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a b s t r a c t

There has been increasing interest in nuclear magnetic resonance (NMR) techniques that are sensitive to
diffusion of molecules containing NMR visible nuclei for the estimation of microstructure parameters. A
microstructure parameter of particular interest is pore radius distribution. A recent in silico study opti-
mised the shape of the gradient waveform in diffusion weighted spin-echo experiments for estimating
pore size. The study demonstrated that optimised gradient waveform (GEN) protocols improve pore
radius estimates compared to optimised pulse gradient spin-echo (PGSE) protocols, particularly at
shorter length scales. This study assesses the feasibility of implementing GEN protocols on a small bore
9.4 T scanner and verifies their additional sensitivity to pore radius. We implement GEN and PGSE
protocols optimised for pore radii of 1, 2.5, 5, 7.5, 10 lm and constrained to maximum gradient strengths
of 40, 80, 200 mT m�1. We construct microstructure phantoms, which have a single pore radius for each
phantom, using microcapillary fibres. The measured signal shows good agreement with simulated signal,
strongly indicating that the GEN waveforms can be implemented on a 9.4 T system. We also demonstrate
that GEN protocols provide improved sensitivity to the smaller pore radii when compared to optimised
PGSE protocols, particularly at the lower gradient amplitudes investigated in this study. Our results sug-
gest that this improved sensitivity of GEN protocols would be reflected in clinical scenarios.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The magnitude of the signal from diffusion weighted (DW)
magnetic resonance (MR) techniques is attenuated by the incoher-
ent displacement of molecules containing the nuclei being studied
at typical time scales of units to tens of milliseconds. In the case of
diffusing molecules in fluids in porous materials, the dispersion
pattern of the molecules in the fluid is influenced by the size and
shape of the pores. Thus, DW-MR techniques are sensitive to the
microstructure of porous materials [1] and have been used in
diverse applications for the drilling industry [2], the food industry
[3–6], studying minerals [7] and biomedical sciences [8–10].

For our study, we are primarily motivated by biomedical appli-
cations and, in particular, the mapping of axon radius in white
matter regions of the central nervous system. Axon radii in human
white matter tissue range from 0.1 to 10 lm [11]. Axon radius is
related to the conduction velocity in myelinated nerve fibres
[12]: axon bundles with large axon radii are able to transmit
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information more quickly, whereas axon bundles with small axon
radii can be packed more densely and thus transmit more informa-
tion per unit cross sectional area. For example, in the corpus callo-
sum, the mode of the axon radius distribution is greater in the
midbody, which interconnects sensory areas, than in genu, which
interconnects prefrontal areas [11]. As well as providing insight
into the structure and function of normal tissue, estimating axon
radius distributions may provide useful progression and classifica-
tion biomarkers for abnormal pathologies such as autism [13],
amyotrophic lateral sclerosis (ALS) [14,15] or schizophrenia [16].

The apparent diffusion coefficient (ADC) and the diffusion
tensor (DT) are measures of diffusion that assume Gaussian disper-
sion patterns of diffusing molecules. Studies have used ADC and DT
to elucidate microstructural information, such as fibre tract organi-
sation in white matter [8,17]. However, these studies do not
attempt to quantify specific properties of the underlying micro-
structure, such as cell size and density, directly. Estimating the
underlying microstructure parameters can be achieved by fitting
tissue models to the measured signal, thus improving specificity
compared to ADC and DT. For example, in a previous study
investigating bovine optic nerve [18], a three compartment model
of white matter tissue (ellipsoidal axons, spherical glial cells and
extracellular space) is used to estimate nine microstructure
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parameters (pore dimensions, interface permeability, diffusivity,
and volume fraction of the compartments). The composite
hindered and restricted model of diffusion (CHARMED) [19,20] is
a simpler, two compartment model consisting of parallel axons
with a gamma distribution of radii in free extracellular space. A
further simplification, the ActiveAx technique [21,22] (single axon
radius rather than a distribution) is used to test the feasibility of
recovering parameter estimates in experiments in which there is
no prior knowledge of fibre orientation. In addition to reducing
the model to the smallest realistic set of parameters, another key
step for achieving orientational invariant parameter estimates is
to optimise the protocol.

Hitherto, trapezoid magnetic field gradients are most com-
monly used to sensitise the MR signal to diffusion. This technique
is used in all the studies mentioned above, [18,21,22], as well as
[23–25] to quantify axon radii directly. Pore radius in white matter
phantoms has also been quantified, for example in [26–28], using
q-space techniques [29,30] and in [31–33] using double wave-vec-
tor techniques [34]. Studies that use experiment design optimisa-
tion [21,22,35] suggest a single pair of trapezoid gradients
requires large gradient amplitudes, which are not currently achiev-
able in most clinical systems, to distinguish small axon radii.
Replacing the trapezoid gradients with oscillating waveforms
potentially increases sensitivity at short length scales [35–40]. In
this text, we use the term PGSE to refer to spin-echo experiments
with a pair of diffusion sensitising gradients that each have the
same single trapezoid waveform. A recent in silico study optimises
iteratively the shape of the gradient waveforms to maximise sensi-
tivity to various pore radii [35]. The optimised ‘GEN’ waveforms in
that study predominantly have the form of oscillating trapezoids,
but also include waveforms with slow ramps and less regular
features. That study found that protocols that use GEN are better
able to distinguish between small axon radii compared to opti-
mised PGSE protocols.

The motivation for this study is twofold: First, we aim to deter-
mine whether GEN protocols, which contain diverse waveforms,
can be implemented on a small bore scanner. The field experienced
by the sample may be perturbed from the intended gradient wave-
form due to factors such as eddy currents, gradient non-linearities,
gradient heating. Indeed, in sequences that have gradients with
long duration and/or are switched rapidly (e.g. echo-planar imag-
ing) many of the image artefacts are due to these factors. Second,
we compare experimentally the sensitivity of GEN and PGSE proto-
cols to small pore radii (<5 lm) because the majority of axons in
human white matter have radii in this range [41].
2. Methods

In Section 2.1, the microcapillary phantoms based on those used
in [26] are described. Section 2.2 describes the simplified tissue
model based on that used in [21,22,35], and the experiment design
optimisation [21] that optimises GEN waveforms and PGSE proto-
cols, as in [35]. Section 2.3 describes the implementation of the
GEN and PGSE protocols on a small bore scanner. In Section 2.4,
we describe the estimation of microstructural parameters by
model fitting to the measured signal. Section 2.5 describes the
scanning electron microscopy (SEM) protocol used to measure
the distribution of the internal diameters of the fibres.
2.1. Microcapillary phantoms

The microstructure phantoms consist of silica microcapillary
fibres with nominal pore radius of 1 ± 0.5, 2.5 ± 1, 5 ± 1, 7.5 ± 1,
10 ± 1 lm (mean ± standard deviation) and outer radius of
75 ± 3 lm (Polymicro Technologies, LLC). For convenience, we
use the nominal radius values in the text of this article, unless
otherwise stated.

The fibres were provided in 100 m spools, cut to 4 cm lengths,
and were soaked in water for a minimum of two weeks. The outer
surfaces were then dried, the fibres were packed in 10 mm NMR
tubes, and the NMR tubes were filled with Fomblin Perflourosolv™
PFS-1 (a mixture of perfluoropolyethers with a distribution of
polymer lengths, Solvay Solexis, Inc.). The Fomblin is meant to
provide a proton NMR invisible medium outside the microcapillar-
ies. The intra- to extra-capillary volume ratio is very small
(�1.8 � 10�3 for 1 lm microcapillaries), due to large outer radius
of the microcapillaries. If water is used instead of Fomblin, then
the signal from intra-capillary water would be swamped by that
of the extra-capillary water. However, the Fomblin PerflourosolvTM

PFS-1 has –OCF2H as a terminal group (personal communication,
Andrea Sergio, Solvay Solexis, Inc., 2010). This results in several
peaks approximately 700 Hz offset from the water peak in the
NMR spectrum at 9.4 T, thus we only considered the water peak
to evaluate the intra-capillary signal.

The Fomblin, as opposed to air, when used as an extra-capillary
medium, also serves to reduce unwanted magnetic field gradients
due to the reduced difference in susceptibility between the extra-
capillary medium and the capillary walls. Susceptibility effects
were further reduced by orientating the sample such that the fibres
were aligned parallel to the main field and by making the length of
the microcapillaries much longer than the sensitive length of the
r.f. coil.

2.2. Optimisation

In the following text we use the terms ‘protocols’, ‘repetitions’
and ‘measurements’. The relationship between them is as follows:
A protocol is a set of combinations of pulse sequence parameters. A
combination of pulse sequence parameters produces a measure-
ment. For example, for PGSE, each measurement comes from a
particular gradient amplitude, d, and D; for GEN each measure-
ment comes from one gradient waveform (the same waveform is
played out forwards before the refocusing pulse and backward
after). Repetitions are multiple independent acquisitions of one
measurement.

The signal model is as described in [21,35] but with the intra-
pore volume fraction set to 1, i.e. no extra-pore signal. Briefly,
the model assumes the signal comes from water at 18 �C, where
the diffusivity is 1.93 � 10�9 m2 s�1 [42], inside parallel cylinders
of a single radius with impermeable walls.

We obtained PGSE protocols using the algorithm in [21]
adapted for the simplified tissue model described. Briefly, the opti-
misation searched for the four combinations of jGj, d and D (ampli-
tude, duration, and separation of onset of the two gradient pulses)
that minimised the sum of Cramer-Rao lower bounds, which is the
lower bound on the variance of the estimators of the parameters,
on the two parameters of the model, radius and diffusivity. For
GEN protocols, the gradient waveform optimisation and the signal
model were as in [35]. Each protocol contains just four measure-
ments each with gradient direction fixed perpendicular to the fibre
direction, as in [35].

To assess the optimal echo time (TE) for the GEN protocol, trial
optimisations for TE = 60, 80, 100, 127 ms for Gmax = 40 and
200 mT m�1 were performed. A maximum TE of 127 ms was cho-
sen because preliminary spin-echo experiments on various phan-
toms, including agarose only phantoms, showed signal
instabilities due to coherent vibrational motion for TE� 127 ms.
We have not observe this artefact at TE 6 127 ms. The objective
function of the optimisation was minimal at the highest TE, and
thus TE was set to 127 ms. The rate of change of gradient ampli-
tude was constrained to a maximum of 2500, 1000, 500 T m�1 s�1



Fig. 1. Optimised gradient waveforms for all GEN protocol. Waveforms are normalised to the gradient amplitude of each set of measurements and all have duration of
50.40 ms. G = Gradient amplitude (mT m�1), Rp = Radius for which protocol was optimised (lm).

Table 1
b-values for GEN and PGSE protocols.

Gradient amplitude/mT m�1 Radius/lm b-value/sm�2

GEN PGSE

M1 M2 M3 M4 M1 M2 M3 M4

40 1 4.63E + 08 1.72E + 07 4.89E + 06 1.80E + 06 3.81E + 08 4.37E + 06 2.66E + 06 1.83E + 06
2.5 2.18E + 07 2.04E + 07 9.49E + 09 2.00E + 07 2.95E + 09 1.26E + 08 1.38E + 08 7.96E + 07
5 3.86E + 08 2.19E + 08 8.57E + 09 9.66E + 07 4.11E + 08 4.11E + 08 4.11E + 08 1.74E + 10
7.5 3.45E + 08 5.02E + 08 1.45E + 08 8.68E + 09 5.95E + 08 5.95E + 08 1.64E + 10 5.95E + 08
10 4.52E + 08 2.29E + 08 4.20E + 08 5.79E + 09 6.57E + 08 6.57E + 08 8.26E + 09 6.57E + 08

80 1 1.93E + 07 2.43E + 09 2.81E + 07 1.33E + 07 1.02E + 07 2.01E + 07 1.52E + 09 1.16E + 07
2.5 2.04E + 07 3.06E + 07 1.09E + 09 4.18E + 07 4.35E + 08 1.37E + 08 1.17E + 10 8.81E + 07
5 5.05E + 08 2.99E + 10 3.93E + 08 4.19E + 08 2.77E + 10 6.95E + 08 6.95E + 08 6.95E + 08
7.5 7.81E + 08 6.18E + 08 7.54E + 08 1.37E + 10 7.52E + 08 7.52E + 08 1.27E + 10 7.52E + 08
10 6.60E + 08 6.19E + 09 6.90E + 08 6.95E + 08 7.66E + 08 7.66E + 08 6.49E + 09 7.66E + 08

200 1 1.57E + 08 5.30E + 09 5.63E + 07 5.11E + 07 9.50E + 09 4.31E + 07 6.41E + 07 9.17E + 07
2.5 1.45E + 08 1.63E + 08 4.65E + 08 1.01E + 11 4.90E + 08 4.91E + 08 6.75E + 10 4.91E + 08
5 3.43E + 10 7.09E + 08 7.16E + 08 7.80E + 08 9.48E + 08 1.99E + 10 9.48E + 08 9.48E + 08
7.5 6.86E + 08 1.34E + 10 6.80E + 08 6.69E + 08 9.41E + 09 9.05E + 08 9.05E + 08 9.05E + 08
10 6.76E + 08 6.35E + 08 6.32E + 08 6.29E + 09 4.89E + 09 8.10E + 08 8.10E + 08 8.10E + 08
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for maximum gradient amplitudes of 200, 80, 40 mT m�1, respec-
tively. Each optimised gradient had a duration of 50.4 ms and the
separation between the onset of the gradients was 55 ms

We ran the optimisation for both GEN and PGSE protocols 15
times: one for each combination of radius (1, 2.5, 5, 7.5 and
10 lm) and maximum gradient amplitude (40, 80, 200 mT m�1)
each with four unique waveforms for a total of 60 waveforms (all
shown in Fig. 1). The waveforms are similar to those shown in
[35]. The b-values for the GEN and PGSE protocols are found in Ta-
ble 1.

2.3. Implementation of protocols

A GEN spin echo sequence, reflecting the sequence used in the
optimisation, was implemented on a 21 cm bore 9.4 T Varian
400-MR small bore system (Varian, Inc.) running VnmrJ 2.3A soft-
ware, and equipped with 6 cm bore gradient inserts capable of
1 T m�1 with a rise time of 200 ls. A 26 mm diameter birdcage
r.f. coil (Rapid Biomedical, GmBH) was used.

Preliminary investigations indicated that residue on the r.f. coil
former can contaminate the signal. In order to remove this contam-
ination signal, the 90� excitation and 180� refocusing pulses were
made to be slice selective and could be positioned independently.
This allowed the slices to be positioned orthogonally to each other,
thus only spins in the intersecting cuboid contributed to the spin-
echo signal. The position of the intersecting cuboid was set to
excite only the sample.

Sequence parameters were as follows: TR = 3 s, TE = 127 ms,
10 mm slices, two averages, receiver bandwidth 4000 Hz, spectral
resolution = 62.5 Hz, transmit and receive frequencies were set to
the water resonance frequency, 0.8 ms duration refocusing pulse
with 80 mT m�1 amplitude and 0.5 ms duration slice crushers
(‘butterfly gradients’) orthogonal to the axis of the capillaries.
The GEN gradient waveforms in the pulse sequence were identical
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to those generated by the optimisation. The same sequence was
used for PGSE protocols except that trapezoid waveforms were
used and the TE value used was generated by the optimisation.

In order to determine the diffusivity of the intra-capillary water,
D0, we measured the diffusivity parallel to the axis of the fibres
using the same PGSE sequence with the following parameters:
D = 5.5 ms, d = 3 ms, G = 0, 200, 300, 400, 500, 600 mT m�1,
TE = 30 ms. T2 measurements were made with a Carr–Purcell–Mei-
boom–Gill sequence with the following parameters: TE = 0.1875,
0.375, 0.75, 1.5, 3, 6 s, interpulse delay = 2 ms, receiver band-
width = 10000 Hz, spectral resolution = 1.25 Hz, TR = 10 s. High
resolution spectra were collected using the pulse-and-collect
sequence with the following parameters: receiver band-
width = 2003 Hz spectral, spectral resolution = 0.125 Hz, 48
averages.

For spatial localisation, we performed multiple average gradient
echo imaging scans, each with a duration of�20 min. These images
were used to ensure that the axes of the fibres were parallel to the
main field, and to ensure that the diffusion and slice selection
gradient were orthogonal to the axis of the fibres. Fortuitously, it
was signal from the Fomblin that provided sufficient signal for
these scans, particularly for the phantoms with the smallest pores.
Shimming and pulse calibration were performed manually using
pulse-and-collect sequences.

2.4. Data acquisition

For the GEN protocols, we scanned each phantom with each
protocol (four measurements per protocol, for each combination
of the 15 GEN protocols and the five phantoms, totalling 300 mea-
surements), repeating each measurement 64 times. For conve-
nience we use ‘RP’ to represent the radius for which the protocol
is optimised, and ‘RR’ to represent the radius of the pores in the
phantoms. For the PGSE protocols, we scanned each phantom with
the corresponding protocol (RP = RR) only, repeating each measure-
ment 64 times. The scans were performed in one scan session per
phantom, and identical unweighted measurements were taken at
the beginning and the end of each scan session. The durations of
the GEN and PGSE protocols were 6.4 h and 1.28 h, respectively.

The temperature of the sample was measured throughout the
experiments using a MR compatible temperature probe with stated
Fig. 2. Spectra with no diffusion weighting for phantoms of the various rad
accuracy of ±0.1 �C (Small Animal Instruments, Inc.) in thermal
contact with the sample. The temperature was stable at 18.0 ±
0.5 �C.

We find that the repetition with the lowest SNR is greater than
80, for the entire data set for both GEN and PGSE protocols, apart
from three measurements: GEN protocol, G = 200 mT m�1, RP = 2,
RR = 5, 7.5, 10 lm. These measurements are very heavily diffusion
weighted and the signals are completely attenuated. In addition,
the spectra of the unweighted scans have high SNR (Fig. 2). The
high values of SNR are a strong indication that the potential effects
of noise bias are small, and should not affect comparisons between
GEN and PGSE protocols. We also note that there is clear separation
between the peaks due to water and Fomblin indicating that the
water signal is not contaminated by the Fomblin signal.

2.5. Simulation and fitting

For each of the 60 waveforms and each of the five fibre radii, we
synthesized an expected signal using the modified matrix method
for gradients in three dimensions [43], which accounted for the
slice selection gradients that added significant diffusion weighting.

Similarly, the fitting of the signal used the Markov Chain Monte
Carlo (MCMC) procedure detailed in [21] and the 3D matrix meth-
od signal model [43]. Only two model parameters were fitted: the
pore radius and the unweighted signal, i.e. the signal without any
diffusion weighting (no diffusion or slice selection gradients). For
RR = 1 lm, intra-pore diffusivity was set to the measured D0 value,
1.70 � 10�9 m2 s�1. For all other RR, the reference value of
1.93 � 10�9 m2 s�1 [42] was used because the measured D0, found
in Table 2, fell within 5% of the reference value. To ensure steady-
state conditions, we considered only the last 62 of the 64 repeti-
tions. The measured signal from NMR was taken to be the magni-
tude of the central (water) peak of the Fourier transform of the
spin-echo signal. The MCMC procedure in [21] uses a Rician addi-
tive noise model, however we find a significant multiplicative
noise component in our signal. In fact, we replace the additive
noise model with the standard deviation of the signal over the
62 repetitions for each measurement. The unweighted signal was
initialised to the measured signal with slice selection gradients
but without diffusion gradients. The pore radius was initialised
to the nominal radius. Other parameters for the MCMC procedure
ii. The water peak is found at 0 Hz and signal from PFS-1 at ��700 Hz.



Table 2
Properties of the phantoms measured by SEM and MR: ar – axon radius index, s.d. –
standard deviation of the radius measured by SEM, linewidth – full width at half
maximum of water peak in high resolution baseline corrected spectra. D0 – diffusivity
parallel to the axis of the fibres, and T2.

RR/lm SEM MR

ar/lm s.d./lm Linewidth/Hz D0/10�9 m2 s�1 T2/ms

1 0.951 0.165 6.28 1.70 662
2.5 2.79 0.331 5.74 1.95 1050
5 5.47 0.455 5.75 1.92 1442
7.5 6.92 0.370 3.70 1.99 1311
10 9.98 0.750 5.75 1.97 1383

Fig. 3. Histograms of radii as measured by SEM for the various phantoms used in
this study.

1 For interpretation of color in Figs. 1–7, the reader is referred to the web version of
this article.
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were as follows: sample run length of 105, burn in of 104. Every
thousandth sample from the MCMC fitting procedure was taken
to construct a histogram representing the posterior distribution
on the radius.

2.6. Scanning electron microscopy

SEM was used to measure the inner diameter of the microcap-
illary fibres. A random sample of 50 fibres was taken from each
phantom and dried thoroughly. The fibres were then securely
packed in a plastic cylinder with inner diameter of 5 mm and cut
to a length of 5 mm. The sample was then evenly ’splutter’ coated
with a thin layer (of order units of nm) of gold. JEOL Datum JSM-
7401F Field Emission Scanning Electron Microscope (JEOL Ltd.)
was used to scan the sample. The scan was performed at
9.63 � 10�4 Pa with the following parameters: 2 kV voltage,
9.5 lA current, magnification of 100–7500�. For each fibre, the
sample was rotated to ensure the axis of the fibre was normal to
the imaging plane. Two diameter measurements were taken per
fibre and the average was taken. We then calculate axon diameter
index, a, as defined in [22]. We use a instead of mean diameter be-
cause the NMR signal from cylinders scales with cross sectional
area rather than diameter. For convenience, we divide a by two
and use the term axon radius index, ar.

3. Results

3.1. Scanning electron microscopy

ar was found to be 0.9507, 2.7940, 5.4694, 6.9208, 9.9831 lm
for fibres that have nominal radii, RR, of 1, 2.5, 5, 7.5, 10 lm, respec-
tively. ar broadly agrees with the nominal radii, except for RR = 5
and 7.5 lm. Histograms of the distribution of the fibre radii are
found in Fig. 3.

3.2. Comparison of measured signal with simulated signal

This experiment assesses whether GEN protocols can be imple-
mented in practice on a small bore MR scanner. We achieve this by
comparing the measured signal with simulated signal for GEN pro-
tocols. Fig. 4 contains scatter plots of normalised simulated signal
against normalised measured signal for each GEN protocol, RP.
Fig. 5 contains the ratio of the measured signal to the simulated
signal. For Figs. 4 and 5, ar values are used for the tissue model
to simulate the signal.

Fig. 4 shows that there is a good agreement between the mea-
sured and the simulated signal over the vast majority of measure-
ments. Little attenuation occurs for RR = 1 lm, i.e. ‘+’ markers are
all clustered near the point (1,1). However, the signals from mea-
surements for RR P 2.5 lm are more spread out. For RR = 5, 7.5
and 10 lm (circle, square and diamond markers), measurements
are spread over the whole range from 0 to 1. Also protocols with
greater maximum gradient amplitude tend of have measurements
with greater attenuation (blue1 markers tend to be closer to the
origin, red markers tend to be closer to 1,1, with green markers
in between).

Fig. 5 is the ratio of normalised simulated signal to normalised
mean measured signal, for all combinations of RR and RP. One
observation we can see from Fig. 5 is the drift in the signal within
each acquisition set, corresponding to a particular RR. The order of
scans for an acquisition set is (from fastest to slowest loop): mea-
surements, M; then gradient amplitudes, G; then protocol, RP. This
corresponds to going across (left to right), then down the rows in
Fig. 5. We see only minor drifts in signal except for: RR = 5 lm,
RP = 1 lm, G = 40 mT m�1 from M1 to M4; and a slow drift across
the entire acquisition set for RR = 10 lm.
3.3. Posterior distributions on pore radius

In these experiments, we assess the precision and accuracy of
pore radius estimates for GEN and PGSE protocols. We are primar-
ily interested in whether GEN protocols are more sensitive to small
pore radii than PGSE protocols. We achieve this by comparing the
histograms of the posterior distributions on the pore radius for
RP = RR, i.e. the protocols that are most sensitive to the pore radius
in each particular phantom. We then assess the robustness of the
GEN protocols. Figs. 6 and 7 show histograms of the posterior
distributions on the pore radius for each combination of RP and
RR. Table 3 shows the mean and standard deviation of the samples
from the posterior distribution on the radius, and is grouped by RP.

Fig. 6 compares the posterior distributions on pore radius for
the GEN and PGSE protocols for maximum gradient amplitudes
of 40, 80 and 200 mT m�1, for combinations with RP = RR only.
The mean and standard deviation (SD) of the RP = RR distributions
are given in the bold rows of Table 3. This combination should
show the best case scenario for each particular RR, i.e. each phan-
tom is scanned with the protocol optimised for radius equal to
the nominal radius of the pores in the phantom. By visual inspec-
tion of Fig. 6, we see that the posterior distributions are narrower
for GEN than for PGSE protocols, particularly for RR = 1 and 2.5 lm
at 40 mT m�1. This is reflected in the SD values in Table 3, for
example, for RR = 2.5 lm, SD falls from 0.619 lm to 0.169 lm for
PGSE and GEN, respectively. For other radii and gradient ampli-
tudes, the standard deviations of the posterior distributions of



Fig. 4. Scatter plots of normalised mean measured signal against normalised simulated signal for each individual protocol, RP. RR is the radius of the microcapillary phantoms,
G is the amplitude of the protocol containing the waveform. Axon radius index values, ar, calculated from SEM measurements, are used in the tissue model to simulated
signal. Each combination of colour and marker represents data from the four measurements in one protocol on one phantom at one gradient amplitude.

Fig. 5. Ratio of normalised simulated signal to normalised mean measured signal,
for all combinations of phantom pore radius and GEN protocols. Green indicates
agreement between measured and simulated signals; red indicates overestimation;
blue indicates underestimation. RR – Phantom pore radius (lm) RP – Radius for
which protocol is optimised for (lm) G – Maximum gradient strength (mT m�1). M
– Measurement number The RR = 2.5, RP = 1, M = 4 measurement is excluded due to
incomplete execution of pulse sequence (white).
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GEN and PGSE protocols are comparable. In addition, the distribu-
tions in Fig. 6 are narrower at 80 and 200 mT m�1 for both GEN and
PGSE. The narrower distributions indicate that the radius estimates
are more precise for GEN protocols and for higher maximum
gradient amplitudes. Except for 1 lm pore radii, the modes of the
histograms (Fig. 6) and the means (Table 3) are similar for both
PGSE and GEN protocols.

Fig. 7 shows posterior distribution histograms for GEN protocols
optimised for particular radii run on all the phantoms. The radius
estimates are robust for all protocols, even for those that are opti-
mised for different radii (RP – RR). By visual inspection of all the
histograms in Fig. 7, we see that the mode of these distributions
tend to be consistent with ar, except for RR = 1 lm. This is reflected
in the means in Table 3, suggesting accurate radius estimates for
both RP = RR and RP – RR. In Fig. 7, the posterior distributions for
specific RR tend to be narrower (reflected in the smaller SD in Table
3) for RP = RR compared to RP – RR protocols. For example,
RR = 5 lm at gradient amplitude of 80 mT m�1, the narrowest dis-
tribution (cyan in Fig. 7) and SD (comparing the s.d. in the bold
and normal rows for RR = 5 in Table 3) are when RP = 5 lm. A
notable exception to these observations is the estimate for
RR = 5 lm, RP = 1 lm, G = 40 mT m�1, which has a wide distribution
and correspondingly high s.d., as well as being inconsistent with ar.

For low RR, the posterior distributions tend to be narrower as RP

decreases. Correspondingly, for high RR, the posterior distributions
tend to be narrower as RP increases. These relationships are more
marked for high RR. Additionally, the mode (Fig. 7) and mean (Table
3) of posterior distributions for protocols optimised for large radii
(RP = 7.5 and 10 lm) tend to be more consistent with ar.



Fig. 6. Histograms of samples from the posterior distribution on the radius in which the protocol used corresponds to the radius of the pores in the phantom (RP = RR). For
each particular histogram, distributions for phantoms with pore size 1, 2.5, 5, 7.5, 10 lm (coloured dark blue, pink, cyan, light blue, green, respectively) are shown. Gradient
amplitudes of 40, 80, 200 mT m�1are compared (columns) for optimised PGSE and GEN protocols (rows). Solid lines are the axon radius index, ar, of the pores calculated from
SEM measurements, and the dotted lines are the standard deviations as measured by SEM.
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4. Discussion

Our results strongly suggest that the GEN waveforms can be
implemented in practice on a small bore MRI scanner. We have
shown good agreement between simulated and measured signal
for protocols that are optimised for pore radii ranging from 1 to
10 lm, as in Fig. 4.

Furthermore, the standard deviation of the posterior distribu-
tion on the pore radius are smaller for GEN than for PGSE protocols,
particularly at 40 mT m�1. Our findings also suggest that accurate
and precise pore estimates can be achieved for 2.5 lm radii at
40 mT m�1 gradient strength. This improved sensitivity compared
to PGSE protocols at small pore radii is particularly significant
when considering the distribution of axon radii in white matter
tracts in the brain, where the majority of axon radii are under
5 lm [11], for example the modes of the axon radius distributions
are around 1 lm and 0.5 lm in the rat optic nerve [23] and in the
splenium of the human corpus callosum [41], respectively.

For GEN protocols, we find that the radius estimates are robust
to the precise choice of protocol and gradient strength. For any
particular RR the posterior distribution is narrowest and least
biased for the protocol for which RP = RR. However, for the most
part, even RP – RR protocols provide good estimates of RR, which
suggests we can find single protocols sensitive to a range of RR.
Although we optimise protocols for sensitivity to the nominal
radius, we note that the range of radii to which a protocol is sensi-
tive is likely to be much larger than the difference between RP and
ar. Reoptimising for slightly perturbed radii produces little differ-
ence in the protocol.

GEN protocols for RP = 7.5 and RP = 10 lm tend to produce the
most accurate and precise radius estimates across the whole range
of RR. Generally, it appears that these high RP protocols retain
sensitivity to low RR better than low RP protocols retain sensitivity
to high RR. For low RP, the waveforms are highly specialised for
sensitivity to low RR and so lack sensitivity to high RR. Overall this
suggests we can get good sensitivity over the whole range of RR

studied here by focussing on RP � 7.5 lm.
Posterior distributions are narrower for GEN than optimised

PGSE protocols even though the duration of the GEN waveform is
not fully optimised as it is for PGSE. In this study, water is used
as the intra-capillary medium, which has a long T2 (>600 ms), so
the trade off between decreased signal to noise and T2 attenuation
is small: the attenuation due to T2 is relatively small even at long
TE used in this study. This is also reflected in the preliminary
experiments using the GEN protocol, in which optimum echo times
were evaluated by running trial optimisations at various echo
times up to 127 ms (above this echo time, the signal was not
consistent between repetitions): the objective function was lowest
at the longest echo time permitted.

We note that, for GEN protocol, the optimisation algorithm may
not find the global minimum of the objective function. However,
suboptimality of the protocol should increase uncertainty rather
than bias. Furthermore, optimisation of PGSE protocols is much
simpler and we do find the global minimum reliably. Even so, we
find that GEN protocols are more sensitive to small axon radii than
PGSE protocols. The minimisation of the objective function is dis-
cussed further in [21,22,35].

A potential confounder is the presence of background magnetic
field gradients due to the susceptibility difference between glass
and water, which would introduce undesired cross-terms between
the applied and background gradients, and also lower the T�2 of the
water. The 1 lm capillaries may be particularly affected by this
since inner surface of these capillaries are relatively rough com-
pared to the inner surface of capillaries that have greater pore size



Fig. 7. Histograms of samples from the posterior distribution on the radius for all combinations of phantom pore radius, RR, and GEN protocols, RP. The colour scheme and
lines follows Fig. 3. Rows contain histograms for GEN protocol optimised for one particular radius (top to bottom: protocol optimised for RP = 1, 2.5, 5, 7.5, 10 lm). Columns
contain histograms for various gradient amplitudes (left to right: 40, 80, 200 mT m�1).
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Table 3
The means and standard deviations of samples from the posterior distribution on the radius for all combinations of GEN protocols, RP, and phantom pore radii, RR, grouped by
protocol, for 40, 80, 200 mT m�1 gradient amplitudes. Rows in bold show the data for when the protocol and the phantom pore radius correspond (RP = RR), for which data for
optimised PGSE protocols are also shown.

RP Radius for which
protocol is optimised
for/lm

RR Phantom
microcapillary radius/
lm

GEN protocols PGSE protocols
Gradient amplitude (mT m�1) Gradient amplitude (mT m�1)

40 80 200 40 80 200

1 1 2.6791 ± 0.3365 2.5192 ± 0.0878 1.8359 ± 0.0249 2.2393 ± 0.5748 2.8987 ± 0.0830 2.0237 ± 0.0358
2.5 3.0868 ± 0.2428 3.0787 ± 0.0772 2.9993 ± 0.0093
5 1.711 ± 1.4054 5.0393 ± 0.1223 5.5009 ± 0.0100
7.5 6.9801 ± 0.1418 7.0328 ± 0.0340 7.549 ± 0.0123
10 10.147 ± 0.1033 10.107 ± 0.0254 8.552 ± 0.0032

2.5 1 3.4605 ± 0.0762 1.1818 ± 0.7561 1.803 ± 0.0312
2.5 2.8557 ± 0.1686 3.0225 ± 0.0424 3.021 ± 0.0056 2.0416 ± 0.6188 2.7652 ± 0.0538 2.9896 ± 0.0103
5 5.5811 ± 0.0347 5.3632 ± 0.0459 5.3503 ± 0.0036
7.5 7.0806 ± 0.0089 6.8982 ± 0.0410 5.4119 ± 0.0023
10 9.8842 ± 0.0039 10.757 ± 0.0730 5.4651 ± 0.0019

5 1 0.92135 ± 0.5255 0.62827 ± 0.4047 0.45513 ± 0.2542
2.5 3.3402 ± 0.1146 3.0497 ± 0.0206 3.0231 ± 0.0132
5 5.419 ± 0.0262 5.7128 ± 0.0052 5.7154 ± 0.0039 5.7008 ± 0.0106 5.6829 ± 0.0046 5.5769 ± 0.0061
7.5 7.0544 ± 0.0119 7.0542 ± 0.0016 7.0204 ± 0.0011
10 9.9143 ± 0.0043 7.6105 ± 0.0009 7.2818 ± 0.0008

7.5 1 1.6097 ± 0.7332 0.53491 ± 0.3230 0.39745 ± 0.2472
2.5 3.4013 ± 0.0797 3.1453 ± 0.0281 3.0488 ± 0.0127
5 5.5317 ± 0.0176 5.6555 ± 0.0103 5.5485 ± 0.0125
7.5 7.0643 ± 0.0101 7.0965 ± 0.0061 7.1229 ± 0.0068 7.1806 ± 0.0062 7.1024 ± 0.0059 6.977 ± 0.0062
10 9.9387 ± 0.0041 9.8049 ± 0.0035 9.7932 ± 0.0024

10 1 1.0898 ± 0.6235 0.5346 ± 0.3302 0.56792 ± 0.3058
2.5 3.5645 ± 0.0817 3.2337 ± 0.0367 3.1175 ± 0.0238
5 5.6077 ± 0.0220 5.627 ± 0.0164 5.5498 ± 0.0133
7.5 7.0814 ± 0.0146 7.0872 ± 0.0146 7.1792 ± 0.0145
10 10.16 ± 0.0076 10.148 ± 0.0076 10.138 ± 0.0086 9.9092 ± 0.0069 9.9033 ± 0.0071 10.011 ± 0.0087

Table 4
The relative standard deviation (s.d./mean) of the repetitions in the unweighted
measurement before each acquisition set (dS0) and percentage difference between
the means of unweighted measurements before and after each acquisition set (DS0).

RR/lm dS0/% DS0/%

1 2.89 0.16
2.5 3.02 4.7
5 2.98 4.3
7.5 2.91 1.6
10 3.07 9.0
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(personal communication, Noam Shemesh, Tel Aviv University,
2010). Indeed, we find that both T2 and D0 are smaller for RR = 1 lm
(Table 2). Attenuation due to these rough surfaces would tend to
produce overestimates of radius, as is observed in our results.
However, the presence of background gradients are likely to
equally effect GEN and PGSE protocols as they have comparable
weightings (Table 1). Biological samples are less likely to be af-
fected by background gradients due to susceptibility differences,
thus the estimates should not be shifted upwards.

Another potential confounder is associated with the system and
sample stabilities. In particular, water leakage from the capillaries
may effect the stability of the sample, however, we minimise
potential effects by ensuring that the sensitive length of the r.f. coil
is shorter than the length of the fibres. Intra-measurement varia-
tion is quantified by the relative standard deviation of the un-
weighted measurement taken before each acquisition set (dS0).
Inter-measurement variation is quantified by the difference in
the mean signal before and after each acquisition set (DS0). dS0
and DS0 values for the various radii are found in Table 4. There
is no clear relationship between RR and dS0, nor RR and DS0, indi-
cating that these variations are due to system rather than sample
instabilities. Furthermore, we find that the mean signal of the un-
weighted measurement taken after each acquisition set falls within
two standard deviations of the signal taken before the acquisition
set for all RR except for RR = 10 lm (see Table 4). Indeed, in the case
RP – RR, we do see that estimates for RR = 10 lm are somewhat less
robust than for other RR. Nevertheless, estimates RR = 10 lm and
RP = RR are robust. Also of note is the large drift between the mea-
surements for RR = 5 lm, RP = 1 lm, G = 40 mT m�1 may account
for the poor estimate.

In this study we have explored the radius estimates for various
combinations of GEN protocols and pore diameters, finding that
the estimate is most accurate for the a priori diameters used in
the optimisation. In practice, a single GEN protocol, optimised for
a range of diameters as in [22], would be used to map axon diam-
eter index, providing a diameter estimate for each voxel. Further-
more, the optimisation extends naturally to arbitrary axon
orientation [21,22].

This study shows that GEN protocols can be implemented on
small bore scanners and that GEN protocols are more sensitive to
small pore radius compared to equivalent PGSE protocols, espe-
cially at 40 mT m�1. We plan to build on this work by optimising
the GEN protocol for phantoms that contain multiple radii. This
will inform us as to the most appropriate strategy for estimation
of microstructural parameters in ex-vivo biological tissue. Future
work will also compare optimised double wave-vector protocols
[34,31–33] and protocols with oscillating waveforms [35–40]. In
turn, this will provide valuable information for in vivo studies.
The improved sensitivity to small pore sizes is likely to have signif-
icant benefits in disease models and in scenarios in which axon
radius is a biomarker for disease progression or classification.
Our findings suggest that the improved sensitivity to small axon
radii of the GEN protocol would be reflected in clinical scenarios.
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