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An outdoor MRI system for noninvasive, long-termmeasurements of sap flow in a living tree in its natural
environment has been developed. An open-access, 0.2 T permanent magnet with a 160 mm gap was com-
bined with a radiofrequency probe, planar gradient coils, electromagnetic shielding, several electrical
units, and a waterproofing box. Two-dimensional cross-sectional images were acquired for a ring-
porous tree, and the anatomical structures, including xylem and phloem, were identified. The MRI flow
measurements demonstrated the diurnal changes in flow velocity in the stem on a per-pixel basis.
These results demonstrate that our outdoor MRI system is a powerful tool for studies of water transport
in outdoor trees.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

A major advantage of magnetic resonance imaging (MRI) is its
capability of acquiring data from the interior of a living sample
in a nondestructive manner. This advantage has opened up a wide
variety of applications in plant sciences. Technological develop-
ments in plant MRI have now enabled the investigation of root
and stem anatomy, and of water content and transport in roots,
stems, and leaves (see, e.g., Refs. [1,2] and references therein).

Until now, most MRI studies on intact plants have been per-
formed in laboratories or greenhouses using plants that were in
pots or vessels. These indoor measurements have been performed
in a physiologically controlled environment and have provided
valuable information on plant physiology and development in rela-
tion to the controlled environment. In contrast, outdoor MRI mea-
surements are superior to indoor ones in some respects.
Importantly, outdoor MRI allows the monitoring of physiological
processes of plants growing in their natural environment, which
is very difficult to achieve in laboratories or greenhouses. More-
over, the size of the plants to be measured is not limited by the size
of the laboratory or greenhouse, and larger trees can be
investigated.

However, there are numerous difficulties in the use of MRI sys-
tems outdoors. For example, the MRI system should be robust
enough to withstand use in a harsh outdoor environment. The
image quality might also be degraded by environmental distur-
bances such as temperature drift, external electromagnetic noise,
and strong wind. Furthermore, for long-term measurements, the
radiofrequency (RF) probe should be adjustable or should be
rebuilt to fit the target part of a tree, which grows and increases
in size during the long measurement period.

For these reasons, only a few trials have been reported on in situ
MRI measurements of plants living outdoors, although there are a
number of studies in which flow mapping was measured by means
of mobile nuclear magnetic resonance (NMR) devices in green-
houses and growth chambers but without imaging (see Ref. [3]
for a review of such studies). The first application of NMR methods
in measurement of xylem transport, although without imaging,
was developed in 1984 [4]. The NMR-MOUSE (mobile universal
surface explorer) [5,6] is a transportable NMR device that allows
the detection of NMR signals from any part of a plant in surface
proximity, although it is unsuitable for imaging because of the
small homogenous field area. At present, the imaging of plants
has been facilitated by using C-shaped permanent magnets with
open-access designs with high sample accessibility and large
homogenous magnetic fields that allow imaging of large trees. In
2000, Rokitta et al. [7] reported on a portable MRI system with
the potential of imaging living plants in their natural environment,
although they only performed indoor measurements and the imag-
ing region was limited to the 12 mm diameter spherical volume. In
2006, Okada et al. [8] reported on the first outdoor MRI measure-
ments of a living tree using a 0.3 T, 80 mm gap permanent magnet.
In 2011, Kimura et al. [9] reported an electrically mobile MRI sys-
tem with a flexible magnet-positioning system using the same
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magnet. They performed whole-day in situ measurements of the
apparent diffusion coefficient and distinguished between healthy
and diseased branches of a Japanese pear tree. In 2012, Jones
et al. [10] reported on the ‘Tree Hugger,’ an open-access, trans-
portable MRI system, for living trees using a 0.025 T, 210 mm
gap magnet. They performed outdoor MRI measurements of a large
tree for three months, and observed diurnal and seasonal changes
in the water content across the stem using spin echo sequences. In
2013, Geya et al. [11] reported on longitudinal outdoor NMR mea-
surements of a Japanese pear fruit using a 0.2 T, 160 mm gap
magnet.

Meanwhile, MRI-based flow measurements [12–18], referred to
as MRI flowmetry in this paper, refer to a frontier application that
has potential in the study of water transport in plants at the cell
level. The method of MRI flowmetry, based on propagator mea-
surements [19–21] using the pulsed field gradient with stimulated
echo (PFG-STE) or with spin echo (PFG-SE) sequences, has yielded
unique information on the sap flow on a per-pixel basis [22–32].
There are also different types of examples of mobile devices that
are capable of measuring flow but without imaging [33,34]. So
far, however, MRI flowmetry has been performed on plants in lab-
oratories only and not outdoors.

In this study, we developed an outdoor MRI system with an
open-access permanent magnet that allows MRI flowmetry of an
intact tree. We performed long-term MRI flowmetry outdoors,
and found diurnal changes in the flow dynamics.
2. Materials and methods

2.1. MRI hardware and tree

The MRI system consisted of a 0.2 T, 160 mm gap permanent
magnet (NEOMAX Engineering, Tokyo, Japan), a gradient coil set,
an RF probe, and an MRI console. The magnet (Fig. 1(a)) was the
same as in Ref. [35]. The specifications of the magnet are listed
in Table 1. Fig. 1(b)–(d) shows the installation of the RF probe. First,
the RF coil (15 turns, 60 mm length) was wound around a grooved
plastic frame mounted on the tree stem (Fig. 1(b)). Next, the RF coil
was shielded by an RF box made of 1 mm-thick acrylic plates and a
0.1 mm-thick Cu foil (Fig. 1(c)). Finally, to reduce the external elec-
tromagnetic noise, the RF probe was covered by a three-layer Al
foil (40 lm thick) (Fig. 1(d)).

The magnet, gradient coil set, RF probe, and other electronics
were waterproofed by using a box made of acrylic plates (Fig. 1
(e)) and covered by a vinyl sheet. The magnet temperature was
kept almost constant by Si heaters and 8 mm-thick heat insulators
made of polyethylene foam and Al sheet. To minimize the temper-
ature drift, a temperature controller with proportional–integral-d
erivative controllers was used. As the magnet has a large heat
capacity, the heat from the gradient coils would hardly affect the
temperature control. The temperature drift of the magnet was
�0.3 �C when the temperature outside the box changed by 10 �C,
and the typical field drift was 1500 Hz/h (Fig. 1(f)). To compensate
for the frequency drift, we used the field-frequency lock approach
[36], in which the free induction decay (FID) was recorded at the
beginning of the scan, and the base frequency was adjusted accord-
ing with the Larmor frequency calculated from the FID signal. The
field-frequency lock was performed at the beginning of the image
acquisition with the interval of 7 min, during which the field drift
was only 175 Hz.

We used the home-made gradient coil set (Fig. 1(g)). The
z- (defined as the B0 direction) and y-gradient coils were the
same as in Ref. [35], which were designed using the target field
approach [37]. The x- (defined as the vertical direction) gradient
coil was newly designed to maximize the gradient efficiencies
under the constraints of 10% gradient linearity using the genetic
algorithm [38]. The specifications of the gradient coils are listed
in Table 2. For the x-gradient, two layers of the same wire pattern
were stacked in such a way as to double the efficiency. The gra-
dients were not actively shielded, and the RF system did not
allow Carr–Purcell–Meiboom–Gill (CPMG) sequences because of
the large eddy currents, as will be discussed later. The offsetting
on the x, y, and z gradient coils were used to shim the field
inhomogeneity.

The MRI console consisting of a transmitter (T145-5075 A,
100 W, 5–80 MHz, Thumway, Fuji, Japan), gradient driver (10 A,
DST Inc., Asaka, Japan), MRI transceiver (DTRX-4, MRTechnology,
Tsukuba Japan), and a personal computer, was placed in a roofed
space (Fig. 1(h)). The total weight of the MRI console was about
100 kg. The console was also covered by a vinyl sheet.

The air temperature and relative humidity were measured at
10 min intervals with a sensor (TR-72WF, T and D Corp., Nagano,
Japan) located inside a Stevenson screen placed 2 m away from
the tree (Fig. 1(h)). The solar radiation was recorded at 5 min inter-
vals with a sensor (ML-020S-O, Eko Instruments, Tokyo, Japan)
located on the Stevenson screen. The volume of water content
was recorded at 30 min intervals with a soil moisture sensor
(SM300, Delta-T Devices, Cambridge, United Kingdom) buried at
a depth of 20 cm from the ground surface.

We measured a Zelkova serrata, which is a ring-porous, decidu-
ous tree. The tree was first planted, and the magnet was then
placed such that the tree was located through the center of the
magnet gap. A part of the trunk at 400 mm above ground was
measured.

2.2. MRI measurements

The 2D spin-echo sequences with different echo times (TEs) and
repetition times (TRs) (matrix size = 128 � 128, band-
width = 25 kHz) were used to investigate the anatomical structures
and the T1 and T2 relaxation times.

For flow measurements, we used PFG-STE (TE = 40 ms,
TR = 800 ms, slice thickness = 40 mm, number of excitations
(NEX) = 4, matrix size = 128 � 128, bandwidth = 25 kHz, field of
view (FOV) = 120 mm � 120 mm, pixel size = 0.94 mm � 0.94 mm,
duration of the two PFG pulses (d) = 10 ms, and spacing of the two
PFG pulses (D) = 100 ms). The amplitude, g, of the two PFG pulses
was varied between�33.8 and 33.8 mT/m at intervals of 4.23 mT/m,
corresponding to the maximum q (qmax) = 1.44 � 104 m�1 and
Dq = 1.80 � 103 m�1, where q is defined as q = cdg/2p and c is the
gyromagnetic ratio of protons. The measurement time of one data-
set (16 images with different q values) was about 2 h.

2.3. Flow analysis

The flow velocity was calculated from the q-space imaging (QSI)
data on the basis of the propagator approach [24,25]. The QSI data-
set were zero-filled to 32 sets at each point in the image space
before Fourier transformation in q-space. For flow calibration, the
phase of each QSI data was corrected using the first-order spatial
polynomial fitting in such a way that the phases at four oil phan-
toms (4 mm in diameter) located outside the trunk were zero.
Next, the propagator P(R, D), the probability distribution of dis-
placement R in the direction of the PFGs within D, was calculated
on a per-pixel basis. The propagator was averaged spatially by
using an average filter with a window size of 3 � 3 to increase
the apparent signal-to-noise ratio (SNR). The use of the larger win-
dow size lowered the spatial resolution greatly. The flow was eval-
uated from the propagator on the basis of the averaged window
according to the following procedure. The fact that the stationary
propagator is symmetrical around zero on the R axis was used to



Fig. 1. The MRI system and the tree. (a) 0.2 T, C-shaped permanent magnet with a gap of 160 mm. (b–d) Installation of the RF probe. The RF coil was (b) wound on an acrylic
frame attached to the trunk and (c) covered by the RF shield box. Next, the RF shield box was (d) covered by Al foil. (e) The waterproof system. The magnet, gradient coil set,
RF probe, thermal control unit, and other electronics were waterproofed by a box made of acrylic plates. (f) Example of temporal variations of frequency shift Df and air
temperature. (g) Gradient coils. Gx: x-gradient coil, Gy: y-gradient coil, Gz: z-gradient coil. (h) MRI console and Stevenson screen where sensors of temperature, humidity, and
solar radiation were placed. (i) Sap flow meter.

Table 1
Specifications of magnet.

Magnet

Field strength, T 0.2
Gap, mm 160
Weight, kg 520
Size, mm 700 (depth) � 500 (width) � 450 (height)
Nominal field

homogeneitya
34.6 ppm over a 200 mm � 200 mm � 120 mm
diameter ellipsoidal volume

a Peak-to-peak value.
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separate stationary water from flowing water. Half of the propaga-
tor that did not include the flowing propagator was fitted to a half-
Gaussian function. Next, the propagator in the non-flow direction
was mirrored in the R axis and subtracted from the propagator in
the flow direction. The remaining part of the propagator PF(R, D)
represented the displacement distribution of the flowing water
and was calibrated into PC(R, D) by dividing it by the average inte-
gral Iref of propagators of pixels in the reference oil phantoms:

PCðR;DÞ ¼ PFðR;DÞ=Iref :



Table 2
Specifications of the gradient coils.

Gradient coils

Gap, mm 160
Target field region, mm 200 (x) � 200 (y) � 120 (z)
Diameter of current plane, mm 360
Number of turns of wire (x and y) 24
Number of turns of wire (z) 30
Current efficiency (x), mT/m/A 6.76
Current efficiency (y), mT/m/A 1.23
Current efficiency (z), mT/m/A 2.62
Maximum current efficiency (x), mT/m 67.6
Maximum current efficiency (y), mT/m 12.3
Maximum current efficiency (z), mT/m 26.2
Rise time (x), ms 1.2
Rise time (y), ms 0.8
Rise time (z), ms 0.8
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The flow-conducting area per pixel, A, was calculated by adding
propagator intensities multiplied by the pixel area, Aref:
A ¼
XRmax

R¼0

PCðR;DÞAref :

The volume flow per pixel Q was calculated as
Q ¼
XRmax

R¼0

ðPCðR;DÞRÞAref=D:

The average linear velocity per pixel, �v , was calculated as
�v ¼ Q=A. The stationary water area per pixel was calculated in
the same way as the flow-conducting area per pixel but with the
use of the complete Gaussian function generated from the half
Gaussian fitted to the non-flow direction. In the flow maps, the
upward flow is positive.
2.4. Simulation

We used the relatively small maximum of PFG because of the
hardware limitation. This may cause truncation artifacts in the
propagator and result in a large error in the flow estimation, partic-
ularly when the flow is slow. To confirm that this is not the case,
we performed a simple simulation as follows. First, we considered
a hypothetical propagator consisting of 70% stationary water and
30% flowing water at D = 100 ms. The propagators of stationary
and flowing water were determined in such a way to mimic a typ-
ical flowing propagator measured in this study, as follows. The
propagator of stationary water was assumed to follow a Gaussian
curves with the standard deviation of 25 lm. The propagator of
flowing water was assumed to be a laminar flow with self-
diffusion [22] that consisted of a rectangular function broadened
by a Gaussian with the standard deviation of 25 lm. Next the aver-
age linear velocity of hypothetical flowing water was determined
by dividing half of the maximum displacement of the rectangular
function by D. Next, the Fourier transform of the hypothetical
propagator was sampled with the same intervals and maximum
of the q-values and 16 PFG steps as were used for the flow mea-
surements. Finally, the sampled data were zero-filled and analyzed
according to the flow analysis method described before. The errors
between the simulated and hypothetical flow volumes were calcu-
lated as a function of the average linear velocity of flowing water.
For comparison, the hypothetical propagator was sampled with the
same intervals but with the larger numbers of maximum
(qmax = 11.5 � 104 m�1) of the q-values and 128 PFG steps, and
analyzed by the same procedure as described above.
2.5. Sap flow measurements

Sap flow was measured with a conventional sap flow meter
(SFM1 Sap Flow Meter, ICT International, Armidale, Australia)
using the heat ratio method (HRM) principle [39]. The temperature
sensors and heater were inserted into the holes drilled in the stem
at 450 mm above the center of the imaging volume (Fig. 1(i)). The
sap flow velocity at 7.5 mm deep from the bark surface was mea-
sured at 10 min intervals. For sap velocity calibration, the thermal
diffusivity of the fresh wood was set to be a nominal value of
2.5 � 10�3 cm2 s�1. The sap volume flow per pixel was calculated
by multiplying the measured sap velocity by the pixel area.
3. Results

3.1. MR images of the growing tree

Fig. 2(a)–(f) presents spin echo images of the tree measured
during almost two seasonal years from spring 2014. The SNRs of
the images were high enough to visualize the anatomical struc-
tures, and the growth rings, which are a typical feature of ring-
porous trees, were distinct in the images.

From spring to summer, the tree grew at a fast pace. The early-
wood that developed during this period was observed as a large
bright region in the summer (Fig. 2(b)). After summer, the growth
speed decreased, and the latewood developed outside of the early-
wood (Fig. 2(c)). From winter 2014 to spring 2015, the tree almost
stopped growing, and there was only a slight increase in the diam-
eter of the trunk. In winter 2014, the secondary phloem, which was
located outside the latewood, was not distinguishable from the
other regions, whereas in early spring 2015 (Fig. 2(d)), the phloem
was imaged as a bright, ring-shaped structure in clear contrast
with the other regions. From spring to late autumn 2015 (Fig. 2(e
and f)), the tree grew in the same manner as in the previous year
but at a faster pace.

Fig. 2(g) and (h) presents the relaxation-time maps measured in
late autumn 2015. There was a large difference in relaxation time
between latewood and earlywood. The T1 value was longer in the
earlywood than in the latewood, and T2 also showed the same ten-
dency. The observed difference would mainly result from the size
difference in the water vessel. The relaxation time decreases with
the size of the plant cell [29]. In general, the earlywood contains
many more larger vessels than latewood, and this would result
in the smaller decrease in relaxation time. Fig. 2(i) presents the
magnification of the T1 image and the anatomical structures esti-
mated from the relaxation maps. The earlywood regions that
developed in 2014 and 2015 (EW2014 and EW2015) exhibited
longer T1 values than the latewood regions that developed in the
same timeframe (LW2014 and LW2015).
3.2. MR flowmetry in the late autumn

Fig. 3 shows the results of MRI flowmetry obtained in late
autumn (November 28, 2015). The quantitative flow maps repre-
senting the average volume flow (Fig. 3(a)), flow conducting area
(Fig. 3(b)), average linear velocity (Fig. 3(c)), and the stationary
water (Fig. 3(d)) show a clear spatial difference in the stem. The
shape and position of the xylem flow corresponds closely with
the xylem region visible in the anatomical reference provided by
the T1 and T2 images. In the volume flow map, the large upward
flow was visible in EW2015 and the slight but nonnegligible flow
also appeared in EW2014. The average volume flow over
EW2015 was 7.6 � 10�2 mm3 s�1. The standard deviation of the
volume flow over the reference phantom region was 1.8 � 10�2

mm3 s�1, which gives a rough estimation of the noise level in the



Fig. 2. MR images of the growing tree. (a)–(f) Spin echo images obtained on (a) 5/1/2014, (b) 8/3/2014, (c) 12/3/2014, (d) 4/13/2015 (e) 6/26/2015, and (f) 11/31/2015; TE/
TR = 20 ms/800 ms. (a) FOV = 80 mm � 80 mm; (b)–(e) original FOV = 100 mm � 100 mm, and the margins of the images were cut. The size of the final images was
80 mm � 80 mm. (f) FOV = 120 mm � 120 mm. (g) and (h) T1 and apparent T2 images obtained on 11/30/2015. The slice thickness was 40 mm. The spin echo images with
TE = 20 ms and TR = 200, 400, 800, 1200, and 3000 ms were used for the T1 calculation, and with TE = 20, 30, 40, 50, and 60 ms, and TR = 1200 ms were used for the apparent
T2 calculation. (i) Magnification of the T1 image and schematic of ring-porous structures estimated from the T1 images. EW2014 and EW2015: earlywoods developed in 2014
and 2015, LW2014 and LW2015: latewoods developed in 2014 and 2015, SP: secondary phloem.
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volume flow map. The average linear velocity over EW2015 was
0.65 mm/s.

The pixel propagator at the position showing almost maximum
flow volume is depicted in Fig. 3(e). The measured flowing propa-
gator ranged below R = 200 lm and no wraparound was observed
on the R axis.
3.3. Simulation result

The simulation results performed under conditions similar to
the experimental conditions are shown in Fig. 4. The hypothetical
propagator (Fig. 4(a)) and its Fourier transform shows truncation
at q = qmax (Fig. 4(b)) because the signal was not sufficiently atten-
uated. Although this caused a ringing artifact in the simulated total
propagator (Fig. 4(c)), the analyzed flowing propagator was less
affected by the artifact. The errors between the hypothetical and
simulated flow volumes were within about 10% for N = 16 (where
N is the number of sampling points), if the average linear velocity
was above 0.15 mm/s. This threshold velocity could give a rough
estimation for the lower limit of the flow velocity detectable under
this particular experimental condition.
3.4. Diurnal flow variation

Fig. 5 shows the diurnal variations of the average volume flow.
The volume flowmaps measured at midday on different days show
a gradual decrease with passing time (Fig. 5(a)–(g)). This feature is
also clearly seen in Fig. 5(h), which shows the volume flow aver-
aged over entire xylem regions (including EW2014, LW2014,
EW2015, and LW2015). The flow volume changed periodically
within the day and it was high during daytime and low at night.

The sap flow volume measured with the conventional sap flow
meter (Fig. 5(i)) showed the same time dependency as the flow vol-
ume measured by QSI (Fig. 5(h)), although there was a slight differ-
ence in magnitude. The flow volumes measured by QSI and the sap
flow meter correlated well with each other (Pearson’s r = 0.82,
P < 0.0001).
Fig. 5(j and k) shows pictures of branches taken during the mea-
surement times. The tree was a deciduous tree that did not have
any leaves during winter. There were many leaves remaining on
the branches in earlier days (Fig. 5(j)) and they fell mostly in later
days (Fig. 5(k)). This would cause the gradual decrease in the flow
volume, because leaf transpiration is a major driving force for
xylem flow.

The detailed diurnal and spatial variations in volume flow and
their relationships with meteorological data are presented in
Fig. 6. The flow changed rather uniformly depending on the time
of day (Fig. 6(a–d and f)). The flow volume was the largest in
EW2015, and was almost the same as in the other xylem regions.
The flow volume correlated well with the temperature, relative
humidity, and volume water content.

4. Discussion

We have successfully demonstrated in situ MRI-flow measure-
ments for a tree living in the outdoors. To our knowledge, this is
the first report on MRI flowmetry performed on an outdoor tree.
To achieve this, we overcame several of the difficulties of making
long-term, outdoor MRI measurements of a living tree.

First, the MRI hardware should be protected to withstand use in
a harsh outdoor environment that often changes rapidly and dras-
tically. In our system, the MRI hardware including the magnet, gra-
dient coils, RF probes, and electronic instruments were covered by
an acrylic box and vinyl sheet, and this protection was sufficient for
long-term use outdoors. Second, the RF probe should be adjustable
to fit a plant that is growing and increasing in size. To adjust for the
growing tree, we changed RF probes four times during the two-
year measurement period. The third issue was the temperature
drift of the permanent magnet. The NdFeB permanent magnet used
in this system had a large thermal coefficient about –1000
ppm/degree. The large temperature change outdoors may lead to
a large B0 drift and may result in image artifacts or failure in drift
compensation using the field-frequency lock approach. The magnet
used in our system was thermally insulated by a polyethylene
sheet attached to the magnet and by the plastic case waterproofing



Fig. 3. Results of MRI flowmetry measured in late autumn (11/28/2015). (a) Volume flow. (b) Flow-conducting area. (c) Average linear velocity. (d) Amount of stationary
water. (e) Propagators measured at the position indicated by the black square in (c).
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the magnet and the electronics. This insulating system resulted in a
small temperature drift of the magnet. To overcome this small
temperature drift, the field-frequency locking was used to enable
artifact-free imaging. Fourth, the external noise coming through
the tree might have caused artifact lines on spin-echo images cor-
responding to the frequencies of the noise. In our system, the Al
foils covering the tree trunk reduced the external noise effectively,
and no artifact lines appeared on the images. Finally, the field
homogeneity may suffer during the transportation of the magnet
or be degraded during prolonged use because of the deterioration
of the magnetic materials. Although it was difficult to measure
the actual homogeneity, the overall image qualities were
unchanged during the two years of measurements, which demon-
strates that the homogeneity remained sufficiently high.

The robustness of the system was demonstrated by the long-
term measurement of spin-echo imaging (Fig. 2). Latewood, early-
wood, and phloem were identified using the time series images
and relaxation time maps. It should be noted that we used rela-
tively long TE values for the T2 measurement and the measured
T2 values were different from the true T2 of the sample. In plants,
there are a large number of air–water interfaces around cells,
which causes large local gradients because of susceptibility
variation. This effect contributes to the measured T2 values [29],
and therefore the information presented in the T2 image is mostly
called ‘apparent’. To avoid susceptibility effects, TE values should
be as short as possible, typically <5 ms. It should also be noted that
the longest T1 value in the tree was around 600 ms, which was
close to the repetition time (800 ms) for flow measurements.
Therefore, the signal amplitude of flowing water could be fairly
saturated, although this does not affect the final results of MRI
flowmetry.

The flow measurements yielded reliable information on sap
flow that has potential to characterize the underlying plant physi-
ology. The measured flow characteristic showed the pronounced
features that are consistent with the standard model [40] for water
flow in ring-porous trees. The xylem flow occurred mainly in the
earlywood that has developed in 2015, which had the youngest
and most active large vessels. When there were many leaves left
on the branches (before December 1, 2015), the xylem flow
showed clear patterns of enhanced transport during the day and
strong flow reduction at night. Furthermore, the diurnal change
in flow correlated well with the metrological data. The flow was
fastest at the midday when the driving force for transpiration
was the highest, relative humidity was the lowest, and the vapor



Fig. 4. Simulation of propagators. (a) Hypothetical propagator consisting of 70%
stationary water (standard deviation = 25 lm) and 30% flowing water (half max-
imum displacement of the rectangular function = 60 lm, standard devia-
tion = 25 lm, which corresponds to the displacement of flowing water at
D = 100 ms with 0.6 mm/s average linear velocity). (b) Fourier transform E(q) of
the hypothetical propagator shown in (a). (c) Simulated propagator obtained by
sampling the hypothetical propagator with the same intervals and maximum of the
q-values and 16 PFG steps as were used for the flow measurements. (d) Estimated
errors in flow volume between the hypothetical and simulated propagators. In each
simulation, the center position of the hypothetical propagator at time D = 100 ms
was calculated from the average linear velocity. N is the number of sampling points.
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pressure deficit was the largest. As the leaves fell, the measured
xylem flow showed a clear reduction. Furthermore, all these fea-
tures correlated well with the results obtained with the conven-
tional sap flow meter.

For the flow measurements based on a propagator using PFG
sequences, we used the limited maximum of the PFG steps. This
may cause truncation artifacts in the propagators, if the signal is
not completely attenuated by the PFGs. The limited PFG maximum
also limits the resolution of the flow profile in the propagator,
which may lead to insufficient separation of the flowing and sta-
tionary water. Such artifacts may cause serious problems in subse-
quent data evaluation. However, this was unlikely to occur in this
study for the following reasons. The propagators simulated under
the current experimental settings showed that errors between
the hypothetical and simulated flow volumes were below 10% for
the average linear velocity above 0.15 mm/s, and this error might
be tolerated for the measurement of the xylem flow, at least in this
season. In addition, as described in the previous paragraph, the
measured flow showed the pronounced features of the standard
flowmodel of ring-porous trees. There was also a good quantitative
agreement in the flow volume measured with the propagator
method and conventional sap flow meter. All these facts support
the validity of the proposed method.

The low number of PFG steps may also result in aliasing in the
propagator and might limit the displacement that can be measured
at a given maximum of PFGs. This occurs if the flow is faster than a
threshold determined by 1/Dq and the flow encoding time D. A
much faster flow would ultimately lead to a smearing out of the
signal over the width of the propagator. This was not the case in
late autumn when there were not so many leaves in the branches,
as confirmed by the propagators (Fig. 3(e)). However, under condi-
tions of high transpiration, the flow was likely to be faster and
exceed the upper detection limit under the current experimental
setting. The xylem sap flow velocities that have been reported
reach several mm/s at midday in the summer [25,26]. To measure
such fast flows, it is necessary to start with an experiment tailored
to measure fast flowing water (using a short D), then after estab-
lishing how fast the fastest flowing water moved, adjust the flow
encoding settings accordingly. There is another issue to be consid-
ered. In a ring-porous tree, there are wide vessels that will conduct
fast bulk flow and many narrow vessels that will contain much
slower flowing water. The measurement of such widely-
distributed flows may require a larger maximum of PFGs that
would enable sufficient separation of the flowing and stationary
water. In this case, the number of PFG steps should also be larger
to maintain the upper detection limit of the flow velocity. This
may lead to an increase in the effective measurement time and
use of fast sequences such as fast spin echo [24,25] might be
needed to maintain the sufficiently high temporal resolution of
flow measurements.

The flow in the phloem was not observed in this study. It has
been reported that the phloem flow velocities are in the order of
about hundreds of lm/s [25,26]. Although the phloem flow veloc-
ity in the tree was unknown, it would be below the detectable limit
under the current experimental setting. To measure phloem trans-
port, it is necessary to use larger D values to separate such slow
flows from stationary water. However, this increases the risk of
aliasing in the propagator of fast xylem flow. Therefore, the xylem
and phloem flows should be measured separately with different
flow encoding sets. Moreover, a more elaborate strategy may be
needed to ensure the SNR of phloem flow measurements. It has
been reported that it was usually necessary to lower spatial
resolution, take many averages per individual measurements, or
alternatively to sum the information originating from all flow-
containing pixels in an image into a one-dimensional flow profile
[25].

The flow volume measured by QSI was about three times larger
than that measured by HRM (Fig. 5(h and i)). In the MRH, the flow
was measured at the position where the thermistor was located,
and the misalignment of the thermistor could significantly affect
the accuracy of measurement. In this study, the thermistor position
was determined to be located at the fast-flowing xylem region



Fig. 5. Daily patterns of flow measured in late autumn (from 11/28/2015 to 12/07/2015). (a–g) Volume flow measured at midday. (h) Volume flow averaged over the whole
region of xylem developed in 2014 and 2015. The lateral axis is the same as that in (i). The times of sunset (ss) and sunrise (sr) are plotted on the upper axis. EW is earlywood,
LW is latewood, SP is secondary phloem. (i) Sap flow measured with the conventional sap flow meter utilizing the heat ratio method (HRM) principle. (j and k) Photos of
leaves taken at midday on the date indicated.
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with the aid of the MR images. However, the bark was hardly
imaged and its thickness was unknown, which may result in the
misalignment of the thermistor in the radial direction. Moreover,
the area measured by the HRM was 450 mm above the center of
the imaging volume of MRI, where the anatomical structures could
not be imaged. In addition, the thermal diffusivity used to derive
the sap velocity was uncorrected. All these factors would be
responsible for the measured difference in flow volumes. Despite
these factors, the flow pattern measured by QSI correlated well
with that measured by HRM, which demonstrates the validity of
the flow measurement using QSI.

There are other technical limitations in this work. The first one
is that a replacement of the RF probe was necessary to adjust with
the growing tree. In this work, we started to fabricate the new,
alternative probe after the old probe was broken. The probe fabri-
cation and installation resulted in the interruption of the long-term
measurements for about a month. Prediction of the dimensions of
the new probe would reduce interruption time. Second, the region



Fig. 6. Diurnal pattern of flow. (a–d) Volume flow measured at different times of the day. (The respective measurement times are indicated on the bottom graph in (f)). (e) T1
map for reference (identical to Fig. 2(g)). (f) Volume flow averaged in the xylem regions that grew in 2014 and 2015 and plots of temperature, relative humidity, solar
radiation, and volume water content for the same days. The times of sunset (ss) and sunrise (sr) are plotted on the upper axis. EW2014 and EW2015 are earlywood developed
in 2014 and 2015, respectively: LW 2014 and LW2015 are latewood developed in 2014 and 2015, respectively.
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to be imaged was limited to a part of the stem at several tens of
centimeters above the ground. The third issue was the ghosting
artifact arising from the strong wind. Currently, all the images
were checked visually, and those with severe ghosting artifacts
were not used for the QSI analysis. This issue also caused the dead
time between the measurements. The alternative schemes with
the motion-insensitive data acquisition such as radial and projec-
tion acquisitions would reduce the presence of the ghosting arti-
facts. Fourth, the maximum gradient strength was not sufficient
for measuring the high flow velocities that one could expect in
summer, when the tree is transpiring at full force. Stacking more
gradient coils with the same coil patterns or the use of a more
powerful gradient driver would solve this issue. The fifth issue
was the disability of acquiring multiple echoes. For this reason,
true T2 measurements with CPMG sequences and fast flow imaging
with FSE sequences are currently not feasible. This problem would
originate from large phase mismatching in the RF pulses because of
large eddy currents on conductive structures, such as the alu-
minum sheets, shielding box, and ferromagnetic materials. To
overcome this limitation, the use of actively-shielded gradient coils
and pre-emphasis techniques [41] may be efficient.

Finally, we discuss the choice of the magnet and field strength
for plant imaging in the outdoors. In this study, we used a 0.2 T,
large magnet with the open design. The openness made it easy to
set the magnet around the tree trunk that had been planted and
to replace the RF probe. The large imaging volume allowed us to
image the large tree. However, this has also resulted in a heavy
magnet, and it was difficult to probe plant stems, and tree branches
with varied and irregular diameters, shapes and orientations using
this magnet. The use of a light, mobile MRI system with a flexible
positioning and rotation mechanism [9,34] would overcome this
issue at the cost of the available imaging volume.

The field strength of 0.2 T was sufficiently high for performing
the routine flow imaging. It was demonstrated that the measured
flow maps have sufficient image quality and temporal resolution
to clarify the diurnal variations of flow dynamics. The use of mag-
nets with higher field strength would lead to a higher SNR, higher
spatial resolution, and shorter measurement time. The field
strength of an open permanent magnet is limited to 1.0 T, and close
magnets have a higher field strength, up to 2.0 T. However, there is
in general a tradeoff between available imaging volume and field
strength, and the use of the 0.2 T permanent magnet was the opti-
mal choice for our purpose. Superconducting magnets also have
high field strengths, but running a superconducting magnet MRI
system for a living tree in the outdoors remains a tremendous
challenge.
5. Conclusion

We have developed an MRI system for outdoor measurements
of a living tree to study water dynamics. The system was robust
enough for long-term measurements. The anatomical structures
including latewood, earlywood, and phloem were identified using
the time-series MR images and relaxation-time maps. The MRI-
flow measurements demonstrated the diurnal changes in flow
velocity in the xylem on a per-pixel basis. We have concluded that
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our outdoor MRI system is a powerful tool for studies on water
transport and the physiological processes of plants growing in
the natural environment.
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