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AxCaliber: A Method for Measuring Axon Diameter
Distribution from Diffusion MRI

Yaniv Assaf,’ Tamar Blumenfeld-Katzir,! Yossi Yovel,! and Peter J. Basser?

The diameter of a myelinated nerve axon is directly proportional
to its conduction velocity, so the axon diameter distribution
helps determine the channel capacity of nervous transmission
along fascicles in the central (CNS) and peripheral nervous
systems (PNS). Previously, this histological information could
only be obtained using invasive tissue biopsies. Here we pro-
pose a new NMR-based approach that employs a model of
water diffusion within “restricted” cylindrical axons to estimate
their diameter distribution within a nerve bundle. This approach
can be combined with MRI to furnish an estimate of the axon
diameter distribution within each voxel. This method is vali-
dated by comparing the diameter distributions measured using
the NMR and histological techniques on sciatic and optic nerve
tissue specimens. The axon diameter distribution measured in
each voxel of porcine spinal cord using MRI and using histo-
logical methods were similar. Applications are expected in lon-
gitudinal studies designed to follow nerve growth in normal and
abnormal development, as well as in diagnosing disorders and
diseases affecting specific populations of axons in the CNS and
PNS. Magn Reson Med 59:1347-1354, 2008. © 2008 Wiley-Liss,
Inc.
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Axon diameter directly affects nerve function. It is well
known that in myelinated axons, nerve conduction veloc-
ity is directly proportional to axon diameter (1-4). Thus,
large-diameter axons generally arise in neuronal pathways
that need fast reaction times (e.g., in motor pathways)
while smaller axons arise in neuronal pathways that per-
mit slower reactions (e.g., pain and temperature control).
The latency of action potentials is also known to affect the
nervous system function through mechanisms of temporal
summation (5,6). Clearly, axon diameter is also a determi-
nant of latency through its effect on conduction velocity.
Finally, axon diameter affects the current magnitude and
downstream synaptic branching pattern (7).

Owing to its critical functional role in the central (CNS)
and peripheral nervous systems (PNS) axon diameter dis-
tribution is an important quantity to measure in different
nerve pathways both in normal and abnormal develop-
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ment and in health and disease. For instance, it is hypoth-
esized that in amyotrophic lateral sclerosis (ALS) large
diameter axons (type A-alpha) are damaged selectively
(8,9), while in autism small-diameter axons are maldevel-
oped (10).

Despite its importance, the axon diameter distribution
within nerve fascicles has not been measurable in vivo,
and currently can only be assessed by invasive histological
means. Generally, electron microscopy can provide the
axon diameter distribution, but only of a limited area of a
tissue section. The tissue preparation and morphometric
analysis are difficult and in many cases tedious, and the
results are subject to many well-known artifacts, including
tissue disintegration, tissue shrinkage and cracking, non-
uniform staining, and statistical bias owing to the fact that
only a small amount of tissue is sampled.

Here we propose a noninvasive, in vivo methodology for
measuring the axon diameter distribution, which is based
on diffusion NMR and MRI data. Diffusion MR currently
provides unique information about the macroscopic orga-
nization of white matter (11-20). In particular, diffusion
tensor imaging (DTI) has become the leading method for
analysis of neuronal fiber pathways and their visualization
(tractography) (21-25). Contrast in diffusion MR arises
from signal loss caused by the displacement of water mol-
ecules, which is described statistically by a displacement
probability distribution (13,15,26,27). DTI assumes a
Gaussian displacement distribution that adequately ac-
counts for the differences in diffusivity measured along
different directions (anisotropy) in neuronal fibers (13,15).
While parallel to axon bundles water diffusion is relatively
free; perpendicular to them it is hindered (11-19). How-
ever, several years ago it was found that the Gaussian
displacement distribution is not adequate to describe the
pool of water that is restricted or trapped within the intra-
axonal space (when measured perpendicular to the fibers)
(28,29).

The non-Gaussian nature of water diffusion within ax-
ons provides a unique opportunity to estimate microstruc-
tural features of nerve axons not accessible with DTT (28).
By assuming that white matter can be represented by a
polydisperse array of closely packed impermeable cylin-
ders, one can adapt MR-based methodologies originally
developed in the porous media field (30,31) to estimate
quantities such as the axon diameter distribution and the
volume fraction of intra-axonal space. Specifically, these
MR methods build on models of restricted diffusion
within pores originally proposed by Stejskal and Tanner,
and then further developed by Packer and others for ap-
plications in materials and food sciences (26,32—35). The
possibility of combining these pore structure characteriza-
tion measurements with MRI was facilitated by the devel-
opment of the g-space concept, introduced by Cory and
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Callaghan in the early 1990s and 3D g-space MRI (QSI)
originally proposed by Callaghan (30,31).

The framework used in this article models nerve white
matter as a composite medium, consisting of an extra-
axonal space in which water diffusion is hindered, but not
restricted, and distinct intra-axonal spaces in which water
is trapped or restricted. Previously, we referred to this
experimental and modeling paradigm as CHARMED,
which stands for composite hindered and restricted model
of diffusion (36,37).

Here we extend the CHARMED framework by introduc-
ing the diameter distribution of restricted cylindrical ax-
ons as an unknown function to estimate using diffusion
MR data having both different degrees of diffusion weight-
ing and different diffusion times. We call this new mod-
eling and experimental approach AxCaliber.

The AxCaliber framework can be applied spectroscopi-
cally, i.e., treating an entire specimen as one homogeneous
voxel, or in combination with MRI, in which the axon
diameter distribution can be measured within particular
voxels in an imaging volume. We validate AxCaliber NMR
using a fixed porcine optic and sciatic nerve specimen,
and AxCaliber MRI using a fixed porcine spinal cord spec-
imen on a pixel-by-pixel basis. This imaging information
is further used to determine whether it is possible to seg-
ment the spinal cord into different and distinct regions,
each having similar diameter distributions, consistent
with the known somatotopic organization of their neuro-
nal pathways.

MATERIALS AND METHODS
Samples

Experiments were performed on formalin-fixed tissue sam-
ples of porcine sciatic and optic nerves (n = 5 each) and
porcine spinal cord (at the lower cervical level) (n = 4).
The tissue was excised and immediately immersed in 4%
formalin for at least 48 hr before the experiment. Prior to
the MRI acquisition, samples were placed in buffered sa-
line for rehydration and following the MRI placed back in
4% formalin. Then the samples were prepared for histol-
ogy (electron microscopy for the nerves and histochemis-
try staining for the spinal cord).

NMR and MRI Protocols

Samples underwent NMR or MRI on 7T MRI scanners
(Bruker, Germany). Spectroscopy measurements were per-
formed on a horizontal-bore 7T scanner equipped with a
Micro2.5 gradient insert having a maximal gradient
strength of 1460 mT/m. Imaging measurements were per-
formed on a vertical-bore 7T scanner having a nominal
gradient strength of 400 mT/m.

AxCaliber NMR spectroscopy experiments included a
series of pulsed gradient spin echo measurements with the
following parameters: TR/TE = 3000/166 ms; 8 = 2.5 ms;
Gmax = 1200 mT/m; number of averages was 8; the diffu-
sion time, A, was varied from 10 ms to 80 ms in eight
increments (10, 15, 20, 30, 40, 50, 60, and 80 ms). Diffusion
gradients were applied only perpendicular to the nerve
axis with 16 increments in gradient amplitude per diffu-
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sion time. The entire DW dataset consisted of 128 spectra
with a total duration of 51 min.

AxCaliber MRI experiments included a series of diffu-
sion weighted stimulated echo imaging sequences with the
following parameters: TR/TE = 3500/18 ms; 8 = 4 ms;
Gmax = 300 mT/m; number of averages = 6, with the
diffusion time, A, chosen from 12 ms to 150 ms in five
increments (12, 30, 60, 100, and 150 ms). Diffusion gradi-
ents were applied only perpendicular to the spinal cord
axis with 16 increments in gradient amplitude per diffu-
sion time. The imaging field of view was 12.8 mm? with
matrix size of 96 X 64 (rebinned to 128 X 128) with a
reconstructed image resolution of 100 X 100 pm. Images
were taken from 10 consecutive axial slices with thickness
of 4 mm and no gap between slices. The entire diffusion
imaging dataset consisted of 80 images per slice that were
acquired in 30 hr. In addition to the AxCaliber imaging
experiments, a diffusion tensor imaging experiment was
also performed using the stimulated echo diffusion-
weighted imaging sequence with the following parame-
ters: TR/TE = 6400/15 ms, A/d = 70/2.5 ms, Gax = 300
mT/m measured at 15 noncollinear gradient directions.
Twenty slices of 2 mm with no gap were imaged with field
of view of 12.8 mm? with matrix of 96 X 64 (reconstructed
to 128 X 128) with reconstructed image resolution of
100 X 100 wm, number of averages 6, with total experi-
mental time of 11 hr.

AxCaliber Analysis

The following description of the AxCaliber analysis pro-
cedure was done similarly for the spectroscopy and imag-
ing (analysis of the images was done on a pixel-by-pixel
basis). AxCaliber analysis was done by extending the
CHARMED approach described previously (36-37). In
general, CHARMED combines contributions of hindered
diffusion arising from the extra-axonal spaces and re-
stricted diffusion arising from the intra-axonal spaces:

E(q.4) = fo* En(Q,A) + [+ E{(q,A) (1]

where E(q,A) is the observed diffusion signal decay, f; is
the hindered population fraction, Ej, is the signal decay of
the hindered diffusion fraction of water molecules, and f;
and E, are the population fraction and signal decay of the
restricted diffusion water molecules population.

Under the experimental protocol used in the AxCaliber
framework (i.e., measuring the diffusion perpendicular to
the fiber) the hindered diffusion surrounding the axons
has Gaussian distribution and is thus modeled by the 1D
Stejskal-Tanner equation:

E, = exp(—v?3°g*D,(A—-58/3)) [2]

where vy is the gyro-magnetic ratio, 3 is the gradient dura-
tion, D, is the hindered diffusion coefficient, and A is the
diffusion time. In contrast to the hindered diffusion, the
diffusion within the fibers can be modeled using different
algorithms depending on the choice of experimental con-
ditions (36,37). Since the experiments performed in this
study satisfy the short gradient pulse approximation, we
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used Callaghan’s approach. The CHARMED expression for
an axon with a radius a has the form:

(Zq-rqa)][,’(ZTrqa]]
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Where J’,, are the derivatives of the nt-order Bessel func-
tion, By are the arguments that result in zero-crossings; all
other parameters have the above meanings. In our analysis
routine n and k were incremented until their incremental
contribution to the sum was negligible. Equation [3] mod-
els diffusion for a single fiber population; therefore, this
formula was expanded to include contributions from a
distribution of fiber diameters:
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where f; and q; are the population fraction and correspond-
ing axon radius, respectively; all other parameters have the
above meaning. The weights of different axon diameters
(w;) were modeled by a gamma-function given by:

a(fx*l —alp
wi(a,B) = BT (5]

In its final form, AxCaliber incorporates Egs. 5, 4, and 2
into Eq. 1, where the diffusivity of hindered compart-
ments, the population fraction, and the o and B parameters
of the gamma function are fit simultaneously to all data
points at all diffusion times using in-house MatLab (Math-
Works, Natick, MA) code that employs a nonlinear least-
square routine (utilizing Levenberg—Marquardt minimiza-
tion). Initial conditions that limit the predicted diameter
probability function were needed to obtain adequate con-
vergence of the fitting routine.

Image Analysis

For the AxCaliber imaging the analysis resulted in a set of
parameters (the diffusivities, the population fraction, and
the Gamma function parameters). These parameters were
used as an input for the multimodality image segmentation
and clustering routine, previously described (38). Basi-
cally the routine creates a vector of parameters for each
image pixel which then, following basic image analysis
routine (histogram stretching and dimensionality reduc-
tion), undergoes clustering (using a modified k-means al-
gorithm, see Ref. (38)). The same procedure was used for
analysis of the immunohistochemistry stains of the spinal
cord. Using this procedure we were able to perform auto-
mated cyto-architecture analysis and segment the spinal
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cord into different fascicles based on their myelin basic
protein, oligodendrocytes, and general cell density. The
AxCaliber imaging clustered image and the histology clus-
tered image were than compared (see Results, Fig. 4).

Histology

Optic and Sciatic Nerve Preparations

Sciatic and optic nerves were cut to 1-mm? slices and fixed
in 2.5% glutaraldehyde, osmificated, dehydrated with a
graded series of ethanol and propylene oxide, and embed-
ded in Araladite solution (Polysciences, Warrington, PA).
Microsections (0.5 pm) were cut in an ultramicrotome
(LKB, Sweden). Sections were collected over gelatin slides
incubated with a 1% Toluidine blue stain for 1 min and
examined using an optical microscope (Leica DMLS) for
analysis.

Analysis of the axon diameter distribution of the elec-
tron microscope images was done using NIH Image (Be-
thesda, MD). This software identified the axons based on
threshold segmentation. For each axon the diameter was
estimated from its transverse area. Following this proce-
dure a histogram of the diameter distribution was gener-
ated.

Spinal Cord Preparation

Spinal cords were fixed in 4% paraformaldehyde and left
at 4°C for 48 hr. The spinal cords were divided into sam-
ples 1 cm long; each was dehydrated with a graded series
of ethanol and xylene. Samples were embedded in paraffin
blocks and cut in a microtome (Leica RM 2235). Then
10 pm sections were collected over gelatin slides. Depar-
affinization was prepared/executed by xylene and ethanol
subsequently sections were incubated 5 min in phosphate-
buffered saline (PBS)X1, pH 7.4. Pretreatment for oligo-
dendrocyte staining was performed in a boiled 10 mM
citrate buffer pH 6.0 for 15 min and 20 min at room
temperature. Slides were placed in an endogenous oxida-
tion blocking solution (absolute methanol + 3% hydrogen
peroxide) and rinsed 2 min in DDW and then 5 min in
PBSX1. The blocking stage was made in Large Volume
Ultra V Block (Lab Vision, Fremont, CA) 10 min at room
temperature. Sections were incubated with primary anti-
body: oligodendrocyte Ab-2 (Mouse Monoclonal Anti-
body, Lab Vision/NeoMarkers) and Myelin Basic Protein
Ab-1 (Rabbit Polyclonal Ab, Lab Vision/NeoMarkers) O.N
at 4°C. The sections were incubated with Histofine (simple
stain MAX PO multi Universal Immuno-peroxidase poly-
mer, antimouse and rabbit, Nichirei Biosciences, Japan) for
30 min at room temperature. They were then rinsed twice
with PBSX1 5 min. Finally, they were stained with Liquid
DAB substrate kit (Zymed Laboratory, San Francisco, CA),
histochemical substrate for horseradish peroxidase for
1 min, and washed 10 min in distilled water. The sections
were dehydrated in 70, 95, 100% ethanol and xylene.
Slides were then covered by mounting medium (Surgi-
path) and viewed under an optical microscope (Leica
DMLS).

For the hematoxylin and eosin (H&E), staining slides
were stained in hematoxylin (Harris Formula, Surgipath)
1 min, rinsed in running distilled water for 10 min, and
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then stained in eosin solution (Surgipath) for 1 min and
washed again, dehydrated, and mounted.

RESULTS
AxCaliber of Sciatic and Optic Nerves

The signal decay vs. q data, measured over a range of differ-
ent diffusion times, show significant differences between the
optic and sciatic nerve specimen (Fig. 1a,b). First, the signal
decay of the optic nerve is less attenuated than the sciatic
nerve over the same range of q values. Second, the diffusion
time dependence of the two tissues is different. While in the
optic nerve the decay curves for different diffusion times are
closely packed, in the sciatic nerve they are more spread out.
These data suggest that the optic nerve has a large population
of small-diameter axons exhibiting restricted diffusion even
at the shortest diffusion time, whereas the sciatic nerve has a
broader distribution of axon diameters in which not all axons
exhibit restricted diffusion over the entire range of diffusion
times. This is clearly what is seen in the histological data (see
Fig. 1d). Figure 1c shows the axon diameter distribution
curves as estimated using AxCaliber. As expected, the axon
diameter curve for the optic nerve samples shows a narrow

eter distribution based on the signal decays
given in (a) and (b). d: Axon diameter distri-
bution derived from electron microscopy
section of the two nerve samples. e,f: Elec-
tron microscope section of one optic nerve
(e) and one sciatic nerve samples upon
which the data in (a-d) is based. Note the
large difference in axonal morphometry be-
tween the two nerves.

10 12 14 16 18 20

distribution centered around 3 pm (blue curve). In contrast,
the sciatic nerve distribution is much broader, centered
around 5-6 pm (red curve). Figure 1d shows the morpho-
metric analysis from electron microscopy of histological sec-
tions of the two different nerves. Morphometric analysis
shows the same pattern as AxCaliber: the optic nerve has a
narrow distribution biased toward small axon diameters (0—
4 um) while the sciatic nerve has much broader distribution,
with a larger number of large diameter axons (0—20 pm). The
histological and MR-based axon diameter distributions were
highly correlated for both nerves (with correlation coeffi-
cients of r = 0.98 for the optic nerve and r = 0.86 for the
sciatic nerve). The means of the two measured axon diameter
distributions were also similar; for the optic nerve the histo-
logical mean axon diameter was 3.48 pm while the AxCali-
ber mean diameter was 3.74 um; for the sciatic nerve, the
histological mean diameter was 7.3 pm while the AxCaliber
mean diameter was 6.3 pm.

AxCaliber MRI of Porcine Spinal Cord

Figure 2 shows diffusion-weighted MR images and decays
in different regions of the porcine spinal cord containing
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FIG. 2. AxCaliber MRI dataset of porcine spinal cord. a: Half spinal cord diffusion-weighted MRI with g = 0 representing the T, weighting
of the sample. b—f: Diffusion-weighted images at different q values and diffusion time of 120 ms; all images are normalized to the g = 0
image (given in a), thus the color-scale represents the normalized decay. Note the differentiation to at least visual three regions in the most
diffusion-weighted image. f: The fasciculus gracilis (dorsal region, 1), spinocerebellar and corticospinal fasciculi (lateral region, 2), and at

the spinotectalis, reticulospinal, and vestibulospinal fasciculi (rostral region, 3). g-i: The corresponding diffusion signal decay from region

of interest in the areas of the aforementioned regions with (g) corresponding to region 1, (h) to region 2, and (i) to region 3.

different white matter pathways. The areas are located at
the fasciculus gracilis (rostral region), spinocerebellar and
corticospinal fasciculi (lateral region), and at the spinotec-
talis, reticulospinal, and vestibulospinal fasciculi (rostral
region). The diffusion time dependence and attenuation
profile of the signals in these regions is significantly dif-
ferent, indicating different underlying morphology and
microstructure of the white matter fibers. Note that the
differences between the areas become more apparent as
the g-value increases. These different diffusion time and
signal decay behaviors are translated into different axon
diameter distributions using AxCaliber on a pixel-by-pixel
basis (AxCaliber MRI). To visualize the results of the Ax-
Caliber imaging, we performed a cluster analysis (k-means,
see Materials and Methods) on the free parameters esti-
mated by AxCaliber (i.e., « and B of the Gamma distribu-
tion of axon diameters, their intra- and extra-axonal diffu-
sivities and the intra-axonal volume fraction, see Materials
and Methods). The seven distinct regions identified by the
unsupervised 3D clustering algorithm across different
slices of spinal cord white matter (Fig. 3) correlate well
with the anatomical locations of the different fascicles (see
below). The location of corresponding clusters was also
similar across slices.

Comparison of AxCaliber MRI with Myelo-architectonic
Analysis

Following MRI the spinal cords were histologically ana-
lyzed and then sectioned so that every third consecutive
slice was stained with myelin basic protein (MBP), Oligo-
dendrocyte (oligo-1), and H&E. Images of these stained
sections were used as input for cyto-architecture digitized

analysis (see Materials and Methods). The cyto-architec-
tural analysis was able to segment the spinal cord into nine
different regions with distinct MBP, oligo1, and H&E stain-
ing intensity, likely representing different white matter
pathways (Fig. 4a), similar to textbook atlases. These nine
regions were visually assigned to nine known white matter
fascicles based on size, shape, and anatomical location.
Visual inspection of the AxCaliber imaging segmentation
(Fig. 4c) and the myelo-architecture segmentation (Fig. 4b)
shows a close resemblance between the two, indicating
that AxCaliber segmentation is indeed meaningful.

DISCUSSION

In this work we show that we can extract the diameter
distribution of neuronal fibers from MRI data using a
framework called AxCaliber. This allows one to measure
microstructural and anatomical features of tissue, nonin-
vasively and, potentially, in vivo, measurements which
ordinarily could only be obtained using invasive histolog-
ical methods. AxCaliber was demonstrated on porcine op-
tic nerve, sciatic nerve, and spinal cord. In all cases we
were able to compute the axon diameter distribution ac-
curately and subsequently were able to use this estimated
diameter distribution to segment tissue (similar to atlasing
via cyto-architecture).

Another shortcoming of conventional histology is the
need to examine small tissue sections, albeit at very high
spatial resolution (< 1 pm). With AxCaliber, one can esti-
mate microstructural features, like the axon diameter dis-
tribution, continuously throughout an entire brain. In this
way both local and global spatial information can be ob-
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tained. Because the measurement is inherently noninva-
sive, it can also be performed longitudinally (on the same
subject) or on different subjects, possibly using different
scanners at different centers. This would allow for such
population information to be obtained for the first time.
This information could have a significant impact on our
understanding of white matter architecture and connectiv-
ity, neuroanatomical changes occurring in white matter
disorders, and changes occurring in white matter during
normal and abnormal development. In particular, AxCali-
ber can enhance connectivity studies since the presump-
tion that the diameter distribution does not change along a
fiber bundle from origin to target may be used to constrain
the assessment of connectivity. For instance, AxCaliber
would provide a means of testing hypotheses that the
diameter distribution changes in diseases such as ALS and
developmental disorders such as autism. AxCaliber also
provides additional information for white matter tractog-
raphy. One of the unresolved problems in tractography is
how to follow fascicles in regions that are topologically
complex, for example, at junctions where fibers cross or
kiss (21). It is not possible using diffusion MR data alone to
determine which of these architectural paradigms applies.
If we make the reasonable assumption that the microarchi-
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FIG. 3. 3D clusters of AxCaliber
MRI of porcine spinal cord. a:
Cluster 1 depicts mostly the dor-
sal fascicules gracilis. Note the
similarity in the location of these
regions along the spinal cord
slices. b: Clusters 2 and 3 depict
mostly the spinotectalis, reticu-
lospinal, vestibulospinal fascicles
(cyan) and the spinocerebellar and
corticospinal fascicles (orange).

tecture of fascicles remains continuous through such a
junction, we can impose the continuity of the parameters
characterizing the axon diameter distribution to determine
which branches are connected through such a junction. Of
course, this approach may fail in the optical chiasm, in
which fibers from the same fascicles both cross and kiss,
but we know of no other primary pathways in the brain
where this complicated crossing pattern is known to occur
normally.

Extracting the Diameter Distribution

AxCaliber takes a series of diffusion-weighted MR signals
measured over a wide range of diffusion weightings (low
and high b-values) and diffusion times. The key feature of
this methodology is that at different diffusion times differ-
ent populations of axons will exhibit restricted diffusion.
So, by changing the diffusion time from short to long one
can probe the relative contributions of different subpopu-
lations of fibers. Specifically, in the short diffusion time
limit the acquired diffusion signals are dominated by
small axons exhibiting restricted diffusion, whereas in the
long diffusion time limit most of the axons exhibit re-
stricted diffusion. Using this approach the axon diameter

Hematoxilin
& Eosin

Myelin Basic
a Protein

Oligodendrocyte Cyto-Architectonic

AxCaliber

[p Clustering C Clustering

FIG. 4. Comparison of AxCaliber with histology. a: Histological staining of spinal cord section with MBP, cell body (H&E), and oligoden-
drocytes markers. b: Digitized cyto-architectonic analysis of the histological sections in (a) with the following fascicles identified: 1. Anterior
spino-thalamic; 2. Reticulo-spinal; 3. Anterior cortico-spinal; 4. Gray matter; 5. Fasciculus gracilis and cuneatus; 6. Lateral cortico-spinal;
7. Lateral spino-thalamic; 8. Spino-tectalis; 9. Ventral spino-cerebellar; 10. Dorsal spino-cerebellar. c: AxCaliber clusters of the same spinal
cord sections strongly resemble those obtained using histological analysis.
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distribution can be modeled (quite reliably and stably)
using a parametric probability function.

The magnitude of the maximum g-value used for Ax-
Caliber will affect the estimate of the diameter distribu-
tion. The higher the g-value, the better the estimate of
smaller axon diameters is. It is difficult to determine the
g-value cutoff below which the estimation of the diameter
distribution will be in error; most probably simulations
can clarify this issue. The parameters used here (quax =
0.07 pm™!) allows adequate estimation of the diameter
distribution. For the spinal cord, a smaller maximal g-
value was used (0.05 pm™1), which probably affects accu-
racy in the small diameter distribution region (<1 pm).

Tissue Segmentation

The axon diameter distribution is a morphological feature
of the tissue. Different white matter fascicles often differ in
the diameter distribution as well as in their myelin con-
tent, cell density, and other morphological features. To
some extent these features are correlated with each other.
For example, the axon diameter is correlated with the
encapsulating myelin thickness (39). The comparison be-
tween myelo- and cyto-architectonic analysis in Fig. 4a,b
and AxCaliber analysis (Fig. 4c) suggest that this correla-
tion is indeed valid. As one goal of MRI-based anatomy
studies is to parcellate the CNS into distinct regions, Ax-
Caliber can provide an additional feature—the diameter
distribution—to improve such segmentation. Although
AxCaliber should be validated in more complicated white
matter structures (e.g., in the brain), it should be noted that
in the spinal cord such analysis is prone to errors. One
artifact is rooted in the assumption that all fibers run
perpendicular to the applied diffusion gradients. In the
spinal cord there are some fiber populations that cross in
the transverse plane, which the AxCaliber model does not
account for. Implementing AxCaliber in 3D will solve this
problem and make this methodology applicable to study
the axon properties in brain white matter.

Model Assumptions, Limitations, and Experimental
Considerations

The AxCaliber framework is based on two assumptions: 1)
water diffusion within axons is restricted, and 2) the ob-
served random displacements are perpendicular to the
axon’s main axis. The first assumption, while not proven,
is supported by much circumstantial evidence. The thick
lamellae of the myelin sheath surrounding axons provides
a significant diffusion barrier to water over the timescales
of a typical diffusion MR experiment. Therefore, it is rea-
sonable to model the intra-axonal compartment of axons as
a pack of impermeable cylinders containing water. The
second condition of AxCaliber necessitates measuring wa-
ter displacements perpendicular to the axis of the neuro-
nal fibers. In the experiments using excised sciatic nerve,
optic nerve, and spinal cord this condition is easily satis-
fied since we can align these samples accurately within the
magnet. When the axons in a voxel are not coincident with
the laboratory frame of reference, we can use DTI or
CHARMED to determine the fiber axis prior to analyzing
the data using AxCaliber.
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While AxCaliber provides valuable information about
tissue microstructure, it has some limitations both exper-
imentally and computationally. First, AxCaliber requires
the measurement of diffusion signal at multiple b or q
values and multiple diffusion times, which can be costly
in scanning time. This limits AxCaliber, in its current
embodiment, from being used widely in vivo. Still, the
information it provides even on in vitro samples is unique
and cannot be obtained by histological methods on large-
scale tissue sections. Second, AxCaliber is based on solv-
ing an inverse problem using differential weighting of
contributions to the total signal arising from restricted
diffusion at different diffusion times and gradient
strengths. To that end it would be extremely helpful to
acquire diffusion data using extremely short diffusion
times (in which water diffusion appears Gaussian) to ex-
tremely long diffusion time (in which water diffusion is
restricted and non-Gaussian). Of course, experimentally
these extreme conditions cannot be met. Usually, the
shortest possible diffusion time in research-orientated MRI
scanners is currently about 10-20 ms; signal-to-noise lim-
its the longest diffusion time we can sample. This con-
straint on short diffusion time obviously restricts accurate
extraction of the diameter distribution of very small axons
(<2 pm). For these types of tissues, even at the shortest
diffusion time, diffusion within small axons is already
restricted and extracting information regarding their
weighting is prone to artifacts.

One computational issue relates to the function used to
measure the axon diameter distribution. In the current
implementation of AxCaliber we used a gamma-function
to model the axon diameter distribution. In the cases we
considered, this function provides a good fit to measured
distribution. We also expect this function to work well in
cases of healthy tissue, but it may fail when degenerative
processes alter the distribution. For example, in ALS,
where large diameter axons seem to be more damaged than
smaller ones, or in experimental models of multiple scle-
rosis it is predicted that the distribution will be described
by more complicated functions. For instance, electron mi-
croscopy of sciatic nerve exposed to allergic neuritis
shows a multimodal diameter distribution that cannot be
modeled by a single gamma distribution. To that end, the
development of nonparametric approaches for estimation
of the diameter distribution might overcome this limit. We
have recently made some progress on this front (40).

Future Enhancements to AxCaliber

AxCaliber’s current limitations, discussed above, will be
addressed in several ways: 1) The experimental design
will be optimized to reduce the number of diffusion-
weighted signals required to estimate the axon diameter
distribution adequately by using the minimal number of b
values and diffusion times while maximizing model fidel-
ity, accuracy, and precision; 2) The AxCaliber acquisition
scheme will be extended to allow for the incorporation of
diffusion-weighted data acquired in directions other than
perpendicular to the fiber axis; 3) A nonparametric diam-
eter distribution, rather than a parametric one, will be
incorporated. This will be essential for in vivo applica-
tions, particularly when no a priori information about the
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form of the underlying diameter distribution can be as-
sumed.
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