world (e.g. the Lawrence berkeley national 
Laboratory Advanced Light Source (USA), Swiss Light Source (Switzerland), Austral-
ian Synchrotron, etc.). 
 Lab-based systems now offer comparable image resolution compared to synchrotron 
instruments, but the primary advantage of synchrotron μCT is the high flux that allows 
for shorter exposure times, and therefore shorter overall scan times, and a wider range 
of available X-ray energies. While μCt is not the only non-destructive method for 
visualizing plant tissue (bucur 2003), the advantages of using μCt for studying wood 
anatomy is becoming clear. Magnetic resonance imaging is an alternative to μCt for 
3D imaging, and oven et al. (2011) have shown the utility of this tool for studying 
plant tissue at a lower resolution than μCt, but free of any issues related to X-ray 
exposure.
 the μCt instruments used for studying plants are based on the same principles as 
medical Ct systems. throughout the literature the method has been given many names 
and the field has yet to settle on a specific acronym (e.g. micro computed tomography 
(μCt), high-resolution computed tomography (HRCt), high-resolution X-ray computed 
tomography (HrXCT), X-ray micro computed tomography (XMCT), etc.); however, 
they all refer to the same method with slight variations depending on the X-ray source 
and facility configuration. Briefly, X-rays aimed at a sample are attenuated based on 
the absorption properties of the sample’s constituents. opposite the X-ray source is a 
scintillator that converts X-rays into visible light, which is then directed with a series 
of lenses and mirrors to a CCD camera that captures a single projection image. the 
current CCD camera utilized by the Advanced Light Source in berkeley, CA has a 4008 
× 2672 pixel array, and at the 4.5 μm resolution the field of view is 18 × 12 mm. the 
sample is then rotated in small increments (e.g. 0.125°) over 180°, with a projection 
image taken after each angular increment. these projection images are then normal-
ized for image intensity, background corrected, and then “reconstructed” into a set of 
digital serial images composed of voxels (volumetric pixel elements) instead of pixels. 
Each voxel is assigned an x, y, and z coordinate and an intensity value corresponding 
to X-ray attenuation for that point in three-dimensional space. the result is a stack of 
digital images not unlike a set of serial light micrographs. Contrast in μCt imaging is 
achieved through the natural attenuation of X-rays by the sample. Regions within the 
sample that absorb fewer X-rays appear as dark voxels, and dense areas appear white  
or light gray voxels. Cellulose and other carbon-based compounds readily absorb X-rays,  
and the difference in X-ray attenuation between plant tissue and the surrounding air 
provides excellent contrast. Contrast agents can be injected into xylem vessels (e.g.  
KI solutions or silicone resin, see brodersen et al. 2011), but most conventional  
(i.e. medical) contrast agents are incompatible with live plant tissue or readily diffuse 
through the porous cell walls of dry plant tissue. Many image visualization software 
packages are available for visualizing μCt datasets, including both commercial  
(Avizo (vSg, inc., Burlington, Massachusetts, uSA); vgStudioMax (volume graph- 
ics GmbH, Heidelberg, Germany), etc.) and free options (Fiji (www.fiji.sc/Fiji);  
Drishti (anusf.anu.edu.au/Vizlab/drishti)). In addition, several wood anatomy research 
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groups have developed custom software packages to automate the analysis of wood 
μCt images (e.g. Steppe et al. 2004; brodersen et al. 2011).
 Dried plant tissue is particularly amenable to μCt imaging because of the relatively 
large difference in X-ray attenuation between plant tissue and air inside the vessel or 
tracheid lumen. Small diameter cells (e.g. < 20 μm) are less easily visualized at lower 
resolution (e.g. > 5 μm) and benefit from high resolution scans. in live plant tissue 
or excised fresh tissue that remains hydrated, the air-filled xylem conduits are easily 
distinguished, while the surrounding water-filled fibers and parenchyma are difficult 
to visualize. However, phase contrast μCt can help to enhance the outline of the cell 
walls, but contrast in the voxel intensity between the cellular water and the cell walls is 
often insufficient to separate the two substances during image segmentation (Brodersen 
et al. 2011). Recently, blonder et al. (2012) used μCt (lab-based and synchrotron) to 
show leaf venation could be imaged using this technique, providing an alternative to 
traditional methods for clearing leaves.
 As noted above, the resolving power of μCt instruments continues to improve, and  
many facilities allow imaging at three to four different magnifications. However, increas- 
ing the resolution decreases the field of view, not unlike traditional light microscopy 
optics, and resolution should be selected based on the requirements of the investigation.  
For example, a xylem network composed of vessels approximately 20 μm in diameter 
scanned with a 5 μm resolution would yield an image with four voxels that span the 
vessel lumen. In most μCt systems some image noise is inevitable, and low signal:noise 
can lead to images with low contrast between the vessel lumen and the surrounding 
plant tissue. With such a low sampling of voxels inside the lumen visualizing the im-
portant details (e.g. connections, pitting, vessel endings) can be difficult. one solution 
is to increase resolution at the expense of a smaller field of view. in our example, de-
creasing the voxel size to 2 μm or smaller effectively doubles the number of voxels 
representing the vessel lumen. Most μCt systems allow for “tiling”, where the sample 
can be shifted in the X-ray path such that subsequent scans can seamlessly capture an 
adjoining area of the sample with only 5–10 μm of overlap required between scans for 
registration. Using image-processing software these tiles can be combined to create a  
continuous dataset. this technique can be useful for scanning at high resolution to study 
xylem organization outside of the field of view of a single scan, or allow the user to scan  
long sections of plant material. the implementation of larger image sensors will ameli- 
orate some of these issues in the future and reduce the overall number of tiles neces-
sary to capture an entire xylem network. low resolution scans are usually sufficient to 
determine xylem conduit connectivity in (i.e. <1 cm in diameter) provided the vessel 
diameters are large (e.g. 4.5 μm resolution used by brodersen et al. 2012, 2013 to  
study grapevine vessels ~75–200 μm in diameter), while higher resolution imaging can 
reveal fine details like the location of intervessel wall pitting (e.g. trtik et al. 2007; Van 
den bulcke et al. 2008). Figure 3 shows the xylem network from the petiole of Citrus  
sinensis at 650 nm resolution. because of the high resolution, both vessel-parenchyma 
and intervessel scalariform pitting are visible as well as the annulus delineating indi- 
vidual vessel elements (Fig. 3b, c). in a recent paper, Mayo et al. (2010) present images 
of the same wood sample visualized at three different resolutions and clearly show the 
advantages of each.

Downloaded from Brill.com05/19/2023 07:30:47PM
via free access



414 IAWA Journal 34 (4), 2013

EXAMplES oF µCT iMAging AppliCATionS For Wood AnAToMiSTS

For wood anatomists, μCt has proven to be a highly useful tool that will aid in answering 
questions about the three-dimensional organization of the xylem and its relationship to 
the surrounding tissues. High resolution imaging systems now provide sufficient resolv-
ing power to clearly visualize the xylem in species bearing tracheids or small-diameter 
vessels and capturing the fine details of the conduit walls that are otherwise obscured 
with lower resolution scans (e.g. Fig. 3; Mayo et al. 2010). of equal importance is  
the simplicity by which wood can be virtually dissected using μCt, and this tech-
nology will help wood anatomists to better understand the spatial arrangement of the 
xylem conduits and the supporting tissues. Recent research has shown that paratracheal  
parenchyma cells are of particular importance in the dynamic process of drought  

Figure 3. three-dimensional volume render-
ing of a Citrus sinensis petiole visualized 
with μCt imaging (a) performed at the 
LbnL Advanced Light Source in berkeley, 
CA, U.S.A. (beamline 8.3.2). When visu-
alized at 600 nm resolution, vessel wall de-
tails are visible including scalariform pitting 
and the annulus delineating vessel elements 
(white arrow). Calcium oxalate crystals are 
also visible (black arrow) embedded in the 
cortex. panel (b) reveals a higher magnifi-
cation region of (a). Scale varies with per-
spective, but the cylinder of tissue visualized 
in (a) is 1.7 mm in diameter, and the vessels 
in (b) are 20 μm in diameter. In (c), scalari-
form intervessel pitting is clearly visible 
(black arrow) as well as vessel-parenchyma 
pitting (white arrow). 

a
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recovery (tyree et al. 1999; Salleo et al. 2004; brodersen et al. 2010; brodersen & 
McElrone 2013), and μCt has proven to be an important tool in understanding this 
relationship. While we are endowed with a thorough knowledge of wood anatomy 
owing to the rich history of histologic wood preparations visualized with light mi-
croscopy and other techniques (Schweingruber 1990, 2011; Carlquist 2001; tyree & 
Zimmermann 2002; Evert 2006), the three-dimensional relationships between tissue 
types in wood remain difficult to visualize with traditional techniques. μCt offers an 
additional, complementary tool to traditional methods.
 For example, Robert et al. (2011) utilized μCt imaging to study the network struc- 
ture of the xylem and phloem in Avicennia wood, revealing complex patterns of con-
centric, successive cambia. Such studies will help reveal the relationships between the 
structure and function of the xylem, particularly when framed in an ecological con- 
text. In another example, Page et al. (2011) used μCt to study the 3D organization 
of the xylem in co-occurring Acacia species from Australia. In this study the authors 
found that the degree of xylem connectivity was similar in all three species despite 
differences in branch water potential and other anatomical traits. Drought tolerance 
may be more tightly correlated with leaf shape than xylem anatomy within the leaf, 
providing yet another example of how selection can act at different levels of organiza-
tion. Explorations into the 3D organization of the xylem show the future potential of 
μCT as a transformative tool that may further expand or redefine the wood anatomist’s 
nomenclature as physiologically important structures become apparent.
 one such example is the diversity of traits related to vessel grouping and how to 
determine from cross sections which vessels are connected through a shared wall 
(Carlquist 1984). Hass et al. (2010) used μCt to study the porosity of beech wood 
(presumably Fagus sylvatica) and identified groups (“clusters”) of vessels that ap-
peared to be connected within the block of wood. Connectivity was assumed when 
the vessels were in close enough proximity to each other or the two vessels appeared 
to merge. As the image resolution in the Hass et al. 2010 study was insufficient to 
visualize intervessel pitting, the problem arises of when to characterize vessels as be-
ing connected and whether vessels within a group are connected and over what axial 
length. one can imagine viewing a transverse section where vessels are grouped in pairs 
or triplets. Serial sectioning might reveal that those pairs exist for only a short axial 
distance and the connection is fleeting. or, upon closer inspection, the group is within 
close proximity but not connected (brodersen et al. 2011). With sufficient sampling 
vessel grouping characteristics can be obtained with confidence, and the total shared 
wall area and contact length between vessels can be approximated with serial light 
microscopy (Wheeler et al. 2005), a value that may be the much more important for 
water transport or drought resistance than the number of vessels in a group. the two 
characteristics are undoubtedly related, but as the 3D course of xylem conduits becomes 
better characterized in the future, wood anatomists will need to settle on a new set of 
characteristics with which to describe these three-dimensional relationships.
 For example, how should we define the degree of contact between the xylem 
conduits and the ray parenchyma, particularly when we consider the organization in 
3D? Here, the stem of a Pinus taeda seedling was scanned and visualized with μCt 
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Figure 4. three-dimensional μCt reconstruction of the stem of a Pinus taeda seedling scanned 
at 650 nm resolution. the volumetric rendering of the stem, approximately 1.2 mm in diameter 
was visualized as a whole (a), and was then virtually dissected to expose the a longitudinal plane 
(b) to expose some of the tracheids and the rays (arrow). In an alternate orientation, the rays and 
tracheids from a region of the sample were reconstructed from the 3D dataset (c). once extracted, 
the 3D volumes can then be viewed from a wide range of perspectives (d, e, f) to reveal the 
spatial relationships between the two cell types. Scale varies with perspective. 
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imaging (Fig. 4). the 3D volume of the stem was visualized (Fig. 4a), and then dissect- 
ed to expose a longitudinal plane through the wood revealing the tracheids and rays 
(Fig. 4b). Using computer software the tracheid network was reconstructed as well as 
the rays embedded in the xylem (Fig. 4c). Measuring the precise amount of ray-tracheid 
overlap with traditional light microscopy would be extremely difficult as the amount of 
overlap changes axially through the stem. Using μCt the images presented in Figure 4 
were assembled in less than an hour using octopus 8.3 (Institute for nuclear Sciences, 
University of Ghent, belgium) for the image reconstruction and Avizo 7.0 (VSG, Inc., 
Burlington, Massachusetts, uSA) software for visualization (Brodersen et al. 2011), 
with an additional 45 minutes for scanning and mounting the sample. this method 
allows the ray-tracheid network to be visualized from a variety of different angles 
(Fig. 4d–f) and measuring the connectivity of the network is easily managed. Figure 4  
represents a stem that is less than 1 mm in diameter and length, and reveals only a 
small fraction of the rays present in the sample. How much variability exists within 
the sample, throughout the whole stem, or between individual plants? by tiling several 
μCt scans together to capture a longer section of the stem and then broadly sampling 
from a population one could attempt to answer these questions.
 At this early stage of our inquiries into 3D xylem organization using μCt it will 
be important to identify the relevant traditional characters (Wheeler et al. 1989) and 
whether they can continue to be informative when considering both 2D and 3D applica-
tions. Ideally, each characteristic wood anatomists use to characterize a wood specimen 
would be valid both in 2D and 3D. the vast majority of anatomical characters will 
remain valid, but the degree of connectivity between vessels, and other cell types, may 
necessitate a new set of descriptive terms to document these anatomical traits in 3D.

livE plAnT iMAging

In addition to imaging dehydrated samples, intact plants can be visualized in vivo with 
μCt without compromising the tension on the xylem sap. this method has been used 
to study the spread of drought-induced embolism (brodersen et al. 2013b) as well  
as the mechanism responsible for removing embolisms from the xylem network  
(brodersen et al. 2010; Suuronen et al. 2013). While in vivo μCt imaging is still new, 
this method holds great promise for studying the functional status of intact xylem 
networks at resolutions that are significantly better than other non-destructive imaging 
tools (e.g. nuclear magnetic resonance (nMr) imaging; Holbrook et al. 2001). Stud-
ies specifically focused on visualizing the functional status of the xylem in vivo have 
broadened the utility of μCt and continue to emphasize the link between form and 
function. Currently, μCT and nMr are the two best methods available for monitoring 
the functional status of the xylem in vivo.
 one of the biggest technological obstacles for future μCt studies in live plants is 
the dependence of image contrast on the X-ray attenuation differences between air and 
water. in hydrated tissue, the vessel lumen is easily visualized when filled with air, but 
the surrounding, water-filled tissue is largely obscured thereby making it difficult to 
distinguish the anatomy of the surrounding tissue (brodersen et al. 2011). μCt images 
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can be coupled with brightfield light microscopy or SEM images of the tissue following 
μCt scanning to get a comprehensive understanding of the spatial organization of the 
xylem. Finally, μCt has been used in combination with other methods for determining 
physiological parameters such as cavitation resistance, and allows for a visual confir-
mation of the spread of embolism that is otherwise measured using indirect methods 
(e.g. Choat et al. 2010; McElrone et al. 2012).

otHER PLAnt RELAtED APPLICAtIonS

μCt imaging has not been limited to the wood structure alone and has been employed 
in a wide range of applications related to plant biology. Dhondt et al. (2010) used 
μCt to study the morphological traits of Arabidopsis thaliana seedlings, including the  
trichomes on the leaf surface and detailed imaging of flower parts. Kaminuma et al. 
(2008) expanded on this line of research and used μCt to study the 3D anatomy of 
trichomes and their distribution on the surface of A. thaliana leaves, linking specific 
genes to the distribution of the trichomes on the leaf lamina, providing another method 
for phenotyping A. thaliana mutants. Low-resolution imaging can also be useful for 
studying the gross morphology of whole plant structures, such as the graft unions in 
stems (Milien et al. 2012), the anatomy of flower parts (Stuppy et al. 2003), or whole 
pieces of fruit (Verboven et al. 2008). brodersen et al. (2012) used μCt to study the 
organization of the vascular bundles in two fern species, and by combining those images 
with ecophysiological tools were able to better understand the fundamental relationships 
between the structure and function of the xylem at a higher organizational level.
 This technology has also been used successfully in the field of dendrochronology 
(e.g. okochi et al. 2007; Grabner et al. 2009; bill et al. 2012), with newer μCt instru-
ments being capable of distinguishing between latewood and earlywood in tree rings. 
the ease of use and prevalence of traditional tree coring technology, however, appears 
to supersede the widespread use of μCt; however, automated image analysis and the 
three-dimensional capabilities could reveal additional characteristics that might be 
important to that field (Fonti et al. 2010). X-ray techniques have also found their way 
into the field of paleobotany (Boyce et al. 2003; DeVore et al. 2006; Smith et al. 2009; 
Scott et al. 2009), and due to the difficult nature of mineralized wood samples, μCt 
imaging may make previously intractable samples more amenable to research.
 Recent advancements and combinations of different types of technology with μCt 
are promising and have shown the utility of this method for wood analysis from an in- 
dustry perspective. For example, De Vetter et al. (2006) paired μCT with SEM X-ray 
spectroscopy to study cell wall penetration of chemical wood additives, Panthapulakkal 
and Sain (2013) studied changes in wood structure due to a chemical treatment, taylor 
et al. (2013) used μCt to study wood shrinkage following dehydration, and Derome  
et al. (2011) found that μCt could be used to determine differences between earlywood 
and latewood shrinking and swelling in Picea abies wood samples. μCt technology is 
also being applied at the intersection of food science and wood anatomy, where Porter 
et al. (2011) used μCt to study the porosity of wood from different types of wine bar-
rels. Forsberg et al. 2008 used μCt to study strain and wood deformation resulting 
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in 3d displacement field diagrams. X-ray scattering and μCt were recently used to 
determine the differences in the microfibril orientations in the conduit walls of three 
different tree species (Svendström et al. 2012).
 The technology also has the potential to significantly improve the mathematical 
models that have previously been based on xylem parameters picked from the litera-
ture to simulate a xylem network (e.g. Loepfe et al. 2007). by scanning entire vessel 
networks with μCt and then importing those three-dimensional data to populate the 
network models, water transport through the real xylem network can be simulated, 
including the response of the network to dysfunction resulting from drought-induced 
embolism, tylose formation, or the introduction of pathogens. Using this method, Lee 
et al. (2013) found that the inclusion or exclusion of xylem vessel relays (brodersen  
et al. 2013a) from the network significantly impacts the redundancy of water trans- 
port, and under certain circumstances can generate scenarios where reverse (i.e. basi-
petal) flow is predicted. The identification of the spatial distribution of intervessel 
pitting should allow for more sophisticated modeling of water transport throughout 
xylem networks, and results from these simulations will be realistic and true to the 
original plant sample.

tECHnICAL ConSIDERAtIonS AnD PotEntIAL PItFALLS

Selecting an appropriate image resolution is of critical importance, as many of the 
current bottlenecks associated with μCt imaging are related to the large size of the 
image datasets. resolution scales proportionally to the final dataset size, as the higher 
number of pixels in high-resolution images result in larger file sizes. Because the  
field of view decreases with increasing resolution, tiling is often required to visualize 
the whole sample. the datasets resulting from large tiling efforts can be substantial. 
For example, scanning a stem 8 mm in diameter over 5 mm imaged at 4.5 μm resolu-
tion following the methods of brodersen et al. (2011) yields a stack of 1112 images, 
with a total size of 4–5 Gb. the geometric scaling of data resulting from merging 
multiple tiles is sobering, particularly when considering the computer processing 
power, data storage, and graphics processing required to visualize the dataset as a 
whole. this tiling technique has been used to scan stem segments up to 4.5 cm in 
length (brodersen et al. 2013a), but could be expanded to scan very long or wide seg-
ments. theoretically, a tree trunk several centimeters in diameter could be scanned, 
with the resulting 3D image composed of hundreds of tiles. Each μCt instrument is 
different, and the dimensions of the sample stage and its range of motion will be the 
primary limitation to acquiring the data. once the data is collected, the formidable 
task remains of merging the tiles into a continuous dataset and displaying it properly 
for analysis. At the time of writing, computers capable of handling such a dataset  
are exceedingly rare. However, computing power and data storage have decreased in 
cost during the past 10–15 years, but how long that industry can sustain this trend and 
follow Moore’s law is uncertain (Schaller 1997; Mack 2011). The images presented  
here were created using a custom-built computer with 24 processors, 96 gB of rAM, 
and a dedicated high-end graphics processor. these computer systems are expensive, 
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but costs are progressively decreasing and universities often have computers that are 
associated with the lab-based μCt systems.
 A significant bottleneck in the μCt technique is image analysis. A variety of visu-
alization software packages are available, both commercial and open-source, each with 
their own merits and the type of research will dictate the selection of an appropriate 
software package. this technology generates thousands of images, and developing a 
strategy to efficiently analyze the data is a significant challenge. Steppe et al. (2004) 
developed a custom computer program to automate μCt image analysis to measure 
vessel diameter, cross-sectional area of the xylem vessels, wood density, and other 
parameters. Similarly, brodersen et al. (2011) expanded on that technique to automate 
the analysis of xylem anatomy and network connectivity. While the image preparation 
time was slightly more labor intensive using the automated software package (1 vs. 
4 hours), the total amount of time required to analyze the same network information 
was significantly decreased (16 vs. 0.03 hours). The time was largely devoted to image 
processing which is dictated by computer processing power. Faster computers and new 
iterations of the software will accelerate this process, further reducing the amount of 
time necessary to analyze large datasets. Advances in image processing (e.g. Gil et al. 
2009) will also improve the overall quality of the images prior to analysis with the aim 
of reducing image noise while preserving the inherent structures in the images.

ConCLUSIonS

As both the temporal and spatial resolution improve in future iterations of both lab-based 
and synchrotron μCt systems image quality will continue to improve. by far the most 
important key to future use of this technology is widespread access and collaborative 
research. Currently, lab-based systems are expensive and synchrotron-based systems 
have limited access. Focused, well-defined, hypothesis-driven studies that bring together 
wood anatomists and physiologists are likely to yield the most significant results with 
the limited resources available. Future studies should focus on obtaining images of 
larger samples, multiple samples from the same species or several species within a 
genus, and determining variability of functional wood characteristics across a broad 
range of species. Pairing anatomical analysis with physiological measurements will 
help to strengthen our understanding of the link between form and function. As noted 
above, readily available user-friendly software that aids in the automation of xylem 
network analysis will make the method much more attractive to users unfamiliar with 
the technique and help to standardize the measurements so that comparative studies 
are possible.
 Finally, the highly visual nature of this technique has obvious implications for teach-
ing plant anatomy. the 3D representations of xylem organization make the complexity 
of xylem networks less intimidating and it is easy to see the spatial relationships between 
the different cell types (e.g. Fig. 4). Instead of a two-dimensional image on a page, 
μCT brings the structures to life by giving them volume and form. Many of the 3d 
visualization software packages also allow components of the 3D models to be viewed 
as an interactive website with a typical student-level computer. three-dimensional 
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μCt images could also add a new facet to online wood databases such as InsideWood 
(insidewood.lib.ncsu.edu) and the Xylem Database (www.wsl.ch/dendro/xylemdb).
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