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Abstract. This work presents diffusion MR protocols that allow esti-
mation of axonal parameters like diameter and density in the live human
brain. Previous approaches demand very high field experimental systems
or suffer from long acquisition times and are therefore impractical for use
in clinical studies. We propose a method that significantly reduces scan
time by making use of the a-priori known fibre orientation in structures
with well defined single fibre (SF) organisation like the corpus callosum
(CC) and produces protocols that can be performed in under 25 minutes
on a standard clinical system. Results from a computer simulation exper-
iment show that our SF protocols can generate parameter estimates with
similar precision to previously proposed orientation invariant (OI) pro-
tocols. Furthermore, we acquire the 20 minute long SF protocol and the
1 hour long OI protocol in a scan/rescan study on two healthy subjects
and compare the axonal parameter maps from both protocols.

1 Introduction

Diffusion weighted imaging (DWI) is an MRI technique that is sensitive to the
random motion of water molecules and thus provides an insight into the mi-
crostructural properties of biological tissue. In recent years, numerous studies
have demonstrated the great potential of DWI measures for the investigation
of pathological and developmental changes of the human central nervous sys-
tem. One of the most commonly used DWI method is diffusion tensor imaging
(DTI) [1]. DTI allows the computation of useful indices, e.g., mean diffusivity
or anisotropy of diffusion in each voxel but those measures are unspecific to
individual microstructural characteristics.

Recently, Assaf et al[2] developed the AxCalibre model of cylindrical axons
with gamma distributed radii to estimate axon diameter distributions in white
matter tissue. The method is validated in in-vitro optic and sciatic nerve samples
and estimated parameters show good correlation with corresponding histology.
Barazany et al[3] applies the AxCalibre approach to image axon size distributions
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in the corpus callosum of live rat brain. However, scan times are long and the high
7T magnetic field and maximum gradient strength (400 mT/m) are impossible
to achieve on a live human scanners, that typically operate at 1.5-3T and can
achieve maximum gradient strength between 30-60 mT/m. Alexander et al[4]
demonstrates measurements of axon diameter and density in the live human
brain on a standard clinical scanner using a simplified AxCalibre model and
multi shell high angular resolution diffusion imaging (HARDI). The method
relies on an experiment design optimization [5] to achieve sensitivity without the
need of high gradient strengths and long acquisition times. The use of HARDI
permits orientation invariant (OI) estimation of microstructure parameters over
large areas of the brain with a range of different fibre orientations. However,
with scan time close to an hour this approach is still impractical for clinical
studies. Furthermore, with increasing scan time subjects are more likely to move
during the acquisition, which results in a loss of signal quality and decreases the
accuracy of parameter estimation.

Our aim in this study is to reduce total scan time to a clinical feasible maxi-
mum of 20-25 minutes while maintaining accuracy of the parameter estimation.
To attain the reduction we discard the requirement for orientational invariance
and focus on structures with known fibre orientation such as the corpus callo-
sum similar to earlier studies [2,3]. We modify the existing protocol optimization
framework [5] to incorporate this a-priori information about fibre organisation
and define single fibre (SF) protocols that measure only the diffusion signal
perpendicular and parallel to the known fibre orientation. We use computer
simulations to compare the SF and the OI approach and perform a scan/rescan
experiment on two healthy volunteers to investigate feasibility of estimating mi-
crostructural parameters in-vivo.

2 Methods

2.1 Tissue Model

As in Alexander et al[4], we model diffusion in a white matter voxel as a combi-
nation of water particles trapped inside three different compartments:

1. Intra-axonal water experiencing diffusion restricted inside cylindrical axons
with equal radius R as in [8]

2. Extra-axonal water that is hindered due to the presence of adjacent axons.
Diffusion is approximated by a diffusion tensor, with parallel diffusion coef-
ficent d‖ in the direction of the cylinders and symmetric diffusion d⊥ in the
perpendicular directions.

3. Water that experiences unhindered diffusion, e.g., in the cerebro-spinal fluid
(CSF), modeled by an isotropic Gaussian distribution of displacements with
diffusion coefficient dI .

To reduce the number of free parameters in the model, we express d⊥ by using
the tortuosity model of Szafer et al[9].
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The diffusion weighted MR signal is measured by the pulsed gradient spin
echo (PGSE) method, which has has the following free parameters: diffusion
sensitising gradient vector G of strength |G| and duration δ, and diffusion time
Δ. We combine the analytic expressions for the PGSE signal of each compart-
ment Si(G, δ, Δ) with i in 1, · · · , m to approximate the total signal S in each
voxel by:

S(G, δ, Δ) = S0

3∑

i=1

fiSi(G, δ, Δ) , (1)

where S0 is the MR signal with no diffusion weighting and fi is the volume
fraction of each tissue compartment with 0 ≤ fi ≤ 1 and

∑3
i=1 fi = 1.

2.2 Protocol Optimisation

The aim of this work is to use a model-based imaging approach in each voxel to fit
a set of MR signals acquired with different combinations of PGSE parameters to
the tissue model parameters. A minimum of 6 different diffusion MR signals are
required to estimate all model parameters but usually we acquire more signals
to overdetermine the solution and add noise control. We define a set of PGSE
parameters that acquires N different MR signals as protocol

P = {G1, δ1, Δ1 · · · , GN , δN , ΔN} . (2)

As mentioned above, the aim of the optimisation algorithm [5] is to find the
protocol P , that allows the most accurate estimation of the tissue model param-
eters under given hardware and time constraints. The Fisher information matrix
(FIM) provides a lower bound on the inverse covariance matrix of parameter
estimates, i.e., the P that maximizes the FIM will maximize the precision of
those estimates. We use the d-optimality criterion [6], which is defined as the
determinant of the inverse FIM of protocol P and tissue model parameters θ:

D(θ,P) = det[(JT ΩJ)−1] , (3)

where J is the N × 6 Jacobian matrix with the ijst element ∂S(Gi, δi, Δi)/∂θj .
In the original approach Ω = diag{1, · · · , 1}. Following [5], we use a stochastic
optimization algorithm [7] that returns P ′ with minimal D among all possible
P with respect to the given scanner hardware limits.

In the original approach, N is chosen to account for the acquisition time limit.
The acquisition is divided in M sets of different PGSE settings with gradient
directions in each set being fixed. However, in this approach a decrease of the
total number of acquisitions N must reduce the angular resolution of gradient
direction sampling, which will increase the uncertainty in fibre direction esti-
mates and thus tissue parameter measures. The OI approach also requires that
N and M are known so that for every combination of N and M the full op-
timization algorithm has to be performed. Furthermore this method does not
reward protocols that sample more important measurements more heavily.
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In this work we introduce the asymptotic SF protocol optimisation. We fo-
cus on specific structures with known fibre orientation like the CC. This avoids
the need for high angular resolution, which potentially dramatically reduces the
number of required measurements. As in [2,3], we constrain most measurements
in the protocol to have gradient direction perpendicular to the fibre bundles,
but we include one measurement in the parallel direction for the estimation of
diffusivity along the axons. We extend the algorithm to optimize M different
PGSE settings and include Ω = diag{w1, · · · , wM} with

∑M
m=1 wm = 1 in the

optimisation of Eq. 3. The weighting factors wm reflect how important each
measurement is, i.e. how often it should be sampled relative to the other mea-
surements. For any given N we can calculate the number of measurements for
each element of P by Nm = wmN , hence the resulting protocols are independent
of N .

2.3 Model Fitting

We use the three stage fitting algorithm as described by Alexander et al[4], to fit
the tissue model to the acquired MR signal in each voxel. We increase stability by
fixing d‖ to 1.7·10−9m2s−1 and dI is fixed to 3.0·10−9m2s−1[2,3,4]. The objective
function is defined as the maximum likelihood of model parameters given the
observed MR signals under Rician noise (σ = 0.05). An initial estimation is
found using a coarse grid search algorithm over a set of physiologically possible
parameters. Then a gradient descent algorithm further refines the parameter
estimates. Finally a Markov Chain Monte Carlo (MCMC) algorithm with a
burn-in of 2000, 50 samples at an interval of 200 provides posterior distributions
of the parameters f1, f2 and the axon radius r. An average over the MCMC
samples provides the final parameter estimates. We report the axon diameter
index a = 2r and the axon density index ρ = 4f1π

−1r−2.

3 Experiments and Results

We motivated our protocol optimization by the aim to produce protocols that
can be performed on a typical human scanner in a clinically feasible time. To
validate our approach, we generate optimized protocols for a clinical 3T Philips
Achieva scanner with a maximum gradient strength of |Gmax| = 60mT/m. We
use the asymptotic optimization to generate SF protocols that can be performed
in 20 minutes with a total number of acquisitions N = 90 (SF90). For comparison
with previous studies, we also generate an OI protocol using N = 360 (OI360)
and an SF protocol with the same number of acquisitions (SF360). The resulting
protocols are presented in table 1. For the SF90 and SF360 protocols we set M = 8
but only sequences with w > 0 are reported. The OI360 protocol optimisation
uses M = 4 and report the three unique PGSE parameter settings.

3.1 Simulations

We use the free diffusion simulation of Hall and Alexander[10], which performs
a Monte Carlo (MC) simulation of water particles in packed cylinders. We use
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Table 1. PGSE settings of SF90, SF360 and OI360 protocols. ⊥ and ‖ mark acquisitions
perpendicular and parallel to the fibre bundles.

(a) SF360 and SF90 protocols

Nm

Δ
[ms]

δ
[ms]

G
[mT/m]

b
[s/mm2]

70 18 0 0 0 0
72 17 33.0 14.5 36.8 550 ‖
38 10 22.4 15.9 60.0 1114 ⊥
45 11 29.3 22.8 60.0 2908 ⊥
68 17 48.0 26.6 43.7 3666 ⊥
67 17 40.5 34.0 60.0 8692 ⊥
360 90

(b) OI360 protocol

Nm

Δ
[ms]

δ
[ms]

G
[mT/m]

b
[s/mm2]

71 0 0 0 0
101 19.2 11.7 60.0 540
107 38.2 12.5 47.8 870
81 29.1 21.6 60.0 2634

360

the 44 synthetic white matter substrates from Alexander et al[4] with diameter
distributions and packing densities similar to previously reported histology stud-
ies. We perform the MC simulation with 50000 walkers and 20000 time steps for
each protocol. For each substrate we generate 10 sets of noise-free MR signals
and add Rician noise of σ = 0.05, resulting in total of 440 sets of noisy MR
signals. For each protocol we apply the model fitting procedure to the 440 sets
of MR signals and retrieve the tissue model parameters.

To compare the axon distributions with the estimated axon diameter index a
we have to take into consideration that the contribution of each axon to the MR
signal depends its volume and is proportional to the square of its diameter. As
in [4] we correlate the estimated axon diameter index a with the weighted axon
diameter average â = f̂ /

∫
p(α)α3dα, where p is the true distribution of axon

diameter α and f̂ is the intracellular volume fraction f̂ =
∫

p(α)α2dα.

3.2 MRI Experiment

The SF90 and OI360 protocols (see table 1) are implemented on a 3T Philips
Achieva scanner to test the clinical viability of the 20 minute SF90 protocol
and compare it to the three times longer OI360 protocol. Diffusion weighted
MR images of two healthy volunteers (male 32yo, female 25yo) are acquired
using a cardiac-gated EPI sequence with the following imaging parameters: 10
slices, slice thickness=5mm, in-plane resolution=128x128 (FOV=35x35mm2),
TR=7RR, TE=125ms/TE=100ms for SF90 and OI360 respectively. We position
the centre slice so that it is aligned with the mid-sagittal body of the CC to be
able to acquire DWI measurements perpendicular and parallel to the fibres of
the CC. SF90 acquisition is repeated twice on two separate days for each subject
to investigate the reproducibility of the estimated parameter maps.

3.3 Results

Figure 1 presents the results from fitting the model to the synthetic MC data
sets as described above. For all three protocols we plot the fitted axon diame-
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Fig. 1. Scatter plots of estimated tissue model parameters a and f1 (grey) and and
mean a and f1 over 10 replications (black) against true â and f̂ of the MC substrates

ter index a against â and the intra-cellular volume fraction f1 against the true
intra-cellular volume fraction f̂ for all 440 noisy sets of MR signals. We also
compute the mean over the 10 replications for each of the 44 unique substrates
and display them in the same plot. The bottom row of Fig.1 shows that all pro-
tocols estimated the volume fraction accurately with little variance. Further, all
protocols estimate larger a that agree with â. The estimated a varies arbitrarily
between 0− 2μm for â � 3μm. Thus smaller â can be distinguished from larger
ones but not accurately measured. This is because the limited maximal gradient
strength that does not attenuate the signal from water inside axons of diameter
< 2μm. Despite the limitation, the trends of a agree with the true values for â
and suggest that the index a is a useful discriminator of axon diameter distribu-
tions. SF360 estimates both indices more accurately than OI360 and variations
among the 10 estimates in each substrate are smaller. SF90 and OI360 appear to
have similiar accuracy and precision in estimating â and f̂ . This suggests that
we can reduceby a third by exploiting a-priori known fibre orientation while
maintaining similar quality of parameter estimates.

Figure 2 shows maps of a and ρ in the centre slice of the CC for all acqui-
sitions in two volunteers. From previous histological studies [11] we expected
low axon diameter and high density in the splenium and genu and higher axon
diameters with lower density in the body of the CC. As predicted by the MC
simulations (see also [4]), all protocols overestimated a because of the lack of
sensitivity to lower diameters. The high-low-high trend in a and low-high-low
trend of ρ can be observed in both subjects in OI360 results but are less apparent
in SF90 scans. The worst case is is SF90 of subject 1, which presents very noisy
parameter maps. This is likely to be caused by a misalignment with the true
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Fig. 2. Color coded parameter maps of a and ρ in the centre slice of the CC in two
subjects. Scan and rescan results for the SF90 are shown together with results from the
OI360 acquisition.

fibre direction of the CC and the gradient directions, which demonstrates the
sensitivity of the SF protocol to accurate positioning. Furthermore, all SF scans
consistently produce larger estimates of a than OI360. Variation in true fibre ori-
entation is again the likely explanation. Unlike the SF protocols, the OI protocol
can better compensate for this variation because of the high angular gradient
sampling. However, despite the limitations, the results of subject 2 demonstrate
reproducible estimates of a and ρ. This suggests that with accurate positioning,
the 20 minute SF90 protocol is able to produce comparable parameter maps to
OI360, which requires more than three times the scan time.

4 Conclusion

In this work we propose optimized diffusion MRI protocols that use the known fi-
bre orientation in specific structures like the CC and allow us to estimate indices
of axon diameter and density in the live human brain. We develop a new op-
timization algorithm that overcomes several limitations of previous approaches
and produces DWI protocols that can be acquired in under 20 minutes. While
previous protocols were too time consuming for clinical practise, the short ac-
quisition time of our protocols opens the possibility to be included in a variety
of studies. Experiments on synthetic data show that our protocols can provide
axon diameter and density indices with similar variance to those from longer
orientational invariant protocols. In-vivo scans on two healthy volunteers show
the potential of our method to produce parameter maps of axon diameter and
density that agree with the general histologic trend but also reveal the limita-
tions caused by misalignment and variation in fibre orientation compared to the
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longer OI protocol. If such protocols are to be used, great care must be taken to
align gradient directions with the fibre orientation. Future work aims to account
for uncertain or erroneous fibre orientation by incorporating some tolerance for
fibre orientation variation in the optimisation.
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