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Abstract

Background The need to observe roots in their natural
undisturbed state within soil, both spatially and
temporally, is a challenge that continues to occupy
researchers studying the rhizosphere.

Scope This paper reviews how over the last
30 years the application of X-ray Computed
Tomography (CT) has demonstrated considerable
promise for root visualisation studies. We describe
how early CT work demonstrated that roots could
be visualised within soils, but was limited by
resolution (ca. 1 mm). Subsequent work, utilising
newer micro CT scanners, has been able to achieve
higher resolutions (ca. 50 pm) and enhance
imaging capability in terms of detecting finer root
material. However the overlap in the attenuation
density of root material and soil pore space has
been a major impediment to the uptake of the
technology. We then outline how sophisticated
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image processing techniques, frequently based on
object tracking methods, have demonstrated great
promise in overcoming these obstacles. This, along
with the concurrent advances in scan and recon-
struction times, image quality and resolution (ca.
0.5 um) have opened up new opportunities for the
application of X-ray CT in experimental studies of
root and soil interactions.

Conclusions We conclude that CT is well placed to
contribute significantly to unravelling the complex
interactions between roots and soil.
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Computed Tomography - Image analysis

Introduction

Roots are crucial for the delivery of water and
nutrients to plants. Their activity impacts on both
the physiochemical and biological status of the
surrounding soil, with root development and the
structure of the soil pore space closely interlinked.
It is well established that many processes occur-
ring at the root-soil interface are a direct conse-
quence of a plant’s water and nutrient demand and
they rely on a favourable environment enabling
microbial proliferation. In fact the term ‘rhizo-
sphere’ dates back to Lorenz Hiltner in 1904 (see
Hartmann et al. (2008) for further details). Since then
many researchers have realised that roots may alter
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their immediate environment to assist resource cap-
ture at their surface (reviewed extensively in Hin-
singer et al. 2006; Gregory 2006a; Hinsinger et al.
2009; Hodge et al. 2009).

The visualisation and quantification of plant
rooting structure is essential for a better under-
standing of growth dynamics and productivity
(Tollner et al. 1994). However, our knowledge of
how soil structure forms and subsequently interacts
with roots is fragmented. Whilst some research has
focused on root system complexity, the majority
has been performed in two-dimensional (2-D)
space (Fitter and Stickland 1992; Costa et al
2003). Heeraman et al. (1997) reported that rooting
systems are difficult to quantify due to both their
complex three dimensional (3-D) morphology, and
because they naturally grow in soil, an opaque
medium that prevents their direct visualisation. Root
analysis often leads to a disturbance of the soil
matrix, inevitably impacting the resultant root
architecture (Taylor et al. 1991). In order to
discover the extent to which the soil environment
controls spatial rooting and water content distri-
butions in space and time, and to enable a more
precise prediction of plant performance, efficient
techniques to simultaneously analyse root and
soil structure are required (Whalley et al. 2000;
Heijs et al. 1995). Gregory and Hinsinger (1999)
stated in a literature review that previous research
on root-soil interactions had been based more on
qualitative observations than quantitative determi-
nations, and that there is a need to develop new
techniques for studying the chemical and physical
processes that take place in the rhizosphere.

This review focuses on one such technique; the
use of X-ray Computed Tomography (CT) to
visualise roots in situ (i.e. within soil columns)
and to illustrate how it may offer new opportuni-
ties in the future to monitor their growth and
development temporally and spatially in undis-
turbed environments. We provide a brief overview
of alternative approaches for visualising root
systems architecture before detailing some of the
key principles of operation of X-ray CT systems.
The main body of the paper reviews the work over
the last 30 years that has helped develop X-ray CT
as a system for observing undisturbed root-soil
interactions before discussing some of the most
recent developments and key experimental
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considerations. Finally, the relative merits and
constraints imposed by other non-destructive
approaches for visualising root systems architec-
ture are briefly discussed.

Traditional methods of observing root structure

One of the most common requirements of root
research is knowledge regarding the size of the
root system, its distribution at depth and how
these change with time. It is rarely possible to
extract intact root systems directly from the soil
so, typically, intact samples are collected in the
field and the roots washed free of soil prior to
the measurement of root properties (Pierret et al.
2005). Various root-washing devices have been
used, ranging from a bucket and hosepipe to a
combination of water and compressed air (Pallant
et al. 1993). Due to the spatial variation of rooting
systems, a large number of replicates are generally
required for the accurate determination of rooting
parameters. Gregory (2006b) indicated that 15-20
samples of 10 cm diameter are needed for structured
soils to have a 90% chance of detecting significant
rooting variations at the 10% confidence level,
suggesting that root washing is unlikely to detect
small differences in rooting parameters under differ-
ent treatments. Nevertheless, Oliviera et al. (2000)
defend the technique of root washing, highlighting
that it still gives the best quantitative information
regarding rooting mass and length. Trachsel et al
(2011) recently illustrated how ‘shovelomics’, a
method of rapid root architecture visualisation and
assessment in the field, can be used to rank root
architecture traits, discriminate between populations
and tailor a crop system to a specific soil
environment.

In addition to limited root recovery from the soil,
washing and storage processes can also lead to
incorrect measurement of root mass. Van Noordwijk
and Floris (1979) observed 20-40% loss in dry
weight of wheat roots grown in solution, dependent
upon the washing and storage conditions utilised.
Furthermore, difficulties in distinguishing live from
dead roots can also cause problems, but again no
universal characterisation standard is apparent. Sepa-
ration is usually based on colour, but this creates the
tedious task of manually, physically separating roots,
using forceps, with samples spread in shallow dishes
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of water—a process which can often take several
hours per plant.

Rhizotrons enable direct monitoring of root growth
and provide insights into short-term root growth
dynamics (Neumann et al. 2009). They also offer
the opportunity to quantify spatial and temporal
variations of rhizosphere chemistry and microbial
populations (Smit et al. 2000), in non-disturbed soils
along rooting profiles. The main limitation is that the
viewing window is static, providing only a limited, 2-
D visualisation that is unrepresentative of a rooting
system’s total extension. Although such set-ups allow
for non-destructive sampling along single roots,
mechanical impedance, moisture distributions, redox
conditions and solute concentrations along the 2-D
observation plane may be dramatically different from
those in in situ field soils (Neumann et al. 2009).
Whilst rhizotron systems allow for repeated and non-
destructive visualisations of rooting growth, the
system still suffers from problems of altered root-
zone temperatures, disturbed soil structures and a
restricted rooting volume at the window interface.
Furthermore, processes occurring at a 3-D level are
limited to analysis in 2-D.

Hydroponic, aeroponic and gel-based culture sys-
tems allow for the easy monitoring of root growth and
morphology without background interference.
Combined with rapid imaging systems it is possible
to undertake high-throughput quantification of
root growth in minutes. French et al. (2009) describe
techniques which allow root growth and curvature
to be extracted from sequences of images of plated
Arabidopsis thaliana roots growing on agar. Image
sequences are captured by a purpose-built robotic
system, making the system truly high-throughput.
Yazdanbakhsh and Fisahn (2009) also used a robot,
though in their system the plates move rather than
the cameras for measuring root growth by tip
tracking. Achieving a similar effect with different
methods, Hund et al. (2009) grew seedlings on the
surface of blotting paper sheets held in sealed
pouches. After image acquisition by an A4
scanner, image analysis software distinguishes and
measures axial and lateral roots of maize plants.
SmartRoot (International Atomic Energy Agency
2006) has also been developed as a method of
analyzing root architecture from scanned images of
plant roots. The system provides a powerful vector
representation of the root architecture, allowing

comparison of architectures across plants and time
points. However, it is designed with a relatively large
amount of interaction from the user in mind; as a
result it is not currently suited to high-throughput
analysis. lyer-Pascuzzi et al. (2010) employ gellan
gum in their 2-D root imaging system, while Fang et
al. (2009) and Clark et al. (2011) recovered 3-D root
descriptions using a laser scanner and multiple
cameras respectively. While these methods allow
much useful data to be gathered, root growth patterns
can be dramatically different when grown in the
absence of a solid substrate (Hargreaves et al. 2009;
Wojciechowski et al. 2009).

Basics of X-ray Computed Tomography (CT)

The ideal scenario is to visualise roots directly in soil,
their natural environment. Mooney et al. (2007)
successfully used soil thin sections to look at
undisturbed root-soil interactions and explore the
mechanisms of cereal root lodging. This technique
is, however, limited to 2-D (unless many serial
sections are taken) and extremely laborious as one
thin section can take several weeks to prepare. X-ray
Computed Tomography (CT) can overcome these
limitations. Tomography (tomo = ‘slice’ and graph =
‘to write’) enables the visualisation of the interior of
solid objects. Several energy sources can be used for
tomographic imaging (some alternatives are discussed
towards the end of this review) but X-rays have been
more readily adopted for the examination of root-soil
interactions.

The development of X-ray Computed Tomography
(CT) is largely attributed to Hounsfield (1973), for
which he (and Allan Cormack) received the Nobel
Prize in 1979. Essentially, CT is a non-destructive,
non-invasive technique that can be used to visualise
the interior of objects in 2-D and 3-D based on the
principle of attenuation of an electromagnetic wave.
X-ray CT has been repeatedly shown to be an
efficient and non-invasive tool for imaging and
studying soil sytems. The early pioneers of CT in
the plant and soil sciences were Crestana et al. (1986)
and Aylmore (1993). However Pierret et al. (2003a, b)
stated that it was Hainsworth and Aylmore work
throughout the 1980°s e.g. (1983) that highlighted the
potential use of X-ray CT to visualise root systems.
Tollner (1991) demonstrated that both biotic and
abiotic components can be detected successfully using
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X-ray CT. Since the introduction of X-ray CT
scanners several decades ago they have been contin-
uously improved and, while they can be categorized
into different generations based on their functionality,
the underlying principles are still the same.

Here we provide a brief commentary on the
principles of X-ray CT operation. For further details
we refer the reader to the excellent reviews by
Wildenschild et al. (2002)(hydrological sciences),
Stock (2008)(material sciences), Taina et al. (2008)
and Pires et al. (2010)(soil sciences). During CT
acquisition, X-rays are produced in a highly evacuated
tube which contains two electrodes: an anode, usually
platinum or tungsten, and a cathode (Wildenschild et al.
2002). When a high voltage is applied across these
electrodes, accelerated electrons produce X-rays as
they strike the anode. As the X-ray beams pass
through a sample, the object itself becomes a
secondary source of X-rays and electrons. A portion
of the primary incident beam is therefore absorbed or
scattered. For monochromatic radiation of incident
intensity /y, the beam produces an attenuated intensity
I after passing through a sample of thickness D as
described by Lambert-Beer’s Law:

I = hyexp(—uD) (1)

where p is the linear attenuation coefficient, which
depends on the energy of the radiation, the bulk
density of the sample and the electron density of the
material (Wildenschild et al. 2002). This reduction in
intensity of the X-ray as it passes through the object
in question is called attenuation. The beam is
projected onto the detector, which measures the
change in energy intensity. In medical CT scanners
both the source and detector rotate around the object,
taking several projections from different angles.
However in most industrial scanners it is the sample
that rotates between a fixed X-ray source and a
detector. Each non-invasive ‘slice’ is comprised of an
array of pixels, describing the X-ray attenuation
coefficient of volume elements (voxels, a 3-D pixel)
of the scanned object. These projections are used to
construct a cross-sectional image representing a 2-D
slice through the 3-D object. This process is called
reconstruction, which implies the calculation of CT
numbers (CTN). These CTNs are frequently
expressed in Hounsfield units (HU) (Duliu 1999)
which reflect the density of the sample material and
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are calibrated in a way such that 0 HU corresponds to
water and —1,000 HU to air. From this it follows that
bright image pixels correspond to high attenuation of
the X-ray beam and hence to a high density scanned
object. Equation 2 describes the normalisation with
respect to water and air of an attenuation coefficient
value

CTN(HU) = [(,Usubject - ,Uwater) / (Hater — :uair)} *k
(2)

where 11, = 0 and & = 1000.

Medical scanners have been used for investigating
specific macroscopic features in soils such as trans-
port effects associated with macropores (Perret et al.
1999; Mooney 2002) and roots (Heeraman et al
1997). Medical scanners are advantageous because
several scans can be obtained over a relatively short
time period and larger samples imaged. However their
resolution is typically limited to a voxel slice
thickness of 0.5 mm, so if research objectives require
resolution of finer root systems then an industrial X-
ray or synchrotron scanner is required.

Synchrotron scanners use electromagnetic radia-
tion emitted by high-speed electrons spiralling in a
magnetic field of a particle accelerator (Wildenschild
et al. 2002). Large electromagnets are used to focus
the beam, causing synchrotron radiation emissions as
the electrons decelerate. The emissions are of such
high energy that the polychromatic (white) radiation
produced can be made monochromatic (single energy)
and yet still have sufficient photon flux for tomo-
graphic purposes. The source provides a fan-beam of
high intensity radiation, which is collimated to a
vertical size of approximately 5 mm. A monochro-
mator splits the incident white synchrotron light into
different wavelengths, giving a customisation option
for radiation of the desired monochromatic level.
Through this ability, it is possible to manipulate the
resultant image contrast by adding an artificial dopant
to one phase (e.g. iodide) and scanning at its peak
adsorption energy. Whilst synchrotron images can
provide information about pore space geometry,
Wildenschild et al. (2002) observed a poor phase
contrast without the addition of chemical dopants,
which has implications for root-based studies. Further
limitations include restrictions on access and typically
only being able to accommodate very small sample
sizes e.g. few centimetres in diameter.
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Using X-ray computed tomography (CT) to visualise
roots in soil

X-ray CT offers great potential for examining undis-
turbed root systems architecture in soils, and is less
affected by soil paramagnetic elements than other
non-destructive techniques like Magnetic Resonance
Imaging (MRI) (Tollner et al. 1994). During the last
two decades, X-ray CT has been applied in many
different studies exploring the structure and function
of roots and soils e.g. Heeraman et al. (1997),
Gregory et al. (2003). Its application has expanded
rapidly, covering the characterisation of pore space
and bulk density (Anderson et al. 1990), spatial
correlation of tortuosity and porosity (Heijs et al
1995), permeability and volumetric water content
(Hopmans et al. 1992) and solute breakthrough
(Clausnitzer and Hopmans 2000). Fewer studies have
examined root-soil interactions (<30 papers in
20 years). This is due to limitations of resolution,
restrictions on access and a poor ability to distinguish
between different media phases, since the attenuation
density of roots and soil are similar (Fig. 1) and
highly dependent on soil water and organic matter
content (Kaestner et al. 2006). Very recent advances
in spatial resolution, image quality and computing
hardware, however, promise to lead to a significant
increase in the utilisation of CT in root-soil studies
(Tracy et al. 2010). New instruments such as the one
demonstrated by Tracy et al. (2010) are able to detect
microscopic changes in soil structure (to 0.5 pm), root
structures and water-filled pores, facilitating the direct
measurement of soil structural changes both spatially
and temporally through a root’s full growth cycle. A
summary of the key papers in this field over the last
20 years is provided in Table 1.

Wantanabe et al. (1992) were amongst the first to
utilise X-ray CT to study plant roots. They visualised
the coarse storage roots of the Chinese Yam (Dioscorea
oppositifolia) at a resolution of 2—5 mm, although the
full root morphology could not be clearly observed.
Tollner et al. (1994) investigated the finer rooting
systems of Soybean (Glycine max L.) and Bahiagrass
(Pasoalum notatum Fluegge). Weekly scans of
repacked sand cores (460x150 mm diameter) were
conducted for a period of 84 days. The taproot was
identifiable at the near surface after 3 weeks, but other
Soybean and Bahiagrass roots were not visible in any
scans, suggesting the resolution was inadequate. At a
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Fig. 1 Typical distribution X-ray attenuation values in soil. a
Histogram showing the separate and overlapping phases from
an X-ray CT image of a sandy loam soil core at field capacity
with a wheat roots and b the accompanying vertical cross
section showing the failure of a global threshold to discriminate
roots and soil pores. Resolution=30 pm. Sample dimensions
50x60 mm

similar resolution Heeraman et al. (1997) used a high-
energy industrial scanner to image a small core (100 %
50 mm) of bush bean (Phaseolus vulgaris L.),
collecting 40 consecutive scans over a depth range
of 8 mm and successfully detecting root diameters
around 0.35 mm, although the authors acknowledged
that the application of CT to soil and plant systems
was not well developed at the time. They also noted
that the ability to segment root voxels was limited by
the water content of the soil. Grose et al. (1996) used
a medical scanner to explore the water content in
sand:clay mixtures with wheat, cotton and radish
roots, although they were unable to resolve roots
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<0.4 mm. Despite the low resolution, they were
successful in creating water distribution contour plots
which illustrated changing matric potential over time
and in response to root growth. Similarly Mooney et
al. (2006) used medical X-ray CT to successfully
examine the root response to soil failure i.e. lodging,
however this work was also limited by coarse
resolution (0.4 mm) and the inherent difficulties in
segmenting roots from soil images due to similarities
in attenuation.

The first reported results from a microtomography
system were by Jenneson et al. (1999). Wheat seeds
(Triticum aestivum) were grown and excellent 3-D
time lapse images of growing roots were obtained at a
100 um voxel resolution. Gregory et al. (2003) also
used a microtomography system to visualise roots of
pre-germinated wheat (7ricium aestivum) and rape
(Brassica napus) seeds that were grown in a sandy
loam soil at the same resolution as Jenneson et al.
(1999). The low energy source resulted in some
impressive images (Fig. 2), however this investigation
was made on roots embedded in a supporting media
with a finer pore space than could be registered at the
given resolution, so conclusions regarding the influ-
ence of the root on the physical soil environment were
limited.

Fig. 2 3-D visualisation of a wheat seedling segmented from
sand viewed from different angles at 8 days after germination.
Spatial resolution=100um. Sample dimensions=25%25 mm.
Taken from Gregory et al. (2003)

As already highlighted, the imaging of plant roots
in soil using X-ray CT relies on sufficient contrast in
X-ray attenuation between growth medium solids, air
filled pores, soil water, plant material and organic
matter. The attenuation of these materials varies with
several factors including soil type (Palsdottir et al.
2008), soil moisture content (Palsdottir et al. 2008),
proximity of roots to organic matter or air filled pores
(Perret et al. 2007) and root water status (Hamza et al.
2007). Root diameter can be overestimated during
image analysis due to the proximity of water and air
within the soil (Perret et al. 2007). Root length and
number of lateral roots is often underestimated
because the root material cannot be easily distin-
guished from other soil components such as air or
water. To minimise the effects of similar attenuation
between the soil and plant fractions, researchers have
focused on plants with coarse roots (Hamza et al.
2007; Perret et al. 2007; Hargreaves et al. 2009),
artificial soil systems (Kaestner et al. 2006; Perret et
al. 2007), manipulating the water content of the
sample (Palsdottir et al. 2008) and undertaken
convoluted image processing to enhance contrast.
Nevertheless the boundaries between adjacent struc-
tures is never clearly defined, which makes segmen-
tation by thresholding very problematic (Coleman and
Colbert 2007). The continuum of greyscale values
means that at any threshold level some voxels will be
misclassified (Coleman and Colbert 2007). One
boundary that can cause difficulties is at the top of
the container between the sample and air. Gregory et
al. (2003) explain that this interface gave attenuation
coefficients that were similar to the plant seed and so
to combat this issue a thin layer of fine silica was
added to the top of the sample.

Segmentation of roots in soil images

Segmentation of an input image into regions
corresponding to distinct phases is a longstanding
problem in image analysis and computer vision. A
wide variety of approaches have been proposed (Pal
and Pal 1993; Cheng et al. 2001; Wirjadi 2007), based
on differing formulations of the segmentation task.
Some treat segmentation as a clustering problem,
aiming to divide the set of input data items (pixels or
voxels) into subsets, each of which satisfies or
maximises some shared property. Clustering methods
often take pixel or voxel position into account, but
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may not. Region-growing approaches cluster from a
seed point, adding nearby data items which satisfy
some pre-determined similarity criterion. Other meth-
ods, most notably those based on the Expectation-
Maximisation algorithm (Dempster et al. 1977)
cluster by fitting models of the expected distribution
of data values to the input image. Edge-based
techniques seek the sharp changes in data properties
which typically mark the boundaries between objects.
Methods viewing region boundaries as watersheds of
some surface (Vincent and Soille 1991) have been
particularly successful in pattern recognition studies,
as have those modelling the image as a graph
structure (Shi and Malik 2000).

In order to segment roots from images of soil, two
approaches have generally been adopted: clustering
by global thresholding based on an estimate from the
histogram of the image (Pierret et al. 1999) or region
growing by adaptive local thresholding, starting from
seed points containing specified properties, usually
the greyscale value of the local minima (Gregory et
al. 2003). Thresholding defines clusters as containing
voxels whose values lie within a fixed range and
usually generates an over-segmentation of the image.
This requires cleaning to remove structures that have
been mis-classified as root and to connect structures
that belong to each other (Kaestner et al. 2000).
Image over-segmentation is solved by rejecting items
with volumes smaller than a given size, as they are
unlikely to represent roots.

Pierret et al. (1999) used low energy X-ray CT to
collect images of the root-network of chestnut
(desculus hippocastanum) and maple (Acer pseudo-
platanus) trees growing in sandy and sandy clay soil.
In this study the large roots permitted the use of a
global thresholding approach as the root and soil
materials were apparent as distinctive attenuation
peaks. Interestingly, Pierret et al. (1999) were among
the first to identify one of the major imaging
challenges concerned with segmentation where roots
touch. In this instance the authors assumed they were
part of the same object, although they acknowledge
that this leads to misclassification during the segmen-
tation phase and creation of a discontinuous repre-
sentation of root segments. Kaestner et al. (2006)
attempted to solve the problem by applying a
non-linear diffusion filter to smooth the image
followed by assigning a threshold value derived
from Rosin’s (2001) algorithm and concluded by a
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morphological dilation operation, to remove misclas-
sified objects. The approach is based on the assump-
tion that an object (i.e. the root) must be tube shaped
and exceed a given volume threshold value. They
illustrated that the method is capable of detecting not
only the primary root, but some of the fine lateral
roots as well. However, crucially, the research was
undertaken on plant grown in a homogeneous sandy
substrate with a low water content which would
facilitate the imaging but is not well representative of
field conditions.

Lontoc-Roy et al. (2006) examined maize (Zea
mays) roots grown in a homogeneous sand and a
sieved loamy sand in both a dry and water-saturated
state. Their image analysis approach was based on an
initial identification of root material achieved by
global thresholding using manually selected values.
Different thresholds were used on different samples,
because CT responses differ depending on the type
and condition (e.g. moisture content) of roots under
study. This simple thresholding method resulted in a
model composed of a larger primary root surrounded
by ‘clouds’ of labelled voxels which per se contained
parts of finer lateral roots. In a second step these
clouds are analysed by iteratively increasing the
threshold boundaries, thus finding similar voxels
connected to the primary root. The final step involves
skeletonising the region identified as root. In this
iterative phase, the outermost voxels are successively
removed until a single voxel wide model of the
structure of the root remains. This illustrates how
water content effects the overall density of the
root when examined using X-ray CT. In non
optimal situations, the attenuation values of the
soil and plant roots overlap, making the final
result inaccurate.

Perret et al. (2007) developed a range of methods
to quantify and calculate parameters, such as volume,
surface area, length, orientation and number of roots,
using high resolution X-ray CT. Using chickpea
(Cicer arietinum) roots grown in very fine sand they
were able to isolate roots from their surrounding
environment with a binary thresholding technique
that labelled root material, but also air and water
filled pores. The authors then used a geometric
filter method to detect and eliminate disconnected
voxels by starting from the seed and using a
flood-fill algorithm to extract the root in 3-D.
However, they reported that their method suffers
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from the presence of air spaces near root objects,
because of the similarity in observed attenuation
values between roots and air. Since these air
spaces are close to root segments and therefore
not disconnected, they are not eliminated by the
filter. Another drawback of the presented top
down process is the loss of root material that is
not connected to the seed.

Very recently some researchers have begun
reporting overcoming a number of the previous
limitations. An impressive study by Aravena et al.
(2011) utilised a synchrotron facility to, amongst
other measures, visualise root induced compaction of
aggregates at a 5-10 um resolution which was then
used to model water flow towards the root. The aim
of this research was not to segment the root
architecture from the soil images, but to illustrate
their impact on soil structure. As shown in Fig. 3 the
quality of the images is impressive in terms of
definition and contrast. Ferriera et al. (2010) utilised
successive CT scanning of the same sample to
illustrate tuber volume expansion in potatoes using a
ca. 0.1 mm resolution. These values were highly
correlated (0.986) with the actual volumes of exca-
vated samples, although no information was provided
regarding the type of soil used in this experiment.
Tracy et al. (2010) and Lucas et al. (2010) have also
recently demonstrated that new X-ray CT systems can
also visualise fine roots, such as those of Arabidopsis
thaliana (Fig. 4), down to a few micrometers in
diameter.

Fig. 3 2-D X-ray CT slice
image of a sample of L.
odoratus in soil aggregates;
b zoom-in to the root area
and orthogonal views.
Spatial resolution=ca.

10 pm. Sample
diameter=14 mm.Taken
from Aravena et al. (2011)

),

aggregates

Root

¢ Mineral Grain

Fig. 4 2-D X-ray CT image slice in vertical orientation of
Arabidopsis roots in a sandy loam soil at a spatial resolution of
ca. 10 pm with example of root tracing

Root tracking approaches to segment 3-D root
systems architecture

Whilst many studies have successfully visualised
roots in situ fewer have been able to extract the
volumetric descriptions of rooting material needed to
produce a 3-D model of root architecture. This was
recently highlighted by Seignez et al. (2010) in a
study to explore the root development of Arabidopsis

syringe wall
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halleri growing in polluted soils. The soil cores were
impregnated with resin to avoid sample deformation,
but despite being able to observe root architecture,
Seignez et al. (2010) were unable to successfully
segment the roots by image analysis due to similar-
ities in grey scale values.

The overlapping attenuation values produced by
root material and the soil environment are at the
heart of the root/soil segmentation problem:
approaches which consider only attenuation values
struggle to identify root material accurately. Fur-
ther knowledge of or assumptions about the
appearance of plant roots in CT data are required
to make the problem tractable. One way to
introduce a priori knowledge of roots into the
segmentation process is to consider CT data not as
a volume to be segmented but as a sequence of
images through which roots appear to move.
Consider a CT data set showing a root system
extending through a soil core. This voxel data can
casily be separated into horizontal, planar slices,
mimicking the physical slicing of soil cores e.g.
Mooney et al. (2007). If a given slice is displayed as
a 2-D grey level image, the root system will appear as
a set of (usually) elliptical regions. If the slices
comprising the CT volume are ordered from top to
bottom and displayed as a video, these root regions
will appear to move, their size, shape and apparent
motion reflecting the geometry of the root. As roots
are generally smooth, continuous objects, the motion
of the elliptical regions they produce should also be
smooth and continuous. This raises the possibility of
extracting root system architectures from CT data by
tracking the motion of 2-D regions through an image
sequence representation of the 3-D attenuation values.

Methods of tracking moving objects through video
data have attracted considerable interest within the
computer vision community (Yilmaz et al. 20006).
Tracking algorithms typically contain three compo-
nents. The appearance model captures the image
features likely to be associated with the target object;
often its colour or shape. The motion model describes
the target’s expected change in position, and some-
times likely changes in its motion, between frames.
The appearance and motion models are linked by a
tracking engine or framework which applies them to
the input image data to recover estimates of the
target’s state in each image. Predictive filters (e.g.
Kalman 1960; Isard and Blake 1998) are the most
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common type of tracking engine. These use the
tracker’s estimate of target state at time ¢ to predict
its state at time 7+ /. A restricted search is then
performed in the neighbourhood of that prediction,
producing an estimate of actual state. Differences
between the predicted and measured target properties
can be used to update the appearance and/or motion
models. Predictive filter tracking algorithms have
previously been used to extract descriptions of the
roots of Arabidopsis thaliana seedlings (French et al.
2009) and promise to enable us to visualise isolated
root networks and quantify their effects on the
surrounding soil structure in the near future. The key
advantage of the tracking approach is the ability to
deploy explicit models of the expected appearance
and shape (motion) of root system architectures,
which can develop as segmentation proceeds.

One approach was to process the first slice as a 2-
D image, assign a greyscale attenuation value to a
known root structure, and perform a top down slice
by slice connectivity search. The initial greyscale
value constitutes a simple appearance model, while
the connectivity search corresponds to a motion
model. Whilst this technique detects both thick and
thin roots growing vertically, any disconnected roots,
or those growing upwards are not registered. Kaestner
et al. (2006) proposed a dilation operation to avoid a
disconnection of the root networks and the suppres-
sion of thin root structures. The underlying principle
is that voxels in a mask image that are connected to
those in a marker image are labelled. As the algorithm
iteratively expands, the region connected to the
marker voxel continues to be labelled until no more
voxels containing greyscale attenuations in the given
threshold range remain. Using these techniques
Kaestner et al. (2006) successfully classified the root
architecture of alder (Alnus incana (L.) Moench), with
identical root growth directions and number of
branches extracted by the algorithm and observed in
the growing plant (Fig. 5).

Pierret et al. (1999) used an approach based on the
tracking of elliptical shaped objects through 2-D
slices of the sample and connected them to make a
final 3-D image. Pierret et al. (1999)’s appearance
model was therefore based on shape, rather than
attenuation value. A measure of the degree of overlap
was used to reconnect the ellipses, which implies that
an object identified in one slice is connected to an
object in the following slice only if there is face-to-
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Fig. 5 3-D visualisation of Alder root obtained by a tracking
style approach at 36 um resolution. Spatial sample dimensions
=36.9%36.9x59.15 mm® Taken from Kaestner et al. (2006)

face voxel contact. As with the top down slice by
slice connectivity search, this approach will disregard
any roots growing upwards and may miss fine rooting
regions, but will require considerably less computa-
tional power than methods suggested by others.
Gregory et al. (2003) was also able to track roots
from one tomographic slice to another and discrimi-
nate them from the surrounding soil. The appearance
model used here was a fixed range of attenuation
values, determined by the operator after examination
of the first image. This was modified by the addition
of connectivity conditions constraining the spatial
distribution of these values, though no further details
are given.

Another example of an image created by 3-D root
tracing (Fig. 6) was produced by Perret et al. (2007).
The authors admit that some root laterals are missing
from this figure as the visualisation algorithm volume
averages the CT matrices to generate a list of vertices
and polygons, which form the 3-D image. The
resolution of the CT scanner (set at 0.275 mm in this
study) also meant that some fine root segments could
not be detected. Once again, the appearance model
used relied on specified ranges of attenuation values
and the motion model was a straightforward connec-
tivity requirement.

Fig. 6 A Three-dimensional visualisation of early growth stage
chick pea root system grown in sand. Spatial resolution=
0.275 mm. Sample dimensions=0.23x0.14 m diameter. Taken
from Perret et al. (2007)

Recently, Han et al. (2008) successfully extracted
the architecture of first order potato (Solanum tuber-
osum) roots from CT data. No automatic image
analysis was involved. Instead, an interactive system
allowed a human operator to track the root through a
stack of CT slices by marking the centre of the root
region. This approach was successful in detecting root
architectural differences in plants inoculated with a
scab-inducing bacterium (Sc. Scabies EF-35) which
illustrates the enormous potential for future studies to
examine the impact of biological control agents and
management strategies. However it should be noted
that the plants were grown in a homogeneous sand
medium which maximises the contrast of roots at the
image analysis stage. In addition the resolution was
limited to 0.2-0.35 mm, so only relatively coarse
roots were imaged.

Very recently, two more automated tracking
approaches, one based on assigning probability
functions called RootViz (Jassogne 2009; Tracy et
al. 2010; Tracy et al. 2011) and one based on level set
methods called Rootrak (Mairhofer et al. 2011) have
demonstrated great potential in overcoming the
limitations associated with overlap of phases in the
attenuation histogram. RootViz, developed by David-
son (www.rootviz3d.org), assigns a probability func-
tion to determine whether specific pixels within
images represent root material and can be used to
provide 3-D visualisations of root distribution in
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undisturbed soil columns. There is strong evidence
that this automated and rapid methodology for root
detection can remove the subjectivity of identifying
‘root’ pixels in noisy images and enable detailed
visualisation of root architecture in situ (Tracy et al.
2010). Jassogne (2009) used RootViz to segment the
3-D root architecture of saltbush (Atriplex hortensis),
lucerne (Medicago sativa) and canola (Brassica napus
L.), albeit at a coarse resolution as the samples were
large (15%50 cm) and they were scanned in a medical
scanner. Tracy et al. (2011) recently demonstrated the
application of RootViz to segment 3-D wheat (7riti-
cum aestivum) root architecture at early growth stages
at a 15 um resolution (Fig. 7).

The technique (Rootrak) developed by Mairhofer
et al. (2011) uses local models of the distribution of
attenuation values observed within root sections to
identify root material in the subsequent frame.
Distinct appearance models may be used to track
different root branches, and the appearance model
used may vary as tracking of a given root segment
proceeds. The user initialises tracking by indicating,
in the first image, the top of the root system. A level
set (Osher and Sethian 1988) method identifies the
marked root section (or sections) and an initial
appearance model is constructed. A simple motion
model, as in previous systems reflecting a connectiv-
ity requirement, provides a point in the next image
that is expected to lie within the tracked root. The
level set method is applied to this point, seeking a
region around the starting point which contains a
similar distribution of attenuation values to that
represented by the current appearance model. Once

Fig. 7 An example of 3-D visualisation of wheat roots grown
in a sandy loam soil at 18 pm resolution segmented using
RootViz. Sample dimensions=91 mm heightx29 mm diameter.
Image courtesy of Rob Davidson
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this is done, the model is updated to describe the new
root section and tracking continues. A danger when
applying this type of combined segmentation and
tracking algorithm is that inaccurate segmentation
may introduce attenuation values into the appearance
model that do not arise from root material. Subse-
quent segmentations may then suffer greater inaccu-
racy, leading to more pollution of the appearance
model and eventually tracker failure. To avoid this,
the shapes of the root sections extracted from adjacent
images are compared; if they differ by a statistically
significant amount, model updating is discontinued.
Shape is therefore not a part of the tracker’s motion
model as in Pierret et al. (1999), but is used to verify
tracking results. The method has been successfully
applied to CT scans of maize (Fig. 8), wheat and
tomato grown in a range of contrasting soil textures.

Optimisation of root imaging in soil using X-ray CT

A key consideration in evaluating the potential of X-
ray CT as a tool for root-soil interaction studies is the
rapid development in X-ray technology, primarily
driven from other disciplines such as medicine and
engineering. There are several areas in X-ray CT
where artefacts can be introduced. Some of these
errors cannot be easily corrected for, such as changes
in the X-ray beam intensity (Pierret et al. 2003a, b).

Fig. 8 3-D visualisation of maize roots grown in a sandy loam
soil at a resolution of 30 pum obtained by Rootrak Sample
dimensions=50x120 mm
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The X-ray beam source intensity can drift as a result
of over-heating, which can introduce errors, however
most modern CT systems now have a cooling system
to prevent this occurring. Degradation of target
materials and movement of the focal spot can also
lead to fluctuations in X-ray intensity which impacts
on image quality although new target materials that
resist breakdown for longer are subject of research by
most CT scanner manufacturers. Another problem that
can arise is scattered X-rays directly hitting the
detector causing anomalously bright pixels, which
result in ring artefacts (Wildenschild et al. 2002)
although again many new systems have image tools
to remove or minimise these effects.

Spatial resolution

Spatial resolution explains the level by which features
in images can be resolved. It is generally defined as
the smallest separation distance for which attenuation
values of two known points can be perceived as
separate entities and thereby accurately measured
(Wildenschild et al. 2002). The spatial resolution of
CT reconstructions depends not only on the magnifi-
cation (ratio of the distance between the source and
detector divided by the distance between the source
and sample), but also on the type of X-ray source and
detector, the signal to noise ratio and the focal spot
size of the X-ray tube (Sleutel et al. 2008; Stock
2008). Kinney and Nichols (1992) explain that the
ability to collimate the source will determine spatial
resolution capability, as source divergence will lead to
image blur. However, as collimation reduces X-ray
intensity, problems of contrast sensitivity and spatial
resolution become inter-related (Wildenschild et al.
2002). Typically undertaking a scan at a higher
resolution i.e. decreasing voxel size leads to
increased scan time to compensate for increased noise
although this effect is highly variable between
different CT systems. Spatial resolution therefore
requires larger incident photon intensity or longer
integration times (Wildenschild et al. 2002). As X-ray
CT sources emit only a small proportion of their
power as X-rays, high resolution images are often
obtained at the cost of the ability to distinguish low-
contrast object features e.g. fine roots. Kaestner et al.
(2006) state that to detect an object, the scanner’s
resolution must be two to four times that of the
object diameter. The resolution may even need to

be greater if the background is heterogeneous or
if the image is noisy.

Perret et al. (1997) reported that the spatial
resolution of CT scanners at the time caused difficulty
in the detection of fine tips in root laterals. Differ-
ences in the number and length of root segments
obtained through X-ray CT and destructive root
analysis were confirmed by Gregory et al. (2003),
who reported that CT methods systematically under-
estimate root length. However, Heeraman et al. (1997)
reported that the root length per unit volume of soil
was overestimated in CT approaches. A large propor-
tion of a rooting system is represented by root
diameters smaller than 0.5 mm (Pierret et al. 2005),
so a lack of information available on the fine root
environment limits understanding of essential root
and soil structural processes e.g. microbial interac-
tions, aggregate formation and water and nutrient
uptake (Paul and Clark 1996).

A key impediment to the uptake of X-ray CT for
root studies is the trade-off between sample size and
scan resolution (Pierret et al. 2003a, b). This is
because for high quality images the sample should
remain in view during CT scanning, at least when
imaging the whole sample (Sleutel et al. 2008), and
X-ray attenuation increases with sample diameter. The
sample size is also restricted by the physical ability of
the scanner sample stage to accommodate it. A thicker
sample needs either higher photon intensity or energy
to achieve adequate X-ray penetration. The problem
with this is that higher energy photons have less
interaction with the material and therefore contrast is
lower. In addition, image artefacts caused by highly
attenuating materials irrespective of sample size, can
obscure aspects of interest in the image or skew the
greyscale, minimising the actual contrast of the
overall image. To overcome these problems, some
researchers have favoured a relatively small sample
size (e.g. 25 mm diameter) with a higher
resolution (e.g. voxel size 100 um) to ensure that
fine roots can be imaged (Jenneson et al. 2003).
When coarser root architecture characteristics are
visualised, a larger sample (e.g. 150 mm diameter;
500 mm high) can be used with a relatively lower
resolution (e.g. >1 mm) (Johnson et al. 2004).
However a larger sample size can mean that fine
roots are not detected (McNeill and Kolesik 2004).
While many systems allow region of interest scans i.e.
the ability to zoom in at a higher resolution, the link
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between sample size and spatial resolution remains a
limitation.

Image contrast and artefacts

Contrast is the ability to distinguish a feature from its
surrounding background, often defined by the differ-
ences in attenuation between the feature and back-
ground, divided by the background attenuation
(Wildenschild et al. 2002). The application of a filter
on the acquired images can offer many benefits. For
example it can reduce the effect of beam hardening,
enhance the roots and smooth the texture of the
background elements (Kaestner et al. 20006). Sleutel et
al. (2008) also found that using a filter had a
significant effect on discriminating objects and were
able to reduce CT-artefacts. Pierret et al. (2003a) used
an averaging filter to eliminate the majority of
overlaps on the histogram, whereas Feeney et al.
(2006) used a sigma filter that reduces noise yet
preserves fine details. The beam hardening effect
occurs because low energy (strongly attenuated)
photons of a polychromatic beam are emitted faster
than the high energy (weakly attenuated) photons.
Therefore the longer the X-ray path, the more low
energy photons that are absorbed, which gives an
apparent higher attenuation at the boundaries of
objects, as the beams pass from a dense material to
a less dense material. Ketcham and Carlson (2001)
made three suggestions to prevent beam hardening; 1)
pre-hardening of the X-ray beam using an attenuating
filter (aluminium, copper or brass); ii) smaller sample
sizes and iii) correction during image reconstruction.
The effect can be removed altogether if a monochro-
matic beam is used (Wildenschild et al. 2002).
However as accessibility to synchrotron systems is
frequently limited, this is not an easily applied option.

For low energy scans (<100 kV), X-rays interact
predominantly through photoelectric adsorption, a
factor strongly dependent on the atomic number of
the matter in question. At higher energies Compton
scattering prevails, with resultant attenuations being
controlled by electron densities. Differences in the
attenuation values of two materials with different
electron densities and atomic numbers can be small, if
a difference in atomic number of one material is
compensated by a similar difference in electron
density of the other (Wildenschild et al. 2002). In
such an instance, it can be very difficult to distinguish
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different materials in a CT image. Dual-energy
imaging has been proposed to enhance the contrast
between two materials by utilising differences in the
effects of photoelectric adsorption and Compton
Scattering (Rogasik et al. 1999; Kaneyasu and Uesaka
2005) as it allows for contrast to be obtained between
two materials that would be otherwise undetectable in
single energy scans.

Difficulties in effectively assigning changes in
attenuation coefficients to a limited number of classes,
for example bulk density, water content and root
structures, cause problems with CT image analysis.
Whilst filters can be applied to decrease ambiguity
between the relevant classes, such difficulties can
cause the mis-characterisation and therefore incorrect
evaluation of CT results. It is important to select an
appropriate X-ray source for the material in question.
Whilst sufficient X-ray energy is required to penetrate
a sample effectively, it should not be too powerful
otherwise the relative attenuation will be low and no
contrast between the various phases visible. A fine
balance of incident X-ray energy to image contrast is
needed to clearly visualise the features of a sample in
question. Most research based CT scanners now come
with interchangeable targets, typically tungsten or
molybdenum which enables the CT operator to fine
tune the spectrum of the polychromatic beam to
achieve the highest quality images.

Ring artefacts can be caused by local defects in the
detection device, causing incorrect low or high beam
intensities to be recorded and appear as rings on the
reconstructed image (Wildenschild et al. 2002).
Likewise, scattered X-rays hitting the detector chip
directly can create erroneous bright pixels, showing as
rings on a CT image. However, like beam hardening,
many new CT scanners have built in image process-
ing tools that can cope with such artefacts, both pre
and post scanning, such that the operator might not
even notice the artefact existed.

Photon starvation artefacts are caused by a lack of
photons in certain areas of the scan. These typically
occur in the centre of large samples or around high
density objects where too few X-ray photons reach
the detector characterised as region with a lack of CT
information or the presence of streaks in the CT
image (Mahesh and Hevezi 2009). Optimisation of X-
ray conditions (e.g. X-ray energy, number of projec-
tions etc.) and sample size should therefore be
considered to reduce or avoid these artefacts. Root
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detection can be difficult if the root is close to highly
attenuating mineral grains in soil.

The most recent scanners have the ability to
undertake scanning in much shorter time periods than
previously possible especially via new ‘fast scan’
protocols, however this is usually at the expense of
increased image noise (due to lower image averaging)
and artefacts (e.g. rings). Depending on the objectives
of the study this can often be overcome by post
scanning image correction which leads to a frequent
question of how long does a scan need to be? Other
factors are important here such as the resolution and
sample size, however now scans can be undertaken
during minutes rather than hours changes in water
content during the scan, which can be attributable to
drainage, redistribution and evaporation, can impact
on the image quality and therefore need to be
considered.

The radiation dose is related to the amount of
energy that X-ray photons deliver during a CT scan,
which depends on the total number of photons and
their individual energies (Primak et al. 2006). As dose
is inversely proportional to noise therefore it is
common to try to seek to increase the dose / X-ray
energy to reduce the noise. However this can have
implications for image quality plus this is unlikely to
be desirable for biological specimens (further com-
ment on the effect of radiation on plants is provided
below). The X-ray energy required to adequately
penetrate a sample to ensure a high image quality is
frequently linearly related to the sample diameter in
that more energy is needed for larger samples, which
in turn can have a negative impact on image quality
through increased noise. Therefore it is important to
optimise the sample size in that the focus should be
on using the smallest sample necessary for the given
study, although when the objective is to looking at
growing roots in soil columns this is problematic as if
the sample is too small the plants become pot bound
very quickly.

Sample preparation

In general, during X-ray CT acquisition the sample
should remain in the field of view, implying that
image resolution is determined by the sample size.
The exception to this is during region of interest
scanning where one effectively zooms in to a sample
to achieve visualisation at a higher resolution (see

Carminati et al. 2009 for example). Obtaining a given
resolution may be at the cost of a smaller, and often
impractical object size. The quality of a CT image is
highly influenced by slice thickness, both in region of
interest single scans and in volumetric reconstruc-
tions. The slice thickness is a trade-off between the
higher spatial resolutions of thin slices and the
improved contrast to noise ratios of thicker slices
(Heijs et al. 1995). A low image contrast and high
noise levels makes it difficult to accurately detect
image objects. Whilst a thin image slice may produce
an image of high resolution, fewer photons will reach
the detector causing image noise to increase. Sleutel
et al. (2008) found that poor CT image quality caused
by noise at lower energies could be overcome by an
increase in scan time. However thermal expansion of
the X-ray tube filaments over time may cause
artefacts although it may be that new target materials
can minimise this impact. For long scans, a software
based correction may be possible to overcome such
problems.

Using an appropriate sample container material is
an important consideration prior to scanning plant and
soil samples in CT systems. Heijs et al. (1995) used
Perspex to avoid scattered radiation from metal
objects. Likewise, Pierret et al. (2003a, b) used
Perspex containers due to their density being half
that of glass, reducing X-ray attenuations in the
container walls. Mooney (2002) observed increased
image artefacts when polyvinyl chloride (PVC)
containers were used. Lontoc-Roy et al. (2006) used
standard plastic pots in their investigation due to their
low X-ray absorption levels, allowing the production
of better quality CT scan data than pots of higher
density. Container material is therefore an important
consideration to maximise X-ray transmission into a
sample. Sample containers composed of low density
plastics with a small width (<3 mm) are preferable to
metal based cylinders.

Other considerations

The soil water content of the sample is a key
consideration when seeking to segment the root
architecture from X-ray CT images. Previous
research has shown that to optimise image quality
coarse textured soils at low water contents are
preferable (Table 1). This is due to the attenuation
overlap with pore space and root material attributed to
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water however more recently, as imaging protocols
have become more refined, some researchers have
undertaken scanning on clay textured soils e.g.
Aravena et al. (2011). Although it has yet to be
adequately researched it is likely that imaging soil
cores in water conditions below field capacity are
likely to yield images of higher quality than those
closer to saturation due to the moisture content of
the root.

A further area that has yet to receive the
appropriate attention is the potential deleterious
effects on plants of repeated exposition to X-rays.
This will become more important as the rapid
scanning functions on new CT instruments have
opened up the possibility of more accurate ‘4-D’
scanning i.e. exploring root growth characteristics
over time. Previous research has identified changes
in the above ground elements of the plant system
associated with radiation exposure (e.g. Johnson
1936) however no research to date has addressed the
impact on a plant’s roots to the repeated scanning on
an individual sample which needs to be considered as
scan times have reduced to the extent that a single
plant could be scanned several times within a few
hours. A further consideration of repetitive (4-D)
scanning is the careful positioning of the sample
within the scanner in the exact same position.
Although cross referencing the morphological prop-
erties of the same sample scanned on different
occasions is possible after scanning by image analy-
sis, this can be a tiresome process especially if the
sample has not be located on the exact z axis. As
such using some highly attenuating material at-
tached to the sample to orientate it during
positioning can be very useful.

Recent advances in X-ray micro CT technology

X-ray micro CT theory and technology are rapidly
evolving areas which have generally been pushed
forwards by medical, engineering and material scien-
ces. Stock (2008) provides an excellent commentary
on recent developments from a materials perspective
which is highly relevant for the plant and soil
community. One previous limitation in the application
of X-ray CT in root-soil studies has been the lack of
rigorous experimental design specifically regarding
the use of replicate samples. To an extent this has
been a result of difficulties in access to CT
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instruments but is also a function of scan speed,
which has been recorded at several hours per sample,
in some cases up to 8 h per sample (Kaestner et al.
2006). Most modern micro CT scanners have the
ability to scan a sample within ca. 60-90 min
although with varying image quality, however some
of the latest micro CT systems have the facility to
undertake a ‘fast scan’ as previously mentioned which
can in some cases result in image acquisition in a
matter of a few minutes. Generally fast scans are
achieved by the samples undertaking a continuous
rotation during the scan process rather than stopping
to allow X-ray penetration for each projection, which
facilitates much faster scan speeds. The disadvantage
of this approach is that image quality is usually
significantly reduced through increased noise com-
pared to conventional scanning operations but in
some instances this can be improved considerably
with post scanning image processing.

There have been several further advances in recent
years that have significantly enhanced the potential of
X-ray CT as a tool for the spatio-temporal examina-
tion of root in situ. One of the most important which
appears to have been adopted by most new CT
manufacturers has been the transfer of the reconstruc-
tion algorithm processing operation to a Graphics
Processing Unit (GPU) card from a computer’s
central processor. This has increased reconstruction
speeds by up to 100 times (generally from hours to
minutes) (Yan et al. 2008). Higher resolution has been
achieved in some systems using nanofocus (achieved
by an extra electromagnetic lens), with resolutions as
high as 200 nm reported by some manufacturers.

A commonly reported problem arises when X-rays
are generated at high power; the focal spot has to be
wider in order to prevent the target material from
melting. Therefore, the inspection of small features
with high absorbing materials is limited either by
power (where reduced X-ray penetration results in
noisy images or very long image acquisition time) or
by resolution (increasing focal spot with power can
result in blurred images). To solve this CT manufac-
turers have begun successfully developing new target
materials that have a higher thermal conductivity
which allows higher power on a smaller focal spot
ensuring high resolution even at a high output.

As the technology advances so the use of micro CT
by researchers is able to adjust focus towards
understanding the complex interactions between plant
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roots and soil. Where as many papers over the last
20 years have concentrated on method development
from visualisation of roots in soil (e.g. Gregory et al.
2003) to automated segmentation of the whole root
system architecture (e.g. Tracy et al. 2011), some of
the most recent research is now using X-ray CT to
address some of the fundamental questions regarding
the function of the rhizosphere. Carminati et al.
(2009) used X-ray CT to observe the dynamics of
air gaps at a 90 um resolution in lupin (Lupinus albus
L.) in response to wetting and drying cycles.
Although this work was only conducted on one soil
type, sand, and undertaken at a relatively coarse
resolution in comparison to the current state of the art,
it is interesting that the technology was used to
observe the different response to the wetting and
drying cycles by tap roots (larger gaps) in comparison
to lateral roots. A similar study by Moradi et al
(2011) has recently shown how water gradients
around roots differed in comparison to the bulk soil
demonstrating roots can retain significant moisture
even at high matric potentials. Although this work
was undertaken using neutron tomography (described
below), similar work using X-ray CT might be
possible in the near future as the contrast and
sensitivity of detectors improves.

3-D visualisation of rooting systems using other non-
destructive methods

A number of other imaging techniques have been
developed to visualise and quantify root properties in
situ, including Nuclear Magnetic Resonance (NMR)
(Rogers and Bottomley 1987; Jennette et al. 2001),
Magnetic Resonance Imaging (MRI) (Pohlmeier et al.
2008), Thermal Neutron Tomography (Tumlinson et
al. 2008) and Neutron Radiography (Carminati et al.
2010). Like X-ray CT, each approach has a number
of merits and some limitations when used to
visualise root systems architecture, and particularly
root systems architecture in soil.

By using magnetic field gradients NMR can
produce images of the distribution of protons in an
object (Hemminga and Buurman 1997). NMR allows
the direct visualisation of a sample placed in a strong
magnetic field (Perret et al. 2007), and has attracted
much attention due to its use in the medical and
petroleum industries. NMR has been used in the soil
sciences to gain information regarding the pore size

distributions of soils (Hemminga and Buurman 1997).
MRI is one of several techniques under the umbrella
of NMR technology. It utilises a gradient of the
magnetic field to create differential behaviour of spins
enabling imaging (Zhou and Luo 2009). The non-zero
spin properties of these nuclei cause them to resonate
at a particular frequency proportional to a local
magnetic field. Differences in nuclei resonations as
the magnetic field is manipulated form a visual model
of different media. MRI can be used to visualise root
morphology and volumes, and is particularly sensitive
to the water phase of samples. Previously this
technique has been limited to investigations in soil
for root diameters >1 mm due to the presence of
paramagnetic ions (Cu®", Fe*", Fe>" and Mn®")(Box
1996). Recently Jahnke et al. (2009) elegantly
combined the use of MRI with Positron Emission
Tomography (PET) to quantify carbon allocation and
storage in sugar beet (Beta vulgaris) and maize (Zea
mays). However, unlike X-ray CT, where bench top
systems have become widely available, access to
NMR facilities limits its use in root-soil interaction
investigations. NMR and MRI have one other major
disadvantage when compared to X-ray CT for
imaging the root-soil interface, which is that most
soil contains iron or manganese ions. These are
paramagnetic and have a negative influence on image
quality (Heeraman et al. 1997).

Single Photon Emission Computed Tomography
(SPECT) scanning, a technique that uses a radioactive
tracer detected by a gamma camera, has shown
promise as it produces emission images. X-ray CT
in contrast relies on the attenuation of materials, and
so produces transmission images (Perret et al. 2000).
Whilst SPECT imaging has a relatively poor resolu-
tion (ca. 1 cm), the process is much quicker (Young et
al. 2001). Another alternative was presented by
Moran et al. (2000) who combined X-ray absorption
with phase contrast imaging (PCI) and quantified root
radius, root length density and root branching
intensity. This promising work illustrated plant root
systems contain more biomass (based on calculations
of root radius and root length density), than is
generally accepted, although to date there has not
been any further publications that have used this
technique. A further technique that has been utilised
in recent years is neutron radiography (or tomogra-
phy) to reveal the water distribution in a plant and soil
sample. The volumetric water content of plant roots
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typically varies between 70 and 95%, whereas a soil
at field capacity usually ranges between 5 and 30%
(Menon et al. 2007) which permits sufficient contrast
to separate roots from the surrounding soil. Menon et
al. (2007) successfully used this technique to isolate
the root system architecture of lupin (Lupinus albus
L.) in soils contaminated with boron and zinc,
although they noted image quality was considerably
reduced when plants were imaged in soil as opposed
to a quartz sand media. More recently Esser et al.
(2010) combined neutron radiography and tomogra-
phy to visualise the water distribution at daily
intervals at the root-soil interface for lupin (Lupinus
albus L.) and maize (Zea mays) grown in a sandy
substrate. However, as with MRI and NMR, access to
such facilities is generally limited globally, which is a
major obstacle to their uptake in this research field.

Conclusions

Throughout this review we have demonstrated the
impressive progress and enormous potential of X-
ray CT as a tool to observe and quantify in situ
root-soil interactions. Progress has been slow,
primarily because access to CT instruments for
plant and soil scientists has been restricted, and
where it has been possible, researchers have had to
contend with systems not configured for their
specific needs. The advent of industrial micro CT
systems represented a significant advance, since
instrument availability has increased rapidly and
the micro/nano scale resolutions now available
have brought visualisation of the whole root
system architecture i.e. fine roots within reach.
Equally important has been the recent application
of root tracking approaches to overcome difficul-
ties in segmenting roots from soils where their
attenuation values overlap. The plant and soil
community also stands to benefit from recent rapid
advancements in X-ray CT technology, which have
included reduction in scan and reconstruction times
by at least an order of magnitude, automated
algorithms to remove artefacts and more sophisti-
cated detectors that have significantly increased the
raw scan image quality. Such has been the recent
progress that it was only in 2009 that Gregory et
al. wrote that the main limitations to using micro-
tomography to visualise roots systems in soils is that
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typically <10 samples can be analysed in day, the
large datasets are difficult to handle and the limited
resolution means that fine roots remain unresolved.
Yet 2 years later it might be argued that none of the
above would be considered major limitations and all
have to an extent been addressed, or at the least,
significantly improved.

The next stage is to utilise the technique to address
some of the fundamental research questions in the
rhizosphere area to validate its potential, and progress
past the demonstrations of the tool that have been the
focus of most studies to date. For example, improve-
ments in X-ray CT technology and image analysis
algorithms will soon make it possible for this
approach to be extended from low throughput root
imaging studies to higher throughput applications
such as root phenotyping. Until recently, high
throughput phenotyping of root architecture has only
been possible employing soil-free approaches like
aeroponics and hydroponics or invasive procedures
such as ‘shovelomics’ (Trachsel et al. 2011). New X-
ray CT-based root imaging approaches promise to
complement and extend root screening approaches,
potentially providing breeders with a ‘deep phenotyp-
ing’ capability. For example, crop root systems could
be studied at high resolutions and in 3-D to reveal
which architectural features might be most readily
associated with water and nutrient uptake. Whilst the
resolution-sample size trade off still exists, new CT
systems are becoming available that can visualise
much larger soil columns (e.g. 30 cm diameterx
100 m length), effectively scaling up on what has
previously been possible and removing some of the
previous/current limitations associated with plants
becoming pot bound. The quality of ‘region of
interest’ scans i.e. zooming into to a large sample
and scanning a smaller volume at a higher resolution
has also recently improved. With the addition of
sample automation, much greater throughput and/or
4-D resolution will also be possible. The increase in
throughput raises important issues relating to exper-
imental replication. It will be equally important to
bring together researchers from around the world, as
shown by Baveye et al. (2010), to ensure careful
optimisation of image quality and the development of
new, rigorous image analysis protocols and tools to
minimise elements of subjectivity. In summary, X-ray
CT looks set to become an important tool for plant
and soil scientists in the coming years.
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