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Abstract

The technique of magnetic resonance imaging microscopy holds promise of bringing the full capabilities of NMR to arbitrarily
specified positions within spatially inhomogeneous systems, including biological cells, yet the possibilities are limited by the need for
adequate sensitivity and spatial resolution. We report proton magnetic resonance images obtained by combining advances in re-
ceiver coil sensitivity, gradient strength, and pulse/gradient sequence design. We achieve resolution of 3.7 + 0.4 um by 3.3 + 0.3 um
by 3.3 £ 0.3um for a volume resolution ~40 femtoliters (corresponding to ~3 x 102 proton spins).
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1. Introduction

Magnetic resonance imaging (MRI) microscopy [1]
has the potential to bring the full capabilities of NMR to
arbitrarily specified localized positions within small
samples. The most interesting target of study is the liv-
ing biological cell, with typical dimensions ~100 um, but
with substructures that are much smaller, such as the cell
nucleus (typically ~10um) and mitochondria (1-10 pm).
One anticipates that the development of MR micros-
copy with resolution at the level of these substructures
or better and with a wide, three-dimensional field-of-
view could open a new avenue of investigation into the
biology of the living cell.

Although the first MR image of a single biological
cell was reported in 1987, [2] the cell imaged had quite
large (~1mm diameter) spatial dimensions and the
resolution obtained (on the order of 10 um in-plane) was
not adequate for meaningful imaging of more typically
sized cells. The quest for higher resolution though has
continued. In 1989, Zhou et al. [3] obtained fully three-
dimensional ~spatial resolution of (6.37pm)?, or
260(um)3 (260 femtoliters). While better “in-plane”
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resolutions (i.e., the resolution in 2 of the 3 spatial di-
mensions) have since been obtained, [4,5] this volume
resolution was not exceeded until quite recently by Lee
et al. [6] who report 2D images having volume resolu-
tion 75um? and in-plane resolution of 1um. In parallel
with these advances in raw resolution several investiga-
tors [7-9] have focused on localized spectroscopy and/or
chemical shift imaging.

2. Results

The key obstacles to overcome in MR microscopy are
(1) the loss of signal-to-noise that occurs when observing
small volumes and (2) molecular diffusion during the
measurement or encoding. To date the problem of sen-
sitivity has typically been addressed by employing small
micro-coil receivers [10]. The problem of molecular
diffusion can only be defeated with strong magnetic field
gradients that can encode spatial information quickly.
In recent technical publications [11-13] we presented
approaches to these obstacles. Specifically we detailed
our development of a triaxial gradient system [12] ca-
pable of producing gradients as large as 50 T/m (5000 G/
cm) and our micro-coil circuitry setup [11] for attaining
high sensitivity.
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Here we report an MR microscopy image obtained
using these apparati. The image has resolution of
3.7+ 04um by 33+03um by 3.34+0.3um), or
~40um? (~40 femtoliters, containing ~3 x 10!> proton
spins), marginally the highest voxel resolution reported
to date. (Images are taken at room temperature and
9T.) The image has not only excellent resolution, but
also a wide, fully three-dimensional field-of-view
(237um by 66um by 66um in this case), which can
provide context and perspective that is lacking in 2D
images.

This combination of high sensitivity, resolution, and
field-of-view accrued not only from using micro-coils
and strong gradients, but also from two other factors
inherent in the “constant-time-imaging” [14,15] scheme
employed. Briefly (see Section 5 for detail), we apply a
spin-echo sequence, phase-encoding in all three spatial
dimensions; this is followed by a CP or CPMG train to
enhance signal-to-noise. First, we benefit from the use of
non-selective excitation pulses, whereby for each recycle
delay we acquire signal from the entire 3D sample. Gi-
ven the need for high resolution and for many averaging
scans, one obtains, as a fortuitous by-product, a wide
field-of-view. Conversely, given a need for wide field-of-
view, higher sensitivity, and signal-to-noise accrues in
each voxel. Second, the CP re-focusing trains are applied
in the absence of gradients, nicely narrowing the effec-
tive bandwidth of the signal and increasing signal-to-
noise.

The sample, shown in Fig. 1, is a quartz micro-cap-
illary filled with water and packed 39 + 4 um diameter
fluorescent polymer beads forming a crooked single-file
column. (The ~10% uncertainty in bead diameter carries
over to all length scales reported here, including reso-
lution, and henceforward we will suppress it.) The water
provides the observed NMR signal. The water contained
0.01 M cupric nitrate, shortening 7} to ~350ms, typical
of biological samples [1]. The NMR receiver coil (Fig. 2)
is wound upon the micro-pipette and tuned, and the
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Fig. 1. Microscope photograph of the sample imaged, a quartz micro-
capillary, initially 1 mm OD, pulled to an OD of ~73um and ID
~53 um, filled with water and 39 + 4 um diameter fluorescent polymer
beads (Duke Scientific). Proton linewidth was 200 Hz FWHM. Fig. 2
shows this same sample with the rf micro-coil wound upon it.

Fig. 2. The sample of Fig. 1 with the rf micro-coil applied. The micro-
coil has 6 turns of 20 pm copper wire with a total length ~175um and
inner diameter ~73 um. Beads outside of the coil are visible in the
figure. Also visible, though out of focus, is a 56 pf capacitor that tunes
the rf coil at 383 MHz.

sample with tuned circuit is mounted within the gradient
coil platform, all as described in [11-13].

The resulting 3D magnetic resonance image of this
sample is shown in Fig. 3. Given in successive panels
are 25 (out of a total of 32) XY plane slices, with the
X direction defined as parallel to the axis of the micro-
pipette, and with the Z-direction vertical and parallel
to the applied magnetic field. The Y direction is hori-
zontal and perpendicular to the micro-pipette axis. The
image plainly shows the key features of the 39um
diameter beads-in-capillary sample. It confirms, for
example, that the beads are typically displaced, both
along the Y and Z axes, from the central axis of the
micro-pipette. In slices near the central axis of the
pipette we plainly observe each of the five beads that
are inside the receiver coil. Slices far from the central
axis, however, typically show only one or two beads—
the ones that are displaced from the center in the
corresponding direction.

3. Assessment of resolution

It is expected (see Section 5) that the resolution at-
tained using the ‘“‘constant-time-imaging” [14,15] se-
quence will be equal to th% calculated based solely on
the widths of the region of k -space sampled, without 7,
or susceptibility broadening artifacts. That resolution,
the “nominal’ resolution, along X (Y) [Z], based on the
phase-encoding parameters used here (see Section 5) is
3.7um (3.3 um) [3.3um]. Fig. 4a—c presents image slices
displaying sharp features that we use to assess the actual
resolution along, respectively, the X, Y, and Z direc-
tions.
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Fig. 3. 3D MRI microscopy image of the sample of Fig. 1, containing water and ~39 um fluorescent polymer beads. Defining the X direction as the
axis of the pipette and Z the axis of the applied field, the image shown consists of 25 (of a total of 32) XY plane slices of thickness 2.06 um. In-plane
voxel widths_) along X (Y) are 3.7um (2.06 um). The resolution expected (and assessed below) along X (Y) [Z], based on the widths of the region
sampled in k space, is 3.7um (3.3 um) [3.3 um)]. (Zero-filling is applied along Y and Z, taking the array widths from 20 to 32 points and resulting in
smaller voxel widths [2.06 um] for these directions. The actual resolution is of course unaffected.) Image is taken at room temperature at a field of 9 T
(383 MHz). Signal-to-noise (signal amplitude in regions where water is present divided by the rms noise in regions without water) is ~5. A total of
204,800 echo trains were acquired, with recycle delay of order of the spin lattice relaxation time 7} (350 ms), for a total acquisition time of ~30h. The

white arrow indicates the slice that is pictured in Fig. 4a.

Fig. 4. Image slices in the XY (a) and YZ (b and ¢) plane. Superposed
on each image is a plot of signal vs. X (in panel a) for constant Y and
Z. Analogous plots for Y and Z are given in (b) and (c). Slice thickness
is 2.06um (a) and 3.7um (b) and (c). The plots display sharp edge
features that are magnified and displayed in Fig. 5 to assess resolution.

Fig. 4a shows an XY slice, specifically the one labeled
by a white arrow in Fig. 3. Marked in Fig. 4a is a region
of width 50 um that includes an “edge” feature in which
the signal amplitude drops from essentially full strength
(corresponding to 100% water concentration) to zero.
The signal in that 50 pum region is then plotted with a
magnified view vs. X (for constant values of Y and Z) in
Fig. 5a. Fig. 5a shows that the edge-feature, the drop
from full strength to zero, occurs over one voxel width
of 3.7um, confirming the expected resolution of 3.7 um
[16].

We assess the Y and Z resolutions analogously. Figs.
4b, ¢ and 5b, ¢ demonstrate that for edge features along

Y and Z, the signal intensity drops from 100% to near
zero over a distance comparable to our expected reso-
lution of ~3.3 um.

4. Discussion

This work demonstrates some impressive possibilities
available through the combination of micro-coil re-
ceivers, strong gradients, and pulsing schemes designed
to maximize signal-to-noise. We attain very high reso-
lution and a correspondingly small number (3 x 10'?) of
protons detected at this field and temperature, com-
paring favorably with that attained in magnetic reso-
nance force microscopy (MRFM) (Schaff et al. [17]
report a MRFM requiring ~10'3 protons for signal-to-
noise 1 on a single scan; from data presented here we
find that our instrument requires ~4.9 x 10'3. Our set-
up, however, averages on the entire sample with each
scan, while the MRFM must scan point-by-point in
real-space, accumulating signal from just one voxel at a
time.). However, the limitations of the approach are also
apparent. The ~3 pm resolution attained would appear
to provide a good length scale for cell applications. This
resolution, though, is only attained for protons in water
at full concentration of 55mol/l. The prospect for de-
tection of other organic molecules at much lower con-
centrations at this resolution appears daunting.
(Furthermore the CP scheme used here discards chemi-
cal shift information. CP would be less necessary if
measures were taken to narrow the inhomogeneous
linewidth [18].) An additional problem is of course the
long time (~30h) required for the image.

Most likely the advantages of micro-coil MR will be
best realized in experiments seeking richer information
at less aggressive resolutions. Examples include investi-
gations of localized biochemistry in larger cells [9],
anatomical studies of multi-cellular organisms or
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Fig. 5. Panel (a) is a magnified view of signal vs. X over the 50 pm region labeled in Fig. 4a. The edge feature shows a drop from full intensity to zero
over a width of 3.7 um, confirming the expected 3.7 um resolution. Panels (b) and (c) are analogous plots of signal vs. Y and Z over the regions labeled
in Fig. 4b and c, and confirm the expected resolution of 3.3 um in those directions.

embryos [19], and histological studies of tissues,
including brain. [20].

5. Experimental

MRI microscopy images of Fig. 3 are taken at room
temperature at a field of 9T (383 MHz), using phase
encoding for all three spatial directions [14,15]. An ini-
tial 90° pulse is followed by application of phase-en-
coding gradient pulses along the X (Y) [Z] axes of
duration 925 us (800 us) [800 us] and amplitudes ranging
over £4.6T/m (£5.8T/m) [£5.8T/m] in 64 (20) [20]
steps. These values determine the “nominal” resolution
along X (Y) [Z] to be 3.7um (3.3um) [3.3um]. The
corresponding field-of-view is 237 um (66 pum) [66 pm].

The constant-time-imaging sequence employed side-
steps complications associated with susceptibility
broadening (because it is based on echo amplitude) and
T, (because the spacing between the 90° and 180° pulses
is held fixed). Therefore, if we neglect molecular diffu-
sion during the gradient pulses, and if we can obtain
adequate signal-to-noise, then we expect that the true
resolution will match the “nominal” resolution listed
above. During the short duration of the phase-encoding
pulses (made possible by the large gradient strengths)
the rms molecular diffusion distance (~2 um) is less than
the nominal resolutions (~3—4pum). (It is also straight-
forward, with our gradient setup, to increase the gradi-
ent strengths and shorten the phase-encoding pulses by
as much as a factor of 10.) Therefore, one expects, and
confirms from Fig. 5, that the “nominal” resolution
quoted above will be realized.

Following phase encoding, a train of 180° pulses is
applied to form a Carr-Purcell (CP) or Carr—Purcell-
Meiboom-Gill (CPMG) echo train of 256 echoes, with
phasing of the rf pulses and the acquisition following
the “Phase Alternating-Phase Shift Pulse Sequence

(PHAPS)” scheme to remove mirror images [21-24].
The acquisition time for each echo is 512 ps, much less
than 7; ~ 1.6ms. During acquisition the oscillator
frequency is set such that the signal frequency is offset
by (1/512ps). The 256 echoes, each with 32 data points
acquired, are then linked to form a one-dimensional
array of 8192 points, thereby forming a time domain
signal characterized by a decay time 75 ~ 50 ms for the
decay of the CP and CPMG envelope, and a corre-
spondingly narrow bandwidth of (1/(n72)) ~ 6Hz.
This array is Fourier transformed, and essentially all of
the intensity is observed in the peak at frequency
(1/512ps). (This procedure is analogous to the effect of
“spinning sidebands.” Here the effective “‘sidebands”
are spaced by a frequency (1/512ps), much greater
than 1/nT7y ~ 200Hz, and so no intensity is found in
the sidebands.) For each set of phase encode ampli-
tudes this peak intensity becomes a single element of a
(64 x 20 x 20) matrix. That array is “zero-filled” to
(64 x 32 x 32) and fast Fourier transformed to form
the image.
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