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Abstract

q-Space imaging is capable of providing quantitative geometrical information of structures at cellular resolution. However, the size of
restrictions that can be probed hinges on available gradient amplitude and places very high demands on gradient performance. In this
work we describe the design and construction of a small, high-amplitude (50 T/m) z-gradient coil, interfaced with a commercial 9.4 T
microimaging system. We also describe a method to calibrate the coil for quantitative measurements of molecular diffusion at very
high-gradient amplitudes. Calibration showed linear current response up to 50 T/m, with a gain = 1.255 T/m/A. The z-gradient coil
was combined with the commercial x- and y-gradients for tri-axial imaging, and its performance was demonstrated by ADC maps of
free water and by q-space experiments on water sequestered around polystyrene microspheres (4.5 lm diameter), which showed the
expected diffraction peak. In addition, diffusion-weighted images of a fixed mouse spinal cord illustrated the capability of this coil for
quantitative imaging of tissue microstructure.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Gradient coil hardware for high field NMR has been
commercially available for many years [1], being an essen-
tial component of gradient spectroscopy (GRASP) probes
[2] and routinely used to characterize liquid diffusion coef-
ficients by pulsed gradient spin echo or stimulated echo
methods (PGSE or PGSTE) [3]. This technology often con-
sists of a tri-axial set capable of generating fast-switched,
short-duration (<5 ms) pulses on the order of 1 T/m
(100 G/cm) on each axis, with single z-axis coils for larger
gradient amplitude (10 T/m) also available. Such tri-axial
sets are sufficient for routine diffusion-weighted NMR
microimaging of biological samples, but much higher gra-
dient amplitudes are needed for measuring very slow or
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restricted diffusion at high spatial resolution [4–6]. For this
reason, various uni- and tri-axial gradient coils have been
custom-designed to generate switched field gradients of
30–50 T/m [4,7–13], with reported amplitudes as high as
70 T/m [14].

A PGSE technique receiving increased interest is q-space
imaging, having potential to provide quantitative informa-
tion on the geometry of structures at cellular resolution
[5,15,16]. In q-space NMR, echo attenuation E, due to lost
phase coherence from translational diffusion during time D,
is mapped as a function of q ¼ cdG, where q is the Fourier
conjugate to molecular displacement, d and G the duration
and amplitude of the (rectangular) diffusion-encoding gra-
dient pulses, and c the gyromagnetic ratio divided by 2p.
The Fourier transform of E(q) is thus a 1D profile of the
displacement probability density function, known as the
propagator [16]. In systems exhibiting micro-scale regular-
ity, E(q) can exhibit diffraction-like phenomena [6,17], even
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when the structures in question are not explicitly resolved,
providing an indirect means to quantify the microstructure.
Using such a technique could overcome SNR limitations
for studying microstructure–function relationships, e.g.,
in white matter of spinal cord [5,18] and brain [19,20],
and the size of diffusive restrictions (myelin and axon mem-
branes) that can be probed hinges on achievable gradient
amplitude.

It is a challenge to map regional variation of the propa-
gator at high resolution throughout a tissue. The propaga-
tor resolution in the displacement domain is determined by
1/(2qmax), where qmax ¼ cdGmax, in analogy to k-space
where 1/(2kmax) gives the image resolution. This, together
with the condition d� D for the Fourier relationship to
hold, puts very high demands on coil performance. For
example, to achieve a propagator resolution of 1 lm with
d = 1 ms would require an amplitude Gmax = 11.7 T/m,
more than an order of magnitude greater than that of com-
mercially available tri-axial probes. Thus standard NMR
microimaging systems are inadequate for high-resolution
q-space imaging of mammalian white matter microstruc-
ture, for which axon diameters are 1–3 lm [21]. A simple
solution, however, consists of a small high-amplitude z-axis
gradient coil centered within a standard tri-axial set, and
various designs are possible based on a multi-turn Maxwell
pair [4,7,8,11,13].

The gradient amplitude achievable by a coil scales asffiffiffiffiffiffiffiffiffi
P=q

p
, where P is the ohmic power density in the coil

wires and q is the wire resistivity [4], and is not limited
by size or number of wire turns, but by the tolerable tem-
perature rise. Nevertheless, small gradient coils have
advantages, including enhanced current response (high-
gain), low self inductance (fast rise/fall time), small Lor-
entz torques (low mechanical vibrations), restricted fringe
field (negligible induced eddy currents), and efficient heat
dissipation (simple air cooling at moderate duty cycle).
However, quantitative diffusion measurements require
accurate gradient pulse calibration, which is non-trivial
at very high-gradient amplitudes. Standard methods often
rely on a single measurement of the effective gradient and
the assumption of linearity in applied current, but for an
untested coil there is a need to directly verify its
performance.

To address these challenges, we have constructed a
small 50 T/m modified Maxwell pair (the Micro-Z)
and connected it to the z-channel of a commercial tri-
axial 1 T/m gradient set, using the Micro-Z both for
diffusion encoding and for imaging in combination with
the x- and y-coils of the commercial set [22]. We also
describe here a novel method to directly calibrate very
high-amplitude gradient pulses [23]. We then demon-
strate the capabilities of the calibrated Micro-Z for
quantitative microimaging of restricted diffusion by
image-based measurements of the apparent diffusion
coefficient (ADC) and q-space diffraction of water and
by obtaining diffusion-weighted images of a fixed mouse
spinal cord.
2. Materials and methods

2.1. Design and construction

Following the design of Callaghan et al. [4], a support
structure for the wires of the Micro-Z gradient coil was
made to interface with the RF insert of a commercial
9.4 T vertical-bore (89 mm) NMR microimaging system
(Bruker Avance DMX400, with Micro2.5 tri-axial gradi-
ents and BAFPA40 amplifiers). A schematic of the support
structure (Fig. 1a) shows the Delrin base and phenolic resin
posts supporting a horizontal glass tube (o.d./i.d. =
4.0/3.2 mm), which in turn supports a smaller diameter
glass sample tube (o.d./i.d. = 3.0/2.4 mm) that can be
removed. Both tubes are NMR-grade glass (Wilmad-Lab-
Glass) and were chosen as small as possible to accommo-
date a mouse spinal cord yet maintain the highest SNR
for a 3-turn solenoidal RF coil wrapped on the outer
(4 mm) tube and centered between the gradient coil wires.
The structure thus establishes orientations in the laborato-
ry frame for the z-gradient and RF excitation fields (�Bzẑ
and �B1y ŷÞ relative to the polarizing field, gradient wire
current density and Lorentz force (B0ẑ, �J Gŷ and �F Lx̂Þ.
The 400 MHz RF coil was made from 1 mm-wide copper
foil (100 lm-thick) with 1 mm gaps (Fig. 1b) and connected
to variable capacitors (0.4–3.5 pF, non-magnetic Johan-
son) mounted in the base which interface with the Bruker
tuning/matching mechanism. A 50 X coax cable runs down
the center of the RF probe insert to the preamp. The coil pro-
duces a 90� excitation in 13.4 ls using a 50 W square pulse.

To create the vertical z-gradient field Bzẑ, enamel-coated
copper wire (360 lm dia.) was wound through the holes in
each post in four horizontal bundles of 23 strands each,
resulting in a coil inductance of 21 lH and a resistance of
1.7 X. The wire bundles in this way formed a modified Max-
well pair of elongated loops, creating a homogeneous gradi-
ent Gz (=oBz/oz) along their 3 cm length (Fig. 1b). In Fig. 1c,
the positions of the individual gradient wires are shown in the
xz-plane, relative to the horizontal sample tubes centered
between the wire bundles. Using the Biot–Savart law for
an infinite wire and a superposition of magnetic fields from
all the wires, a map of the local gradient for this arrangement
was calculated for 1 A of current (Fig. 1d). An infinite wire is
a reasonable approximation, since the gradient wires extend
more than one RF coil length past each end of the RF sole-
noid. The calculated gradient deviates from uniformity close
to the wires, but is highly uniform over the sample region
(2.4 mm dia. shaded circle), having a sharply-peaked histo-
gram of mean gradient amplitude 1.26 T/m with a standard
deviation ±2%. Alternative wire arrangements can be
explored, with a trade-off between sample space and gradient
homogeneity on the one hand, and gradient strength on the
other. For our configuration, the centers of the wire bundles
were separated by 5.4 mm in both the x and z directions as
the minimum practical to provide structural support for
the wires while generating high-gradient amplitude and good
homogeneity.



Fig. 1. Micro-Z gradient coil: (a) support structure, (b) 3-turn RF coil and gradient wires in epoxy, and (c) wire positions (+) relative to sample tubes. (d)
Gradient homogeneity over the sample region (2.4 mm dia. shaded circle) for a 1 A current, with mean value 1.26 T/m ± 2%.
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To provide mechanical stability and restrict Lorentz
force vibrations, the entire gradient/RF coil assembly was
potted in epoxy (Devcon 2-Ton) (Fig. 1b). For additional
vibration damping, it was equipped with a Delrin cover
that provided Viton O-ring padding against the walls of
the Micro2.5 gradient set bore (39 mm dia.) and permitted
Nylon screws to clamp the epoxy-coated coil from both
sides. The complete assembly attached to the top of the
Bruker RF insert by threaded brass rods, and thus could
be positioned at the Micro2.5 isocenter. The Micro-Z was
interfaced with the z-channel of the microimaging system
by a twisted pair of insulated wires running down the cen-
ter of the RF insert to the Bruker security fuse box, using
the z-channel fuse. The fuse box lid, together with alumi-
num foil wrapped around the twisted pair, provided a
grounded RF shield for the gradient leads.

2.2. Performance optimization

Integration of the Micro-Z with the microimaging system
comprised three key elements: (1) gradient coil/amplifier
impedance matching for optimal current rise times, (2) z-axis
scale factor adjustment for accurate image dimensions, and
(3) voltage pre-emphasis adjustment for eddy current com-
pensation. These resulted in an operational z-gradient coil
which could be precisely calibrated as described below.

Each 40 A Bruker audio-frequency power amplifier
(BAFPA40) has a set of DIP switches on the front panel
that permit limited impedance matching to the gradient
coil. The switches provide loop compensation, adding fixed
values of resistance and capacitance to balance the induc-
tive reactance of the coil. We optimized these empirically
by observing the current output of the z-amplifier with
an oscilloscope. The current monitor on the back panel
of the BAFPA40 outputs a voltage proportional to the
actual current applied to the coil (not the ramp voltage
from the pulse synthesizer). Representative current wave-
forms applied to the Micro-Z, captured from the oscillo-
scope using LabView software (National Instruments),
are shown in Fig. 2 for a nominal gradient of 25 T/m.
While impedance mismatch can produce oscillations in
the pulse plateau (Fig. 2a), correct matching gives a flat
plateau, with rise time trise = 125 ls (Fig. 2b). A hypothet-
ical trapezoidal ramp voltage (dashed line) with no pre-em-
phasis (120 ls ramp time) closely matches the measured
current waveform (solid line) in Fig. 2b.



Fig. 2. Gradient pulse waveforms (�25 T/m) applied to the Micro-Z coil, as captured from the gradient amplifier via LabView. (a) Incorrect loop
compensations result in impedance mismatch between amplifier and coil, producing oscillations. (b) Correct impedance matching results in a flat plateau,
with rise time trise = 125 ls. A trapezoidal ramp voltage (120 ls ramp time) is superimposed (dashed line).
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The Bruker microimaging software (ParaVision2.1)
assigns gradient scale factors to each gradient axis: num-
bers between 0 and 1 that scale the ramp voltage supplied
to each gradient amplifier and are used, in addition to a
global calibration constant (Hz/cm), to calculate the scal-
ing from the frequency domain to image space. Since the
global constant applies to all axes, we used the default val-
ue for the Micro2.5 gradient set. This allowed the x- and y-
gradient scale factors to remain set to 1 while the z-gradient
scale factor initially was set to 0.01984 (=0.025/1.26), the
ratio of the Micro2.5 gradient strength to that predicted
for the Micro-Z. In so doing, the z-gradient amplitude in
the pulse program must be set to values greater than
100% to produce the full range of z-amplifier current out-
put. The z-axis scale factor was coarsely optimized by
acquiring a cross-sectional image of the 2.4 mm dia. cylin-
drical sample tube filled with water (voxel size = 78 ·
78 · 500 lm3), using the Micro-Z for frequency encoding
and the Micro2.5 x- and y-gradients for phase encoding
and slice selection. The z-scale factor was adjusted itera-
tively until equal vertical and horizontal diameters of the
sample tube were measured on the image, resulting in a val-
ue of 0.02, but a more accurate value was obtained from
the full Micro-Z calibration (see below).

Finally, to compensate for minor residual eddy currents,
the ParaVision2.1 pre-emphasis tool was used to determine
the amount of voltage pre-emphasis needed and to auto-
matically apply it to every voltage ramp sent to the z-gra-
dient amplifier. The tool uses eight gradient pulses, each
followed by a non-selective 90� RF pulse at a different time
delay (0.2–200 ms), to generate eight FID’s that are sensi-
tive to eddy currents of different time constants. The tri-ex-
ponential pre-emphasis voltage that is applied provides six
adjustable parameters to selectively compensate different
eddy current components until no signal loss is observed
in the FID’s. We found that only eddy currents of the fast-
est time base (<200 ls) required significant compensation.
These may arise in the copper of the embedded RF sole-
noid due to its proximity, as the small size of the Micro-

Z suggests negligible interaction with metal structures in
the surrounding Bruker gradient set or magnet bore.

2.3. Calibration method

A working definition for the calibration of a gradient
coil is the accurate determination of the gradient generated
by the coil over the complete range of applied current. If
determined to be linear, the current response (i.e., the gain)
of the coil may be characterized by a single number a, mea-
sured in T/m/A. Without assuming linearity, we accom-
plished a direct calibration of the Micro-Z gradient coil
in two steps: (A) a preliminary calibration for low-ampli-
tude gradient pulses (0–4 T/m), and (B) using the results
of step A, a calibration for high-amplitude pulses (4–
50 T/m). In step A we measured the width of a z-axis pro-
jection of a water-filled capillary of known diameter, using
a spin echo readout. In step B we measured the 1H NMR
echo amplitude from low-diffusivity polyethylene glycol
(PEG) dissolved in D2O in the 2.4 mm sample tube. Two
z-gradient pulses of opposite polarity were applied prior
to the echo, and the second gradient pulse was adjusted
until the echo amplitude was maximal. Both steps A and
B used a 90�–180� pair of non-selective RF pulses (Fig. 3).

In calibration step A, the capillary projection width Dm
was used to calculate the effective amplitude of the second
gradient pulse Gz2 according to Dm ¼ cGz2Dz, where
c = 42.58 MHz/T and Dz is the capillary inner diameter
(1.1 mm). Nineteen different z-gradient amplitudes (% gra-
dient strength) were set in the pulse program, and Gz2 was
plotted versus current applied to the coil (Fig. 4a). Current
was measured on an oscilloscope at the plateau of Gz2,
which is constant during the data acquisition window. A
gradient gain aA could be calculated for each Gz2, or a sin-
gle aA determined from the slope of a linear fit to Gz2 versus



Fig. 3. Pulse sequences for calibration steps A and B.

Fig. 4. (a) Measured Micro-Z calibration curve for calibration step A (0–
4 T/m). Inset shows a typical z-axis projection of the capillary tube and the
measurement of its width Dm. (b) Measured Micro-Z gradient waveforms
for calibration step B (4–50 T/m). Here Gz1 �5,25,49 T/m, and D = d1.
Inset shows equal pulse areas at each Gz1 after adjusting d2.
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current. Step A was limited to a gradient amplitude of
about 4 T/m by our system’s largest receiver bandwidth
(200 kHz).

In calibration step B, the z-gradient pulse pair between
the 90� and 180� RF pulses consisted of a short duration
pulse of unknown high-amplitude (Gz1 > 4 T/m) followed
by a longer duration pre-calibrated pulse of lower ampli-
tude (Gz2 < 4 T/m). The two gradient pulses were made
adjacent to minimize diffusive signal loss. The duration of
the first gradient pulse d1 was held fixed (0.4 ms), and for
each Gz1 the duration of the second gradient pulse d2 was
adjusted, keeping TE constant and Gz2 fixed (3.8 T/m),
until the PEG signal was maximal at dmax

2 . The bulk signal
was strong even for the largest Gz1 due to low diffusivity
(8 kD PEG at 12.5 w% dilution) and large sample volume.
Again 19 different Gz1 amplitudes were used (5–50 T/m),
for which dmax

2 values were found to be 0.568–6.41 ms. To
accommodate longer d2, TR and TE were fixed as needed
(1–2.5 s and 12–20 ms, respectively). When the PEG signal
was maximal, the waveform of each gradient pulse was
recorded via LabView (5000 points) and numerically inte-
grated to obtain its area (Fig. 4b). The area ratio of the
two pulses then was used to correct the step A gradient
gain aA to obtain aB, the step B gradient gain, a derivation
of which is given below for gradient waveforms of arbitrary
shape.

For a sample of spin density q(z), with gradient pulses
Gz(t) applied along the z-axis, the measured echo signal
at TE is given by:

EðkzÞ ¼ E0

Z
qðzÞ expð�bzDzÞ expð2pikzzÞdz; ð1Þ

where E0 accounts for receiver sensitivity and intrinsic
relaxation, Dz is the z-axis diffusion coefficient,

bz ¼ c2

Z TE

0

Z t

0

Gzðt0Þdt0
� �2

dt; ð2Þ

and

kz ¼ c
Z TE

0

GzðtÞdt: ð3Þ

When the net gradient moment is zero (kz = 0), as for two
pulses with equal areas but opposite polarity occurring pri-
or to the echo, E(kz) is maximal in the absence of diffusion.
Furthermore, two nearly adjacent (� trise) gradient pulses
of opposite polarity will have a combined waveform with
zero-crossing at a single mid-point (Tmid), even for non-
rectangular pulses of finite rise and fall times. Hence Eq.
(3) gives

kz ¼ c
Z T mid

0

Gz1dt þ
Z TE

T mid

Gz2dt
� �

¼ c aB

Z T mid

0

I1dt � �aA

Z TE

T mid

I2dt
� �

; ð4Þ

where I1(t) and I2(t) are the current waveforms of the first
and second gradient pulses measured on the current
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monitor. By adjusting d2, i.e., the area of the second gradi-
ent pulse, until the observed echo peak E(kz) is maximal,
we obtained aB, the gain at high gradient amplitude:

aB ¼ aA

Z TE

T mid

I2dt
Z T mid

0

I1dt
� ��1

¼ aA
Area2
Area1

; ð5Þ

where Area1 and Area2 are the integrated areas of the cur-
rent waveforms recorded in LabView. The gain aB then was
used to calculate the gradient amplitude Gz1 (>4 T/m) for
each plateau value of applied current. Although no
assumption of global linearity need be made in calibration
steps A and B, the points from steps A and B can be com-
bined to yield a single gain a from a linear fit to Gz versus
current.

The accuracy of calibration step A was limited by the
choice of capillary diameter and the tradeoff between max-
imizing SNR and keeping Dm less than the largest receiver
bandwidth of our microimaging system (200 kHz). We note
that newer systems can have receiver bandwidths of
1 MHz, potentially extending the range of step A to about
20 T/m. The accuracy of calibration step B, however, could
be subtly affected by diffusion, since kz = 0 does not coin-
cide with maximum diffusive signal loss, and the value of
dmax

2 might be obscured. To estimate the size of this effect
we computed the variation of the echo peak as a function
of d2 near dmax

2 for the actual experimental conditions of
the calibration points in step B. Considering the sample
tube cross-sectional spin density q to be a circular disk of
radius a centered at the origin in the xz-plane, Eq. (1) is
the inverse Fourier transform of a circle, i.e., the jinc func-
tion given by jinc(r) = J1(r)/r, with J1(r) the first-order Bes-
sel function of the first kind and r = 2pakz. Thus

EðkzÞ ¼ E0 expð�bzDzÞ � jincð2pakzÞ; ð6Þ

where bz¼c2½G2
z1d

2
1ðD�2

3
d1þd2Þ�Gz1Gz2d1d

2
2þ1

3
G2

z2d
3
2� and kz¼

cðGz1d1�Gz2d2Þ in the step B pulse sequence of Fig. 3, with
Gz1 and Gz2 the gradient pulse magnitudes. Since both bz

and kz depend on d2, the question is whether exp(�bzDz)
significantly affects the shape of jinc(2pakz), the latter being
maximal at dmax

2 . Calculating these functions over a range
of d2 centered on dmax

2 as in calibration step B, with all
parameters set to values used in the experiments, shows
jinc(2pakz) to fall to zero while exp(�bzDz) remains
flat, slightly decreasing jinc(2pakz) but causing negligible
change in its shape. From this we conclude diffusion
does not affect calibration step B accuracy for our
measurements.
2.4. Microimaging

The potential of the Micro-Z for quantitative microi-
maging of diffusion was illustrated by four sets of experi-
ments: (1) measuring the bulk ADC of water and of
PEG, (2) mapping the ADC of water, (3) q-space imaging
of water in close-packed 4.5 lm polystyrene microspheres,
and (4) diffusion-weighted imaging of a fixed mouse spinal
cord.

A PGSE sequence was used to measure bulk ADC of
water and of PEG in D2O (both at ambient tempera-
ture = 19 �C), with ADC calculated from a linear fit to
the natural log of the normalized signal versus the b-value.
For PEG, b-values as high as 107 s/cm2 (�40 T/m) could be
used due to its low diffusivity, 100 times higher than those
used for water. ADC maps of water (doped with 1.2 mM
Gd-DTPA) in the 2.4 mm i.d. sample tube were generated
using a diffusion-weighted spin echo imaging sequence and
six b-values, with either the Bruker Micro2.5 z-gradient coil
(D = 15 ms) or the Micro-Z gradient coil (D = 7.5 ms), and
b-values ranging 0.037–1.309 · 105 s/cm2 and 0.043–
1.545 · 105 s/cm2, respectively.

Both non-localized and localized q-space imaging exper-
iments were performed using the Micro-Z and preparations
of centrifuged (closely packed) polystyrene microspheres of
diameter a = 4.5 lm (Duke Scientific, USA) in water
doped with 1 mM Gd-DTPA in a 2.4 mm i.d. tube. Non-
localized measurements were performed with parameters:
D = 15 ms, d = 340 ls, TR = 500 ms, TE = 10.1 ms, 128
averages, scan time per data point = 64 s, and Gmax

z �
30T=m. Localized measurements (low-resolution diffu-
sion-weighted spin-echo images) were made with parame-
ters: D = 20 ms, d = 3 ms, TR = 500 ms, TE = 25.8 ms,
16 · 16 matrix, 5 · 5 mm2 FOV, voxel size = 313 ·
313 · 4000 lm3, 25 averages, and scan time per data
point = 13.3 min.

Diffusion-weighted images were acquired of an excised
cervical spinal cord from a mouse (C57 BL6). The cord
was fixed in 2%/2.5% paraformaldehyde/glutaraldehyde
and was suspended in PBS for imaging. A PGSE imaging
sequence was used: D = 6.2 ms, d = 240 ls, TR = 5 s,
TE = 11.5 ms, 128 · 64 matrix, 3 · 3 mm2 FOV, voxel
size = 23 · 47 · 1000 lm3, scan time = 5.3 min. Applied dif-
fusion gradient amplitudes were Gz� 10,15,20,30,40 T/m,
corresponding to b-values = 0.61, 1.4,2.5, 5.5,9.7 · 105

s/cm2 (q-values � 500–2000 cm�1). The Micro-Z was used
both for generating diffusion gradient pulses perpendicular
to the cord axis and for imaging in combination with the
Micro2.5 x- and y-gradient coils.

3. Results

The Micro-Z was operated as high as 50.2 T/m (40 A)
with no adverse effects. Good gradient uniformity was
demonstrated in cross-sectional images of a water-filled
tube obtained using the Micro-Z for readout and the
vendor’s x- and y-coils for phase-encoding and slice
selection. The Micro-Z response to applied current was
found to be linear up to 40 A as seen in calibration steps
A and B (Figs. 4 and 5). Eddy current effects were min-
imal, with only minor pre-emphasis adjustment required
even at 40 A, and the rise time of the Micro-Z pulses
(�125 ls) was comparable to that of the Bruker
Micro2.5 gradients.



Fig. 5. Final Micro-Z calibration curve combining steps A and B,
confirming a linear current response for Gz = 0–50 T/m. Thus a single gain
value was adopted for the coil: a ¼ 1:255 T=m=A.

Fig. 6. ADC maps of water in the sample tube, using a PGSE imaging
sequence and (a) the Bruker Micro2.5 z-gradient coil or (b) the Micro-Z

gradient coil. The Bruker Micro2.5 x- and y-gradients also were used for
both. Mean ADC within a ROI drawn on both maps was the same
(1.93 · 10�5 cm2/s).

Fig. 7. Non-localized echo signal (¤) versus q from a sample of
polystyrene micro-spheres (dia. = 4.5 lm) in water, obtained with the
Micro-Z, shows a diffraction peak at q = 1/(4.51 lm). Image intensity (e)
from an ROI drawn on diffusion-weighted images (inset), obtained using
the Micro-Z together with the Bruker Micro2.5 x- and y-gradients, shows
similar behavior. Smooth lines are a guide for the eye.
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Calibration step A demonstrated a linear current
response (Fig. 4a), with a linear fit providing the gradient
gain aA from the slope = 1.253 T/m/A (R2 = 0.9998). This
would predict a maximum gradient amplitude of 50.12 T/m
at 40 A and is in agreement with the Biot–Savart estimate
of the Micro-Z gain at 1.26 T/m/A. Calibration step B con-
tinued to demonstrate linear behavior even at high-gradi-
ent amplitudes. Furthermore, the area ratio (Eq. (5)) of
the numerically integrated gradient waveforms was very
close to 1 for all Gz1 values (Fig. 4b inset), supporting the
premise that kz = 0 when E(kz) is maximal. The combined
data of steps A and B thus showed a linear response of the
Micro-Z over the entire range studied, for which a linear fit
gave �a ¼1.255 T/m/A, with R2 = 0.9998 (Fig. 5). This final
gain calibration, which predicts a maximum gradient
amplitude of 50.20 T/m at 40 A, was used to set the z-axis
gradient scale factor to 0.01992 (=0.025/1.255).

As an initial test of these calibrations, the bulk ADC of
H2O and of PEG in D2O were found to be 1.9 · 10�5 cm2/s
and 2.7 · 10�7 cm2/s at 19 �C. Furthermore, ADC maps
using either the Bruker Micro2.5 z-gradient or the Micro-

Z for diffusion and phase encoding, together with the
Micro2.5 x- and y-gradients for frequency encoding and
slice selection (Fig. 6) gave the same mean ± standard devi-
ation ADC within a circular ROI (75% diameter) drawn on
each map: 1.93 · 10�5 ± 0.23 cm2/s for the Bruker z-gradi-
ent, 1.93 · 10�5 ± 0.22 cm2/s for the Micro-Z. A slight dis-
tortion of the image is apparent in Fig. 6b, possibly due to
residual eddy currents induced by the Micro-Z in the cop-
per tape of the embedded RF coil at these high-gradient
amplitudes, but no distortion was seen in images acquired
at low amplitudes (<1 T/m).

Non-localized signal intensity (¤) versus q from 4.5 lm
micro-spheres is shown in Fig. 7. Note the diffraction peak
at the q-value 2216.45 cm�1 (Gz = 1.75 T/m), where 1/q =
4.51 lm, in excellent agreement with actual bead diameter
and similar to effects shown by Coy and Callaghan [17].
These results demonstrate the utility of the Micro-Z for
generating gradient amplitudes significantly larger than
those accessible by a commercial tri-axial set. Superim-
posed on these data are values (e) from a 6 · 6 pixel
ROI centered on the tube of micro-spheres in diffusion-
weighted images (inset), which show similar behavior, even
though from a different sample. Smooth lines connect
points as a guide for the eye.

Diffusion-weighted images of a mouse spinal cord dem-
onstrated the microimaging capability of the Micro-Z coil,
showing a range of gray/white matter contrast. Three such
images are shown in Fig. 8 for b = 0.6, 2.5,9.7 · 105 s/cm2

(left to right). ROI’s for white matter (WM) and gray



Fig. 8. Diffusion-weighted images of a fixed mouse spinal cord acquired
using the Micro-Z with diffusion gradients perpendicular to the cord axis
and b = 0.6,2.5,9.7 · 105 s/cm2 (left to right). The graph shows different
rates of signal loss as a cause of WM/GM contrast inversion at high
b-value.
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matter (GM) were selected covering most of the ventro-lat-
eral WM and central GM. By plotting ROI values versus b,
it becomes evident that the contrast inversion seen in the
images at increasing diffusion weighting is due in part to
differences in diffusive behavior of these two tissues [24].
The signal decay rate is faster for the relatively isotropic
GM than for the highly anisotropic WM, as expected for
diffusion gradients applied perpendicular to the WM diffu-
sive restrictions (axon and myelin membranes).
4. Discussion

The Micro-Z gradient coil presented here addresses the
need for high-gradient amplitude PGSE diffusion encoding
combined with 3D spatial localization. Overall perfor-
mance of the Micro-Z was excellent, demonstrating close
agreement with predicted gradient strength, and the capa-
bility for quantitative measurements of restricted diffusion
phenomena at the length scale of cells. The first-order dif-
fraction peak of the non-localized microsphere data in
Fig. 7, occurring at q = 1/(4.5 lm), yields information
about the average pore size of the close-packed micro-
spheres of 4.5 lm mean diameter. Taking the Fourier
transform, the propagator would have a resolution of
1.13 lm, adequate for characterizing water molecule
displacements in the pore spaces. The observed behavior
is typical for a pore glass, in which pore shape and orienta-
tion are random throughout the sample [25,26]. The dis-
crepancy in the results from the two samples in Fig. 7,
prepared using the same materials and methods and mea-
sured on different days, is most likely due to the different
data acquisition methods. Data from the image-based mea-
surement show greater signal loss than the non-localized
data, consistent with increased diffusion weighting from
the imaging gradient pulses and possible noise-current
ghosting (see below).

The diffusion weighted images of mouse spinal cord in
Fig. 8 demonstrate the capabilities of the Micro-Z gradient
coil for quantitative image-based measurements of restrict-
ed diffusion in important biological tissues, accessing
exceptionally high b-values and q-values. An immediate
application for this technology will be the assessment of
regional axonal structure in mouse spinal cord by mapping
the propagator at high-resolution (in both spatial and dis-
placement domains) [27], and various experimental pathol-
ogies also can be studied. The highest b-value we used was
nearly 106 s/cm2, higher than typical for diffusion-weighted
imaging of white matter. More exceptional than this b-val-
ue, however, are the gradient amplitude and duration used
to achieve it (40 T/m and 240 ls), enabling a relatively
short diffusion time (6.2 ms) by which smaller diffusional
displacements could be probed. This in turn allowed an
echo time of 11.5 ms, providing high SNR and highlighting
one of the advantages of the small Micro-Z coil, i.e., short-
er echo time for a particular b-value.

The novel calibration method presented here provided a
direct means to accurately determine the gradient generat-
ed by a given current applied to the Micro-Z. In Section
2.3, we concluded that calibration accuracy is not affected
by diffusion in step B, although SNR loss due to diffusion
could affect accuracy in step A. Accuracy, however, more
likely is limited by noise and hum in the gradient amplifier
[4], which for a high-gain coil can manifest as signal insta-
bility and phase-encode ghost artifacts in images. As we
observed some evidence of these with the Micro-Z, we mea-
sured both the noise and hum in the BAFPA40 amplifiers.
The noise fluctuation was ±4 mA, riding on a sinusoidal
hum of amplitude 2 mA and frequency 2 kHz, which corre-
sponds to gradient amplitude fluctuations as large as
±7.53 mT/m. These are nearly imperceptible in the mea-
sured 25 T/m gradient waveforms of Fig. 2, but their con-
tribution when using the Micro-Z to generate low gradient
amplitudes (<1 T/m) can be significant.

The Micro-Z gradient coil was designed to have high-
gain for high-resolution q-space microimaging, hence
relatively low currents were needed for generating low-am-
plitude z-axis imaging gradient pulses, while higher
currents only were applied for brief durations as needed
for the high-amplitude PGSE pulses. Since thermal dissipa-
tion (I2R) is quadratic in current, standard imaging duty
cycles likely were less thermally intensive for the Micro-Z

than for the Bruker gradient coils. Furthermore, typical
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phase-encode gradient pulse durations of 1–2 ms usually
resulted in a total Micro-Z duty cycle of less than 2%.
Higher duty cycles could be possible, particularly for lower
gradient amplitudes, but to determine the maximum duty
cycle for a given tolerable temperature range would require
direct monitoring of the gradient coil temperature.
Although we did not directly measure the Micro-Z temper-
ature, we turned on the water cooling system for the Bru-
ker tri-axial gradient set which circulated water at 19 �C
during all experiments. This provided a relatively stable
and cool ambient within the bore, and such air cooling
was sufficient.

The single-axis Micro-Z design is sufficient for diffusion
encoding in cylindrically symmetric samples such as the
spinal cord, however a tri-axial set would require x- and
y-coils of geometry other than a Maxwell pair, which can
compromise gradient strength or field of view [7,10–12].
Nevertheless, for use with smaller samples, the dimensions
of the Micro-Z gradient and RF coils could be reduced to
increase both gradient strength and SNR. Other design
improvements may include use of an RF shield to block
external noise, a balun transformer to suppress coaxial
cable shield currents, and larger O-rings for a tighter fit
of the entire structure within the bore. Furthermore, B0

shift compensation and additional gradient pulse blanking
might be required if data are to be acquired immediately
following high-amplitude gradient pulses.

In summary, a relatively simple and easy-to-build gradi-
ent coil capable of gradient amplitudes up to 50 T/m was
constructed and directly calibrated. The coil was integrated
with an existing commercial microimaging system, provid-
ing new possibilities for localized q-space microscopy. The
intended goal of 1 lm resolution in the displacement
domain was achieved, demonstrating the accurate perfor-
mance of this coil. Initial results from diffusion-weighted
imaging of a mouse spinal cord show the potential of this
technology for quantitative high-resolution q-space imag-
ing of axonal microstructure.
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