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SPECIAL SECTION: BELOWGROUND PHENOTYPING
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potential for this technology; however, the broad application of this platform is ham-

pered due to the prohibitively long scanning time to obtain 3-D images. By increasing

the field strength, and therefore the signal-to-noise ratio, faster scan times can enable

a more useful system for root phenotyping.

1 | INTRODUCTION

It is well established that root system architecture plays an
important role in plant growth and productivity (Fenta et al.,
2014; Henry et al., 2011; Kano-Nakata et al., 2019; Lopez-
Bacio et al., 2003; Paez-Garcia et al., 2015; Wasaya et al.,
2018). Soil conditions such as pH, temperature, and salin-
ity affect root system architecture (Koevoets et al., 2016) and
hence are important considerations in the plant breeding pro-
cess. However, in situ nondestructive root measurements for
the purpose of crop improvement are difficult, due to the
opaque nature of soils. The process of measuring roots in
natural soil is labor intensive and often requires digging root
and washing away soil before measurements can be acquired.
Characterizing root traits of crops growing in soil is impor-
tant to generate crop phenotypes that have drought tolerance
(Ayalew et al., 2015; Fenta et al., 2014), improved nutrient use
efficiency (Garnett et al., 2009), and increased rooting depth
and biomass for enhancing soil organic carbon storage (Paus-
tian et al., 2016).

Root phenotyping can be subdivided into two categories:
(a) greenhouse and/or growth chamber-based phenotyping
and (b) field-based phenotyping. In greenhouses and growth
chambers, the environment is highly controlled which per-
mits the construction of meticulous experiments. However,
replicating plant-to-plant interactions and other soil and envi-
ronmental conditions such as light and temperature fluctua-
tions, wind, soil structure, and soil heterogeneity are difficult
to achieve in greenhouses and growth chambers. Greenhouse
techniques for root phenotyping include growing plants in
hydroponics (Ayalew et al., 2015), clear gel growth media
(Ma et al., 2019), or aeroponics (Pingault et al., 2018) to
study root structure. These systems allow roots to be mea-
sured and inspected more easily, but at the cost of not quantify-
ing the effect of the natural soil environment on root growth.
When natural soils are used in growth chamber and green-
house experiments, the soil is often ground and packed into
pots or rhizotrons. Packing dried and ground soil removes nat-
ural preferential pathways associated with soil structure and
homogenizes soil porosity and texture, thus changing the root-
ing environment from those found in intact soils. Rhizotron
edges also restrict root growth, resulting in edge effects at
some point during the plant’s growth.

In-field root phenotyping affords researchers the opportu-
nity to investigate plant-to-plant interactions, soil-plant inter-

actions, and the effect of environmental factors and manage-
ment practices on root growth. However, field-based root phe-
notyping has less sophisticated tools available for measuring
root growth and architecture. A common field-based method
is the excavation and washing of roots, also known as “shov-
elomics.” Typically, roots are either scored visually (Trachsel
et al., 2011) or imaged on a processing platform to quantify
root morphometrics (Bucksch et al., 2014; Grift et al., 2011).
This method allows the quantification of many root traits, is
low tech (high usability) and can be used for high through-
put. Shovelomics, however is labor intensive and the true root
system architecture cannot be known once the soil is removed,
making it difficult to determine how much information is lost.
Shovelomics tends to work well for core root metric informa-
tion such as nodal root length or root crown size.

Other field-based methods include use of mini-rhizotrons
(Iversen et al., 2012), electrical root capacitance (Chloupek,
1997; Messmer et al., 2011), and soil coring (Fenta et al.,
2014; Wasson et al., 2014). The mini-rhizotron method pro-
vides information on timing and abundance of root growth
but does not provide useful root architecture data because
roots in this system tend to preferentially grow around rhi-
zotron tubes. Electrical root capacitances can provide esti-
mates of root biomass nondestructively, thus providing root
biomass accumulation over time. Capacitance methods lack
the ability to produce root length, diameter, or architectural
information. Collecting soil and root cores allows root diam-
eters to be correlated with depth and distances from the main
stem but does not provide root architectural information or
total root biomass accumulation over time since the plant is
destroyed during sampling. In addition, working in soils con-
taining high amounts of silicate clays is difficult because of
the chemical and physical properties of silicate clays (Logs-
don, 2009; Miller et al., 2002). Lack of advanced tools suitable
for field-based root phenotyping is a significant impediment
to root phenotyping in the field (Fenta et al., 2014). There-
fore, root phenotyping technologies that can be operated in the
field and can capture the interaction between genetics, envi-
ronment, and management (G X E X M) are needed.

Various imaging systems such as 2-D optical scanners
(Araujo et al., 2004) and X-ray computed tomography (CT)
(Mairhofer et al., 2013; Mooney et al., 2012) have been used
for root phenotyping. The 2-D optical scanners work well
for small seedlings in a laboratory setting, but roots quickly
run out of room as they develop. In addition, the system
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requires that roots are pressed between two surfaces for imag-
ing, resulting in relatively simple 2-D root structure. X-ray
CT systems are effective at imaging root system architecture.
However, these systems have difficulty segmenting roots from
soil. In addition, safety and infrastructure requirements make
these systems best suited for laboratory use only, at this junc-
ture.

Magnetic resonance imaging (MRI) systems have been
tested and used for both above and below ground plant pheno-
typing (Borisjuk et al., 2012; Fiorani & Schurr, 2013). High
field MRI systems (ranging from 1 to 10 T) have been used
to measure soil water relaxation times. Studies have found
that different soil types have unique relaxation times, thus
developing a universal calibration method is difficult (Hall
et al., 1997; Metzner et al., 2015). High-field MRI has shown
the ability to differentiate between soil water and root water
(Rogers & Bottomley, 1987). However, magnetic material
found in some soils tends to create significant distortions in
the images when operating at high field, especially in soil
with more than 10% clay content (Pflugfelder et al., 2017), or
more than 4% paramagnetic material by weight (Dusschoten
et al., 2016). High-field MRI systems are capable of creating
high-quality 3-D root system architecture images and generate
root phenotyping data (Gruwel, 2014; Hillnhutter et al., 2012;
Metzner et al., 2015). However, due to the aforementioned
soil constraints, coupled with high power demands and MRI
sensitivity to environmental radio frequency (RF) noise, these
systems are often overlooked for root imaging. Bagnall et al.
(2020) showed that by using a low-field magnetic resonance
imaging (LF-MRI), roots could be detected and visualized in
high clay soils in a controlled environment. That work demon-
strated the use of a LF-MRI system to mitigate the detrimen-
tal effects that magnetic material found in moderate and high
clay soils have on MRI quality. This LF-MRI approach bal-
anced the competing aspects of signal averaging, image reso-
lution, and acquisition time to obtain images of good quality
over practical acquisition times. Low-field MRI data collec-
tion has also been paired with a novel deep neural network
method (AUTOMAP) to improve the quality of the recon-
structed images (Koonjoo et al., 2021; Zhu et al., 2018). The
LF-MRI system was prototyped and tested under laboratory
conditions so it was unknown how well the equipment would
function under field conditions and the impact that environ-
mental electromagnetic noise could have on the data quality.

In this paper, we present the design, operation, and imaging
results from a mobile field-deployable 47 mT (2 MHz Larmor
frequency) MRI Rhizotron system. A truly field-based system
must work in hot and humid environment of an agricultural
field and work in natural soils. Using techniques from Bagnall
et al. (2020), we demonstrated that the LF-MRI system was
capable of collecting 2-D and 3-D root system architecture
images under agricultural field conditions. We addressed this
goal through the following specific objectives: (a) design and
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Core Ideas

* The goal of this work was to develop and test a
novel field-based root imaging system.

* This work is the first step in the development of a
truly mobile in-ground field-based low-field-MRI
system.

* Low-field MRI worked well for root imaging in
high clay soils under field conditions.

construct a field deployable LF-MRI system and (b) demon-
strate the use of LF-MRI system in an agricultural field for
root image data collection.

2 | MATERIALS AND METHODS
2.1 | The LF-MRI field-deployable rhizotron
system

The LF-MRI Rhizotron was designed to operate in the green-
house or agricultural field under environmental conditions of
high air temperature and humidity. These requirements placed
an upper bound on the size and weight of the system. The abil-
ity to switch off the magnetic field if needed for safety while
operating in a field informed the decision for building the LF-
MRI Rhizotron platform around an electromagnet rather than
a permanent magnet. The Rhizotron also needed to be large
enough to capture a significant portion of the root system to
be useful in root phenotyping. A cylinder with inner diameter
and height of 25 cm (12.7 L) was a sufficient balance of these
competing requirements.

A schematic of the field equipment layout of the LF-MRI
Rhizotron system is shown in Figure 1. Field equipment
included generators, an air-conditioned trailer, and other items
to support the magnet and data acquisition. The trailer con-
tained LF-MRI electronics and computing equipment and was
powered by the two generators. The water chiller and oil pump
worked in tandem to keep the LF-MRI electromagnet from
overheating.

2.2 | Description of LF-MRI electromagnet

The in-field LF-MRI Rhizotron was comprised of both pre-
fabricated and specially fabricated equipment. Because
mobility was LF-MRI Rhizotron, a
3.6 X 1.5 X 1.5 m box trailer was used to keep sensi-
tive equipment cool and protected from rain and dust. The
trailer was outfitted with a heating and cooling unit and was

crucial for the
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FIGURE 1
imaging (LF-MRI) Rhizotron equipment layout for field data

Schematic of the low-field magnetic resonance

collection. Two generators powered the trailer, water chiller, and oil
pump. An air-conditioned trailer housed the LF-MRI control
electronics, which is connected to the electromagnet. Solid lines denote
electrical connections, the dotted line denotes a water line connection
and the dot-dash-dot line an oil hose connection

wired with two electrical panels. Each panel was powered
by a single 220V AC (alternating current) gasoline-powered
generator (XP12000EH, Duromax). The generators were
placed approximately 12 m away on the opposite side of the
trailer from the electromagnet to reduce acoustic noise and
minimize RF interference.

The electronic and computing equipment for the Rhizotron
system included an MRI console (Redstone, Tecmag), which
acted as a system controller for the LF-MRI Rhizotron. The
console tower also housed the RF receiver, RF transmitter,
and magnetic field gradient amplifiers. A separate power sup-
ply converted the AC voltage to DC voltage for operating the
electromagnet system (Figure 2).

Three amplifiers (model 2105, AE Techron) with a 50 A,
45V max were operated at 10 A to drive the gradient coils
(Figure 3a). An RF power amplifier (BT-0100 Alphas S-T,
Tomco) (Figure 3b), which has a 1,000 W pulse max, was
operated at a 200 W output used to operate the RF trans-
mitter coils. Three switching power supplies (Model 6032A,
Hewlett-Packard) were used to power the electromagnet. Inte-
rior LED lighting, a desktop computer, and an air-cooling sys-
tem were also housed and operated inside the trailer.

The cooling system, magnet, gradient coils, and RF coil
were located outside the trailer. The magnetic field was pro-
duced by an electromagnet with a solenoidal main coil and
two end-correction coils, all of which were wound on a stain-
less steel bobbin (Figure 4). The static magnetic field (B)
was produced through the main coil, a 300-kg winding of 16
American wire gauge heavily enameled copper wire. The bob-
bin was made from 300-series stainless steel; the winding was
81-cm long and had an interior diameter of 40.6 cm. Twenty-
six electrically independent layers of wire wound with the
same helicity created neat, closely packed coils. The layers
were wired as thirteen units in parallel, each unit composed of
two layers in series. This winding was operated at 26 A with
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a warm voltage drop of 50 V, corresponding to 2.0 A in each
wire. The series-parallel configuration was selected to pro-
vide an appropriate load to the power supply; however, this
configuration provided an additional benefit of having most
layer-to-layer voltages being near zero.

To improve magnetic field spatial homogeneity, end-
correction windings were also included in this design
(Figure 4). Each end-winding was 13 layers with a total verti-
cal length of 17 cm. The magnetic field was calculated along
the solenoid symmetry axis by Biot-Savart methods, and the
length and number of turns of the end correction windings
were chosen to eliminate the second and fourth axial deriva-
tives at the center of the imaging volume. The resulting elec-
tromagnet is a so-called “sixth-order” design where the first
nonvanishing axial derivative is the sixth derivative.

Three HP 6032A switching power supplies were used to
power the electromagnet in constant-current mode. Two of the
power supplies were used in series to power the main magnet
solenoid. The third power supply provided power to the end
correction coils. The total power of roughly 2 kW appeared as
heat in the windings and was removed by circulating coolant
oil.

The magnetic field gradient coils sat inside the main
solenoid magnet and allowed spatial information to be
encoded in the MRI signal. The gradient coils also provided a
method to improve the magnetic field uniformity with small
linear increases/decreases to the field (Bg) in the X, Y, and
Z directions (also called shimming). For this system, the gra-
dient coils followed the design of Suits and Wilken (1989).
These coils provided better linearity than a simple Maxwell
pair (for Z gradient) and Golay coils (for X and Y gradients)
and were made from 18 American wire gauge enameled wire.
The transverse gradient coils (X and Y) were positioned on
a thick polyethylene sheet with grooves to hold the windings.
Epoxy was used to bind the windings into an assembly unit.
The eight flat assemblies (four each, for X and Y) were curved
to fit onto a 35.56-cm outside diameter polyvinyl chloride
tube (PVC); the coils were epoxied in place after z gradient
coils were wound directly onto the PVC (Figure 5). All gradi-
ent coils were secured by winding the assembly with epoxied
nylon webbing. The assembly was housed inside the electro-
magnet bobbin on a PVC pipe. The coils produced 100 pT
A~! cm!, yielding adequate gradient strengths with currents
under 10 A. An active cooling system for the gradient coils
was found to be unnecessary.

The RF coils had a quadrature mode transmit/receive RF
coil design with X-directed and Y-directed saddle RF coils.
Driving the two at a 90° phase difference produces a rotat-
ing RF field. Compared to linear polarization, the quadrature
design results in a 3 dB improvement in received signal-to-
noise ratio (SNR) and a 41% increase in RF field strength
(B;) for a given transmitter power. The coils were wound
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FIGURE 2 Low-field magnetic resonance
imaging (LF-MRI) Rhizotron electronic
components schematic

Magnet Power
Supply

LF-MRI
Electromagnet

Gradient coils

Gradient

Computer }—“

amplifiers

!

MRI Console

FIGURE 3

FIGURE 4
bobbin, wound with copper wire. The gray plastic polyvinyl chloride

The magnet (left) was constructed on a stainless-steel

(PVC) housing (right) used recirculating oil to cool the magnet

on 28.9 cm outside diameter PVC using 0.635 cm copper
refrigeration tubing. Where coils crossed, one was flattened
against the PVC (Figure 6) and the other was flattened to the
opposite side so that, despite overlapping, the coils were the
same diameter. The RF coil was resonated using polyester film
capacitors that were hand selected to bring the two coils (X
and Y) to the same resonance frequency within 2 kHz. The

RF power

amplifier (Tx) RF coil

Quadrature
Combiner/Splitter

RF
pre-amplifier (Rx)

Low-field magnetic resonance imaging (LF-MRI) subsystems: X, Y and Z gradient amplifiers (a), and radio frequency amplifier (b)

FIGURE 5
imaging (LF-MRI) magnet. Z gradient coils were wound directly onto

Gradient coils for the low-field magnetic resonance

the plastic polyvinyl chloride (PVC) pipe, while X and Y gradient coils
were constructed using a form and attached later. The gradient coils are
located between the magnet and the radio frequency coil



6of 11 The Plant Phenome Journal .

FIGURE 6 The radio frequency coil was constructed using a
quadrature design with X and Y direction saddle coils and was wound
on 28.9 cm plastic polyvinyl chloride (PVC) pipe

two saddle coils were constructed and mounted perpendicu-
lar to each other to avoid coupling. One turn of each resonant
coil was connected to a coaxial driving cable using capacitive
coupling.

The oil pump and water chiller were situated close to the
magnet and were used in tandem as a cooling system for the
electromagnet. The water chiller (CFT-75, Thermo Neslab
LLC.) was used to circulate 20 °C tap water using a 0.635-cm
diameter copper refrigeration tubing wound around the elec-
tromagnet and resting in hydraulic fluid. Hydraulic fluid was
used as a cooling oil and was circulated around the main and
end windings of the electromagnet via the oil pump. With this
design, we did not have any noticeable temperature increase
of the sample above what was normal from being outside on
a sunny day.

A quadrature combiner/splitter was used to drive the
quadrature RF coils. The combiner/splitter was constructed
in-house from lumped inductors and capacitors (Figure 7) and
placed in-line between the Redstone console and the RF coils.

2.3 | LF-MRI magnet lift system

Two considerations during the design phase for the LF-MRI
Rhizotron were the size and mobility of the electromagnet unit
in the field. The operating weight of the electromagnet assem-
bly (electromagnet coil, RF coil, Gradient coil, and coolant)
was approximately 453.6 kg. For mobility, a lift system was
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FIGURE 7
frequency coils

Combiner/splitter used to drive the quadrature radio

designed to safely lift and move the electromagnet assem-
bly around an experimental site, and to precisely position the
assembly as needed.

Two 92-cm long, 0.635-cm right angle guide rails were
welded to steel rectangular tubing. The rails supported a
101-cm long I-beam laid perpendicular to the guide rails and
rested upon four 10-cm cast iron v-grove wheels, mounted at
either end of the I-beam (Figure 8). A tractor with a front-end
loader system fitted with forks was used as the platform for
the lift system; the forks were used to slide into the rectangu-
lar frames supporting the guide rails. A one-ton I-beam walker
was fitted on the lower flange of the I beam (Figure 8a). The
walker enabled the suspended electromagnet assembly to be
moved left or right for precise positioning of the electromag-
net above the annular hole. In addition, a one-ton chain hoist
was attached to the I-beam walker to allow the electromag-
net assembly to be raised and lowered. The chain hoist was
secured to the electromagnet assembly by connecting eight
nylon lifting straps from the assembly to the end of the chain
hoist (Figure 8b).

2.4 | Field data collection

Field data was collected at the Texas A&M AgriLife Research
Field Laboratory in Burleson County, TX. Energy sorghum
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FIGURE 8
imaging (MRI) lift system utilized a chain hoist

(a) The magnetic resonance

mounted on an I-beam walker. (b) The I-beam was
mounted on a set of rollers. This allowed the lift
system to place the MRI anywhere inside a 0.8 m?
area

hybrid TX08001, Sorghum bicolor (L. Moench) was planted
with a row spacing of 76 cm in two soil types: (a) Weswood
silt loam, a Udifluventic Haplustept with 25% clay and mixed
mineralogy and (b) Belk clay, an Entic Hapludert with 49%
clay and mixed mineralogy. The plot sizes were 32 rows, each
30 m long. At time of planting. a solution of liquid ammo-
nium polyphosphate (11-37-0), UAN 32%, and zinc sulfate
was applied at seed depth and 5 cm to the side of the seed
to yield 45-63-0 +5 Zn (kg ha™!). The plots were sown with
enough seed to allow for thinning at 21 d after emergence to
15 cm in-row plant spacing. Seeds were treated with Con-
cep III herbicide protectant, Nugro insecticide, and Apron X
fungicide. The plots were grown with natural rainfall totaling
221 mm over the growing season. Root scans were collected
at approximately 100 d after emergence. The experimental
phase of this work started in August 2019 (approximately
15 d after planting), with 2-D images collected in late Novem-
ber 2019, and 3-D data collected in October 2020. Twelve
cores were collected for the 2-D data, with six cores collected
in the Weswood silt loam soil and six cores collected in the
Belk clay soil type. The 3-D data was collected in a simi-
lar manner in the Belk clay soil. The time span for in-field
measurement allowed the system to be tested under a range of
peak daytime temperatures (0.5-37.8 °C), along with typical
humidity, dust, and rain associated with field conditions.
The LF-MRI Rhizotron can either be placed in-ground
centered on a plant, or a core can be extracted and imaged
above ground. However, the data presented here were col-
lected with the electromagnet assembly placed on the ground
and a 25.4 cm diameter by 28 cm tall core was collected
and placed in the imaging zone. A 25.4 cm diameter PVC
pipe was pushed into the soil while centered on a sorghum
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plant. A hydraulic soil probe (Giddings Machine Company,
Inc.) mounted on a one-ton dual axle truck was used to
push the PVC into the soil. The truck was anchored into the
ground with two 20.32-cm diameter land screws measuring
182.88 cm in length. The PVC plus soil core was excavated
and placed in the electromagnet assembly for imaging.

2.5 | Imaging sequence

Imaging data was acquired to visualize root architecture using
two MRI sequences. The first approach acquired a series of
2-D projection images, and the second approach was a 3-D
sequence. For the 2-D imaging approach, frontal viewing of
the projection contained the same information as a rear view-
ing of the sample even though the images were inverted by
180°. Therefore, it was only necessary to acquire images over
180° of rotation and then calculate the remaining images by
image inversion. A series of eight projections were acquired
at different angles, each rotated 22.5° from the previous. The
eight projections were inverted, and the resulting 16 projec-
tions could be played sequentially to create an animation dis-
playing 3-D architecture of the root system. The acquisition
time for the eight projections was 2 h 16 min. Each image
matrix was 128 X 128 pixels with a field of view (FOV) of
28 cm X 28 cm, or 2.2 mm pixel ™!

For a given MRI data set, progressing from a 2-D to a 3-D
image provided more complete information about root archi-
tecture, but also significantly increased the acquisition time
due to the independent phase encoding in two dimensions.
MRI involves scanning over k-space, with the number of val-
ues to be acquired equaling the number of voxels (volume
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elements) in the final image. A 3-D image has many more vox-
els than a 2-D projection, so it has more k-values and requires
more time to acquire. In this work, an acquisition time of 13 h
yielded a 3-D image reconstructed to 128 x 128 x 128 pixels
with FOV of 28 cm X 28 cm X 28 cm, or 2.2 X 2.2 X 2.2 mm
voxels.

An MRI imaging spin echo sequence with CPMG (Carr-
Purcell-Meiboom-Gill) (Slichter, 1990) timing was used. Six-
teen echoes were acquired and summed to improve the low
SNR. An 8 ms pulse spacing (t) allowed for acquisition of sig-
nal from root water, while excluding signal from soil water. A
dwell time of 32 ps was used with a repetition time of 600 ms
for the 2-D sequence while a repetition time of 970 ms was
used for the 3-D sequence. Further details of the sequences
used here have been published in previous work (Bagnall
et al., 2020).

The program NMRooting (Pflugfelder & Dusschoten,
2020), is an open source python program used to analyze the
imaging data obtained from the LF MRI system. The program
creates an image segmentation, which is then used to calculate
all other root metrics.

3 | RESULTS AND DISCUSION

The 2-D root structure projection images collected using the
LF-MRI Rhizotron in the above ground configuration are
shown in Figure 9. The approximate acquisition time for one
image was 16.5 min. Eight projections were needed to cre-
ate a 360-degree view of the root system architecture which
took approximately 2 h 16 min. Figures 9a and 9b show sam-
ples # 4 and #6 from the Weswood soil collected during the
2019 field season. Figures 9c and 9d show sorghum roots in
the Belk and from samples #8 and #10, respectively, also col-
lected in 2019. In all cases, the displayed image is the first in
a series of eight projection images. The FOV for these images
is 280 mm, with an original image matrix of 128 X 128. The
image matrix was then zero filled to create a matrix of size
256 x 256, as displayed, using the same process described
in Bagnall et al. (2020). These 2-D images demonstrate root
architecture with a relatively short data acquisition window.
Currently however, quantitative data mining from this type
of data is difficult, labor intensive, and would require much
larger data sets than we produced here. Since 2-D images have
less information than a 3-D data set, a 3D imaging sequence
was implemented.

In the 2020 planting season, a new 3-D image sequence was
designed to address the image analysis difficulties found with
the 2-D projection data. The 3-D image sequence required a
13-hr acquisition time for each plant, with a matrix size of
128 x 128 x 128 and a voxel size of 2.2 mm. Figure 10 shows
a side view slice and a top view slice from a 3-D data set col-
lected from a sorghum plant grown in Belk clay. Data collec-
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FIGURE 9
has an in-plane resolution of 2.2 mm, and each image takes

2-D image projections of sorghum roots. This image

approximately 16 minutes to complete. (a) Weswood sample #4. (b)
Weswood sample # 6. (c) Belk sample #8. (d) Belk sample #10. The
FOV for these images are 280 mm, with an original matrix size of
128 x 128. For better visualization, a 256 X 256 zero-filled
interpolation of the root data were carried out and the images are
displayed here

tion in a 3-D format enabled the use of NMRooting software
to provide preliminary characterizaton of root traits.

The NMRooting software is an open-source Python pack-
age, which can calculate root metrics from segmentation of
the image data. Figure 11 shows a root image with the seg-
mentation overlayed on the image as colored lines. In this
case, data resolution is somewhat low, in part because of oper-
ation at very low magnetic field and consequently relatively
low SNR, resulting in only the nodal roots being seen. As can
be seen in Figure 11, the program has difficulty with the seg-
mentation and can overestimate root length. This is probably
due to being written for a high-field MRI system and would
need to be adjusted to fit the output of the specific MRI system
it is being applied to.

4 | CONCLUSIONS

We have detailed in this work the design and deployment of
a LF-MRI Rhizotron that is suitable for in-field scanning in
an outdoor agricultural setting. This work is the first step
in the development of a truly mobile in-ground field-based
LF-MRI system. The low-field system allows the MRI to be
unperturbed by operation in high clay soils and is capable of
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FIGURE 10
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Side view (a) and top view (b) slice from the low-field magnetic resonance imaging (LF-MRI) 3-D image set collected from a

sorghum plant grown under field conditions in a Belk clay soil in the summer of 2020

FIGURE 11

Segmentation of roots magnetic resonance imaging (MRI) using the NMRooting program. (a) The original image projection from

the 3-D data set. (b) The program tries to separate out and map each root, the colors represent different nodal roots and is generated by the

segmentation process

acquiring root data in the field either by pulling large cores
and imaging them above ground or by excavation and imag-
ing in situ. The system is light enough to be moved around the
field using a tractor and operates with two portable ac power
generators.

In using the ex situ field method, we were able to produce
2-D projection images with relatively short acquisition times
that showed root architecture. With longer acquisition times,
we acquired a 3-D data set. The NMRooting software provides
a good starting point for processing MRI data sets of roots but
it needs to be adjusted for the specific MRI system it is being
used with.

The work presented here demonstrates that low-field mag-
netic resonance systems can work well for imaging roots in
high clay soils under field conditions; however, the data pro-
duced by this system also indicate that the 2 MHz value
(47 mT), from a practical standpoint, is at the low end of the

usable range for root phenotyping. While we were able to col-
lect root imaging data, the resolution was relatively coarse.
Likewise, the time scale required to collect data in the 3D for-
mat is very long (13 h). From a user perspective, the system
is comparatively simple to set up and operate and works with-
out imaging artifact in high clay structured and unstructured
soils. We conclude that a higher magnetic field strength sys-
tem that still falls within the low-field range would produce
even better data and is the next step in producing a practical
and useful field based LF-MRI Rhizotron.
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