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ABSTRACT Magnetic resonance imaging was used to
study sand containing various amounts of water and roots of
loblolly pine planted into similar sand. Spin-lattice (Ti) relax-
ation times of sand with water contents ranging from 0 to 25%
(wt/wt) ranged from 472 to 1265 ms and increased with water
content. Spin-spin (T2) relaxation times ranged from 54 to 76
ms and did not change in a discernible pattern with water
content. Based on water content and measured Ti and 72
values, the signal intensity ofsand/water images was predicted
to increase with water content in a linear fashion, with the slope
of the lines increasing with the time of acquisition repetition
(TR). Measured signal intensity from images of sand with
various water contents was found to follow a similar pattern.
This allows interpretation of dark images of sand/water to be
regions of low water content, and bright images to have
comparatively greater water content. Images of loblolly pine
seedling roots planted in identical sand showed the formation
of a distinct water-depletion region first around the woody
taproot and later showed the region extended and expanded
around the lateral roots and clusters ofmycorrhizal short roots.
This observation strongly suggests that water uptake is occur-
ring through the suberized region of the woody taproot.

The relative amount of water and ions absorbed through
various regions of roots has been a subject of discussion and
investigation for several decades. The classical view was that
water and probably ion uptake occurred chiefly in the un-
suberized root hair zone just behind the tips of roots. How-
ever, the research of Kramer and Bullock (1) and Chung and
Kramer (2) as well as several studies cited by them indicated
that significant uptake of water and ions occurs through
suberized regions of roots and woody plants. Haussling et al.
(3) reported that water absorption occurs both near the tips
and in older regions of Norway spruce roots, where lateral
roots are emerging, and McCully and Canny (4) concluded
that most of the water uptake by maize roots enters some
distance behind the apical region.

Passioura (ref. 5 and references therein) expressed the
concern that most measurements ofwater uptake were made
on roots immersed in water rather than on roots growing in
soil and usually were made on detached root segments or
detopped root systems. The use of dyes to trace water
movement into roots also creates problems due to selective
uptake. Study of water and ion uptake by tree roots is
complicated by the variety of roots that they possess, in-
cluding taproots, various kinds of lateral roots, and my-
corrhizal roots. This is illustrated by the differences in uptake
observed by Haussling et al. (3).

Obviously, there would be significant advantages in ob-
serving water uptake by roots growing undisturbed in the soil
and magnetic resonance imaging (MRI) makes this possible.

Bottomley et al. (6) and Rogers and Bottomley (7) showed
that it is possible to image roots in soil and other solid media,
but they were unable to show quantitative changes in the
water content of the root medium in which the roots were
growing. Additional technical improvements have allowed
detailed imaging of in vivo plant structure with some sugges-
tive information of function (8-12).
Using these improved techniques, a series of experiments

was conducted to observe the depletion of water from the
immediate vicinity of roots on transpiring loblolly pine seed-
lings. This has demonstrated the ability to produce images
that show water-depletion regions surrounding roots of var-
ious ages and sizes.

MATERIALS AND METHODS
To understand the effects of acquisition parameters on MRI
images of water in sand, phantom studies were performed,
using acid-washed quartz sand (sieved through a 60-mesh
sieve) mixed with 0-25% (wt/wt) water. This sand was
placed in 15-ml plastic centrifuge tubes, which were mounted
in a Styrofoam holder and placed in a 6-cm-diameter hori-
zontal coil. The tubes were imaged on a 2-tesla (T) General
Electric Chemical Shift imager (CSI) model II imager,
equipped with shielded gradients and housed at the Duke
University Medical Center, Imaging Physics Laboratory.
Images were reconstructed with a 256 x 256 array. Voxel size
(the volume element comprising the image) was 0.36 x 0.36
x 2 mm. Five replicate phantoms were used to examine the
relationship between spin density (water content of the sand)
and signal intensity (image brightness). Spin-lattice relax-
ation time (Ti) measurements were calculated from eight
images of the same phantom with acquired repetition times
ranging from 50 to 6000 ms. Spin-spin relaxation times (12)
were calculated from eight images with echo times ranging
from 20 to 160 ms. Relaxation times were calculated from
iterative fitting techniques (13). Four replicate sand phan-
toms were used for Ti calculations and two were used for 12
calculations.

Six-month-old container-grown loblolly pine seedlings (Pi-
nus taeda) were donated by the North Carolina State Nursery
at Clayton, NC. Seedlings were grown in the greenhouse for
2-4 months at Duke University, with a weekly fertilization of
Peters Soluble Plant Food (20/20/20, N/P/K) (W.R. Grace,
Fogelsville, PA). At the time of imaging, plants had a woody
taproot, primary and secondary lateral roots, and both my-
corrhizal and nonmycorrhizal short roots. The main my-
corrhizal type was dark tan, with monopodial or dichoto-
mously branching short roots, and had formed from natural
inoculations. Prior to imaging, all but two lateral roots were
excised from the tap root, and each seedling was transplanted

Abbreviations: MRI, magnetic resonance imaging; Ti, spin-lattice
relaxation time; 72, spin-spin relaxation time; TE, echo time; TR,
repetition time.
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into a 90 x 24 mm plastic container containing the same kind
of sand used in the sand phantom. Seedlings were watered to
saturation from the bottom of the container, and water was
then allowed to drain freely. A piece of plastic tubing was
attached with parafilm to the container bottom to allow
watering of the seedling while inside the magnet. Tubes
containing the seedling rooted in sand were placed into a 3-cm
solenoid coil, which was placed vertically into the magnet
bore. Conventional two-dimensional Fourier transform spin-
echo imaging was used with echo time (TE) of 10 ms and
repetition time (TR) of 600 ms. The total acquisition time for
a single image was 10.2 min. Voxel size was 0.097 x 0.097 x
1.5 mm. Initial images were made within 2 hr of placement
into the magnet bore. Sequential images were then made over
a 24-hr period. During this time, the plants remained in the
magnet without moving and were exposed to the overhead
fluorescent lights. After 24 hr, plants were again watered to
saturation of the sand from the bottom, water was drained,
and plants were imaged again. Over a 2-month period, five
replicate plants were prepared and imaged individually.

RESULTS AND DISCUSSION
Images of the sand phantom tubes showed that the brightness
of the image increased with the water content (Fig. 1). Ti
values increased from 472 to 1265 ms with increasing water
content (Fig. 2). 72 values did not change in a discernible
pattern and ranged from 54 to 76 ms (Fig. 2).

Other researchers have observed increasing Ti values with
increasing water content and a greater proportion of free
water (which would increase Ti values) (14). The measured
values of Ti are determined as the reciprocal of the summa-
tion of the proton components (primarily water in plant
studies) ofthe material under study and can be determined by

1/Ti = (1/Ti1) + (1/Ti2) + (1/Ti3) + . . . + (1/Tin) [1]

There may be many water components present; particularly
in a heterogenous sample such as a root in soil, each with a
separate value for Ti (Ti1 - Tin) and each exchanging
protons. In fine sand, such as that used in this study, water
is found in two states, tightly bound to the sand particles and
free water within the interstitial spaces. There is no water
inside the sand grains (5). Unless the water content of the
sand is less than -5%, most of the water will be free water
within the interstitial spaces and not tightly bound to the sand
particles. This would, therefore, predict that as the water
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FIG. 1. MRI of sand phantom containing tubes of sand with the
various water contents indicated.

content of the sand increases, the measured Ti values would
also increase, as was found in the experiments reported here.
For liquids, usually factors causing a reduction in Ti values

also cause a reduction in 72 values. At this time it is not
known why the 72 values of the sand were found to be within
a narrow range and did not change significantly with water
content. A detailed study of the signal dependence of relax-
ation times (Ti and 72) on water content is needed, but the
phantom results assure a correct interpretation of signal
dependence in the plant and sand images.

Interpretation of images obtained by MRI techniques is not
necessarily dependent solely on water distribution patterns
within the subject of study. The relationship between signal
intensity and characteristics of proton distribution can be
described by the function (15, 16)

S(1H) a N('H)(1 - e-TR/TI)e-TE/Tn [2]

where S(1H) is the signal intensity, N(1H) is the proton
density, TR is the repetition time, and TE is the echo time.

Clearly there is not necessarily a linear relationship be-
tween image brightness and water content [N('H)]. Factors
such as machine parameter settings during image acquisition
(TE and TR) and inherent properties ofthe subject (Ti and 72)
determine image brightness. Additionally, as described for

------- T2
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FIG. 2. Ti and 72 relaxation times of tubes of sand as affected by water content.
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FIG. 3. Normalized predicted signal intensity of images of sand with various water contents calculated from measured Ti and 12 relaxation
times and water content values.

sand of varied water contents, the value of Ti changes with
water content while 12 values remain within a narrow range.

Substitution of measured water content and Ti and 72
values from the sand phantom experiment into Eq. 2 shows
that for sand of various water contents the signal intensity
increases linearly with water content (R2 = 0.93-0.99) (Fig.
3). (Signal-intensity values have been normalized to a scale of
0-1 for both calculated and measured values.) The relation-
ship is linear with the slopes increasing with TR. Measured
signal intensity of sand phantom tubes of various water
contents also increased with water content, as predicted,
with greater slopes for greater values of TR (Fig. 4).
The sand phantom information allows interpretation of

dark regions in sand images as regions of low water content
and bright regions as areas of comparatively greater water
content. Images of roots of transpiring seedlings planted into
sand and imaged sequentially over time show dark areas
around the taproots, which increase in diameter over time.
These dark areas are regions of water depletion, as shown in
Fig. 5. The depletion region is clearly visible first around the
taproot with a small depletion region around the mycorrhizal
short roots (Fig. 5A). The intensity profile across the image
shows a sharp drop in signal intensity in the sand immediately
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adjacent to the taproot. In the subsequent image (Fig. SB), the
dark region has been extended and expanded to surround the
mycorrhizal root cluster and the lateral root. This observa-
tion implies that the woody taproot, which has initiated
secondary growth, is a region ofwater uptake by the seedling.
A water-depletion region was observed to form around
clusters of mycorrhizal short roots and around the lateral
root, but clearly in this experiment the depletion region forms
around the taproot soon after watering. It disappeared when
the sand was rewatered (Fig. SC).

Small pockets of dry sand or air were observed as dark
areas within an otherwise relatively homogeneous sand im-
age. This is seen as the dark round circle in the 15% water
tube of the sand phantom (Fig. 1) and as three small dark
circles in the upper portion of the sand imaged in Fig. 5 A-C.
Peak root growth of loblolly pines occurs in April and May,

followed by a decline in growth throughout the summer and
into winter (17). Transpiration of loblolly pines reaches a
maximum during the warm summer months, during a period
when the average rate ofroot elongation is declining (1, 17). In
winter, while trees are still undergoing active transpiration,
there is little new root growth to provide new unsuberized root
tissue for water uptake (18). Even during the spring period of
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FIG. 4. Normalized mean measured signal intensity of sand with various water contents.
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FIG. 5. Sequential MRI images of
loblolly pine root about 15 mm below
the soil surface. Slice thickness of
projection is 1.5 mm; resolution is
0.097 mm. (A) At 2 hr after initial
watering. (B) At 14 hr after initial
watering. (C) Immediately after final
watering. (D) Signal intensity profile
at line shown in A, 2 hr after watering.
(E) Signal intensity profile at 14 hr
from watering. (F) Signal intensity
profile immediately after final water-
ing. tr, Taproot; Ir, lateral root; mr,
mycorrhizal roots; a, edge of con-
tainer; b, edge of taproot.

most active elongation, root growth does not follow a pattern
of continuous elongation but exhibits short periods of rapid
growth followed by periods of depressed growth (17). The
fluctuating pattern of elongation of roots would cause the
unsuberized root surface area to be constantly changing even
during periods of most active average root elongation. In
contrast, the rate oftranspiration by the tree increases through
spring into summer in response to increasing soil temperatures
and increasing canopy. This lack of coordination between
patterns of root elongation and time of most active transpira-
tion strongly suggests there are regions of water uptake by the
tree other than unsuberized regions. As suggested by Chung
and Kramer (2), it is likely that suberized woody regions are
areas of water inflow. The images in the present work clearly
show the formation of a water-depletion region surrounding
the woody taproot, supporting the view that it as well as lateral
roots and short roots participate in water uptake.
Other workers have observed uptake of dyes (3) into

suberized roots through wounds or around emerging lateral
roots. In the present study, junctures formed by vascular
connections between the taproot and excised laterals were
clearly visible in the MRI images. In Fig. 6, the depletion

region was not only observed at the point ofjuncture between
the two roots but extended around the perimeter of the
taproot. Additionally, images were obtained of a container-
ized loblolly pine similarly transplanted into sand without
excision of laterals (images not shown). A depletion region
was observed to form first around the taproot and then extend
down the lateral roots from the point ofjuncture, but was not
restricted to the connective region around the taproot. The
depletion region was later observed to extend to surround the
numerous groups of mycorrhizal short roots and lateral roots
remaining in the root plug. This suggests there are alternate
paths for water inflow into woody root tissue other than
through wounds or through the cambial disruption at the
juncture region of branch roots to the axial roots.
No relationship was observed between the location of an

excised lateral root and the formation of the water-depletion
region. Although excised lateral roots seem likely to provide
a path of reduced resistance to water flow at the root/soil
interface, they do not appear to be the dominant path ofwater
inflow into the taproot. As can be seen in Fig. 7, the depletion
region surrounds the taproot and does not appear to have
originated at the cut end of the excised root.

1206 Botany: MacFall et al.
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FIG. 6. Sequential images of
loblolly pine taproot and intact lateral
root. (A) At 24 hr after initial water-
ing. (B) Immediately after final
watering.

Water uptake through the woody twigs of 15-year-old
Picea abies (L.) Karst has been observed by Katz et al. (19).
Dyes were shown to have migrated through the bark and bark
parenchyma. If water uptake occurs through tree stems and
twigs, a similar path for water uptake by woody roots seems
probable. Additionally, in roots exhibiting advanced stages of
secondary growth, the endodermis is no longer present to act
as an ion or water barrier. The cambial layer may act to serve
in that function; however, in P. abies dyes were seen to
penetrate the cambium and to enter the woody tissue interior
to the cambium.

In the present work, the presence of a water-depletion
region surrounding the woody taproot that was not restricted
to root junctions or wounds supports the hypothesis that
suberized, woody roots play an important role in water
absorption. The images presented here were scaled in image
brightness to emphasize visualization of the water depletion

FIG. 7. Sequential images of loblolly pine taproot and excised
lateral root. (A) At 24 hr after initial watering. (B) Immediately after
final watering.

region, diminishing the structural detail within the root tissue.
In Fig. 5, however, there are clearly concentric rings visible
within the taproot, suggesting differences in either water
content or water binding within specific root interior regions.
These experiments have demonstrated a noninvasive appli-

cation of MRI to image water-depletion patterns in sand
surrounding plant roots. A water-depletion region was seen to
form around woody taproots of lobloily pine, providing evi-
dence that roots that have undergone secondary growth are
potential regions of water inflow into a loblolly pine seedling.
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