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Abstract

Mapping mean axon diameter and intra-axonal volume fraction may have significant clinical
potential because nerve conduction velocity is directly dependent on axon diameter, and several
neurodegenerative diseases affect axons of specific sizes and alter axon counts. Diffusion-
weighted MRI methods based on the pulsed gradient spin echo (PGSE) sequence have been
reported to be able to assess axon diameter and volume fraction non-invasively. However, due to
the relatively long diffusion times used, e.g. > 20 ms, the sensitivity to small axons (diameter < 2
um) is low, and the derived mean axon diameter has been reported to be overestimated. In the
current study, oscillating gradient spin echo (OGSE) diffusion sequences with variable frequency
gradients were used to assess rat spinal white matter tracts with relatively short effective diffusion
times (1 — 5 ms). In contrast to previous PGSE-based methods, the extra-axonal diffusion cannot
be modeled as hindered (Gaussian) diffusion when short diffusion times are used. Appropriate
frequency-dependent rates are therefore incorporated into our analysis and validated by histology-
based computer simulation of water diffusion. OGSE data were analyzed to derive mean axon
diameters and intra-axonal volume fractions of rat spinal white matter tracts (mean axon diameter
~1.27 — 5.54 ym). The estimated values were in good agreement with histology, including the
small axon diameters (< 2.5 pm). This study establishes a framework for quantification of nerve
morphology using the OGSE method with high sensitivity to small axons.
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INTRODUCTION

Measurements of axon diameters in white matter are of considerable interest for studies of
neural function in both research and clinical applications. For healthy myelinated nerves, it
is well known that conduction velocity is directly proportional to axon diameter (Ritchie,
1982). In many inherited and acquired neurological disorders, axon damage has been
reported to be size-dependent (Brun and Englund, 1986) . For example, small axons under
~3.3 um diameter seem to be relatively more affected in multiple sclerosis than larger axons
(Lovas et al., 2000). Glaucoma involves a primary injury in which large retinal ganglion
cells are more vulnerable (Glovinsky et al., 1991), while the secondary degeneration of
neural tissue with gradual loss of vision accompanies significant axon swelling (Payne et al.,
2012). In addition, the extent of axonal swelling has been reported to be correlated with
survival time after diffuse axonal injury, and the mean diameter of damaged axons depends
on the severity and mode of the diffuse axonal injury (Wilkinson et al., 1999). Therefore,
mapping axon diameter (AxD) may not only provide important insights into the
pathophysiology of neural tissues, but also facilitate the diagnosis, evaluation or prediction
of progression of some neural degenerative diseases at early stages. However, such
histological information can currently be obtained only via invasive tissue biopsies, so it
would be valuable to develop a non-invasive imaging technique to map AxD non-invasively.

Diffusion-weighted MRI (DWI1) has been shown repeatedly to be able to probe biological
tissue microstructure non-invasively, and hence may provide a means to measure
quantitative microstructural information such as mean AxD in vivo. However, previous
attempts, using conventional approaches, to correlate the transverse apparent diffusion
coefficient (ADC) with mean AxD were not successful (Gullapalli et al., 2006; Schwartz et
al., 2005a, 2005b). Simple conventional DWI metrics, such as ADC or fractional anisotropy
(FA), do not provide specific information about AXD or intra-axonal volume fraction. More
complex approaches such as g-space imaging, as proposed by Callaghan (Callaghan et al.,
1991) and by Cory and Garroway (Cory and Garroway, 1990), involves Fourier
transformation of the signal decay with respective to q (= yG&, y= gyromagnetic ratio of
protons, G = gradient amplitude, and & = duration of diffusion gradient) from which the
displacement probability profile of water molecules can be obtained. This provides
quantitative microstructural information (e.g. the mean pore size of porous media), and has
also been successfully implemented for imaging nerve and white matter tracts, including
bovine optic nerve (Assaf and Cohen, 2000), rat spinal cord (Anaby et al., 2013; Assaf et al.,
2000) and mouse spinal cord (Ong and Wehrli, 2010; Ong et al., 2008). However, g-space
imaging suffers one major drawback that, in order to accurately measure the size of small
axons (e.g. diameter of 1 — 2 um), very high g values and short gradient pulses must be used
(Lé&tt et al., 2007), which requires extremely strong diffusion gradient strengths and high
slew rates — e.g. 4800 G/cm gradient strength to reach g x = 0.82 um-1 (Ong et al., 2008).
In practice, neural tissues, especially in the central nervous system, usually contain a large
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fraction of small axons, so this in turn significantly limits the ability of g-space imaging to
accurately quantify small axons in vivo. Another approach, the AxCaliber method, is based
on the CHARMED model that assumes restricted diffusion in the intra-axonal space,
hindered diffusion in the extra-axonal space, and no water exchange between these two
compartments (Assaf et al., 2004). This method probes biological tissues with multiple
diffusion times and g-values, and the AxD distribution can be obtained in vitro (Assaf et al.,
2008) and in vivo (Barazany et al., 2009) based on a priori mathematical models. The
ActiveAx method was developed to measure the indices of mean AxD instead of the AxD
distribution so that the method is more clinically feasible due to reduced scanning time,
although the mean AxD is significantly overestimated (Alexander et al., 2010). All the
approaches above use conventional pulsed gradient spin echo (PGSE) pulse sequences
which usually employ relatively long diffusion times in vivo, e.g. > 20 ms. The root mean
square displacement of water molecules during such intervals is usually much larger than
typical AXxD’s (1 — 5 pum) and so the sensitivity to small axons is low. For example, it has
been reported that the ActiveAx method cannot identify axons with diameters smaller than
2.5 um with a maximum gradient strength 30 G/cm (Dyrby et al., 2013). To compensate,
PGSE-based methods usually need to use very large q or b values, but these are limited by
practical scanning times, SNR and hardware performance (Ong et al., 2008).

Conceptually, the sensitivity to small axons may be enhanced by reducing the diffusion
time. Oscillating gradient spin echo (OGSE) pulse sequences have been proposed to achieve
significantly shorter diffusion times, e.g. 1 — 2 ms in vivo, with alleviated requirements for
hardware performance (Gross and Kosfeld, 1969). This method typically replaces bipolar
diffusion gradients with oscillating diffusion-sensitizing gradients, and by varying the
oscillation frequency, a temporal diffusion spectrum (Parsons Jr. et al., 2006) can be
obtained to provide more comprehensive information of biological tissues (Gore et al., 2010;
Xu et al., 2012b). The OGSE method has been successfully implemented to measure the
surface-to-volume ratio of porous media (Parsons Jr. et al., 2006), and to characterize
cerebral ischemia (Does et al., 2003), intra-cellular microstructural variations (Colvin et al.,
2011a; Xu et al., 2011b, 2009a) and tumor response to treatment (Colvin et al., 2011b; Xu et
al., 2012b). Recently, there has been an increasing interest in applying OGSE methods in
neuroimaging. For example, the fractional anisotropy (FA) obtained using OGSE sequences
was found to be dependent on the gradient frequency (diffusion time) in fixed monkey brain
(Xu et al., 2010), which was later confirmed in a series of studies in fixed mouse brain
(Aggarwal et al., 2012), live rat brain (Kershaw et al., 2013), and human brain (Baron and
Beaulieu, 2014; Van et al., 2014). Quantitative characterization of mean axon size using the
OGSE method has been proposed and validated with computer simulations (Xu et al.,
2009b). Two attempts have been reported to map axon size of fixed tissues using OGSE-like
diffusion sequences (Shemesh et al., 2013; Siow et al., 2013). However, the results of these
two studies were not validated with histology; and more importantly, the intra-axonal
volume fraction, one of the important indicators of white matter morphology, was not
obtained. In the current study, we report a more comprehensive study using the OGSE
method to obtain histology-validated quantitative microstructural information on nerves,
including both mean axon size and axonal space volume fraction. We emphasize that, due to
the short diffusion times achievable with the OGSE method, the detection sensitivity to
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small axons is expected to increase significantly. This suggests that the OGSE method may
be a preferred approach to measure AxD, especially when relatively small axons make up a
large fraction of tracts in the nervous system.

Fixed rodent spinal cord has been extensively used as a model system to test the accuracy of
quantitative diffusion MRI methods due to its simple geometric organization and the varying
mean AxD’s across different white matter tracts (Assaf et al., 2000; Chin et al., 2004;
Komlosh et al., 2013; Ong and Wehrli, 2010; Ong et al., 2008; Schwartz et al., 20053,
2005b). In the current study, OGSE pulse sequences were implemented to measure the mean
AXD of fixed rodent spinal cord white matter tracts. Histological-image-based computer
simulations were performed to investigate intra- and extra-axonal diffusion individually
based on realistic white matter morphology. Combined with previously developed analytical
signal models for restricted structures (Xu et al., 2009b) and a time-dependent diffusion
model for random packing (Novikov et al., 2012, 2011), the appropriate analyses for intra-
and extra-axonal diffusion were derived for practical measurements. These analyses were
then used to fit OGSE diffusion data to estimate the mean AxD of fixed rat spinal cords ex
vivo, and then compared with histological measurements. The results show that the OGSE
method provides an accurate measurement of mean axon diameter, including small axons (~
< 2.5 pm). The current OGSE results and previously published g-space and AxtiveAx results
are also compared briefly.

MATERIALS AND METHODS

Theory

In contrast to conventional PGSE methods, OGSE sequences employ oscillating diffusion-
sensitizing gradients with variable frequencies to measure a temporal diffusion spectrum, i.e.
ADC(f), with respective to the oscillating gradient frequency f. Note that the effective
diffusion time of each OGSE measurement is 1/(4f) for a cosine-modulated gradient
waveform, which has been validated in neural tissues when only low b values were used
(Portnoy et al., 2012). Therefore, higher frequencies result in shorter diffusion times during
which water molecules encounter fewer restriction boundaries. The detailed theory of the
OGSE method has been thoroughly reviewed previously (Gore et al., 2010).

We assume that the OGSE signals of white matter can be expressed as the sum of signals
arising from intra- and extra-axonal spaces, namely,

S:f’in . Sm+(1 - f’ﬁ'n,) : Se:l}a 1)

where fj,, is the water volume fraction of intra-axonal space over the sum of intra- and extra-
axonal spaces, and S, and S are the signal magnitudes per volume from the intra- and
extra-axonal spaces, respectively. Note that the signal contribution from myelin water is
ignored due to low T, low water concentration, low perpendicular diffusivity (Andrews et
al., 2006; Harkins et al., 2012) and the relatively long echo times in the OGSE
measurements. Eq.(1) also assumes that there is no water exchange between intra- and extra-
axonal spaces, as suggested in the CHARMED model (Assaf et al., 2004).
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Intra-axonal diffusion

Axons are usually modeled as parallel cylinders despite the significant variations of axon
shape in realistic tissues. The CHARMED model assumes the AxDs obey a Gamma
distribution (Assaf et al., 2008), while other models assume that the intra-axonal diffusion
can be modeled as water molecules restricted inside parallel impermeable cylinders with a
unique mean AxD (Alexander et al., 2010; Ford and Hackney, 1997; Ong and Wehrli, 2010;
Szafer et al., 1995). The latter approach simplifies the mathematical complexity but
preserves the basic feature of axonal structures, and hence is preferable for the current study.
The analytical expressions of OGSE signals in some typical geometrical structures, e.g.
cylinders and spheres, have been derived previously (Xu et al., 2009b). For OGSE
measurements with cosine-modulated gradient waveforms, the analytical signal attenuation
can be expressed as

2 B, \ZD2, [\aD2+@7H)?] T4, sin(drré)
Sm(G)ZeXp{_zwg) %[sz +@r)?)’ { AnDin [5+ "] ] -1 @)

n="an

+exp(—A,Dind)+exp(—A,DinA) [1 — cosh(A, Diy0)]}}

where Dj,, is the intra-cylinder diffusion coefficient, f is the oscillation frequency, & is the
gradient duration, A is the separation of two diffusion gradients, and A, and By, are structure
dependent parameters containing cylinder diameter (Xu et al., 2009b). The accuracy of Eqg.
(2) has been validated by computer simulations (Xu et al., 2009b) and later by NMR
measurements using well-characterized phantoms consisting of hollow micro-capillaries (Li
etal., 2014).

Extra-axonal diffusion

In previous PGSE-based diffusion studies, extra-axonal diffusion was usually considered as
hindered (Gaussian) diffusion, and hence a constant diffusion coefficient Dg, can be
assumed to be independent of diffusion time. Although the accuracy of such an assumption
has been questioned (Novikov et al., 2012), it has been reported that reasonable results, e.g.
mean axon size or axon size distribution, can be obtained based on this hindered diffusion
approximation using PGSE-based methods (Assaf et al., 2008; Barazany et al., 2009; Ong
and Wehrli, 2010). However, the extra-axonal diffusion cannot be simplified as a constant in
OGSE measurements with short effective diffusion times. This is because the root mean
square displacements associated with the short diffusion times are usually comparable to or
even smaller than the mean restriction distance in the extra-axonal space, and hence the
extra-axonal diffusion shows significant dependence on gradient frequencies (or diffusion
times) (Novikov et al., 2012). Due to the geometrical complexity of the extra-axonal space,
the accurate dependence of extra-axonal diffusion on frequency is not easy to obtain.
Although attempts have been made to model extra-axonal diffusion with the OGSE method
(Lam et al., 2014; Stepisnik et al., 2006), no previous OGSE studies have used a frequency-
dependent extra-axonal diffusion model to analyze experimental data in order to accurately
derive microstructural information on nerves from OGSE measurements.

It has been observed that, when a narrow range of relatively low frequencies is used, the
ADC values obtained in OGSE measurements show a near linear dependence on the
gradient frequency (Aggarwal et al., 2012; Xu et al., 2012a, 2012b). Novikov et al. provided
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a theoretical explanation that the ADC of a completely randomly packed 2D system is
linearly dependent on low frequencies (Novikov et al., 2012). Achievable frequencies in
practical OGSE measurements are usually moderately low due to hardware limitations, so
this theory may be valid for the extra-axonal space diffusion in OGSE measurements. In the
current study, histology-based computer simulations were performed to validate whether the
extra-axonal space diffusion coefficient Dgy(f) can be modeled as a linear function of
gradient frequency, namely,

Sez:exp [_b ! Dez(f)] =exXp [_b : (Dez0+/86x ’ 27Tf>] )

where Dgyg iS a constant and S is the slope of Dg (f) with respective to frequency 2rf,
which contains microstructural size information but may not be simply related to any
specific physical structure in the tissues (Novikov et al., 2014).

Tissue preparation

Six Sprague Dawley rats (275 — 350 g) were perfused, under deep anesthesia, through the
left cardiac ventricle with phosphate buffer followed by 0.5% paraformaldehyde and 4%
glutaraldehyde in phosphate buffer. Cervical spinal cord sections &~ 1 cm in length were cut
out and immediately placed in 0.5% paraformaldehyde and 4% glutaraldehyde in phosphate
buffer for 48 hours. The samples were then washed in phosphate-buffered saline solution for
at least 3 days prior to MRI study to wash out fixatives and restore T, (Shepherd et al.,
2009). For each MRI scan, a sample was put inside a 5-mm NMR tube and immersed in
fomblin to reduce susceptibility effects arising from air-tissue interfaces. Further details of
the tissue preparation can be found in previous reports (Dula et al., 2010; Harkins et al.,
2012).

Magnetic resonance imaging

Histology

All MRI experiments were performed on a 7T Varian DirectDrive horizontal imaging
spectrometer (Santa Clara, CA) equipped with a 12-mm microgradient coil (Doty Scientific
Inc., Columbia, SC). All images were acquired using a 4-shot echo-planar imaging sequence
with a 1D navigator echo acquired before the data acquisition. The field-of-view =5 x 5
mm. The matrix size = 64 x 64, and then zero-filled to 128 x 128, yielding an interpolated
spatial resolution of 39.1 um. TR =4 sec, TE = 58 ms, and slice thickness =2 mm. The
diffusion gradients were apodized cosine waveforms with a duration of 20 ms and a
separation of 24 ms. All diffusion gradients were applied perpendicular to the spinal cord
tracts with five frequencies (50, 100, 150, 200, 250 Hz), each frequency employed five b
values (0, 500, 1000, 1500, 2000 s/mm?), and the maximum gradient strength used in the
current study was 133 G/cm in x and y directions. The number of acquisitions averaged was
chosen to be 80 to fulfill an overnight scan which took around 15 hours. The typical SNR of
white matter tracts was around 200.

After MRI measurements, samples were dehydrated in graded ethanol and embedded in
epoxy resin, and 1-um-thick axial sections were cut at the middle of the spinal cord (where
the MR image slice was acquired), and then stained with 1% Toluidine Blue solution.
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Previous studies have observed a 10% decrease of cross-sectional area with the current
tissue sample preparation protocol (Denef et al., 1979; Tang and Nyengaard, 1997),
indicating the tissue shrinkage is not a significant factor in the current study. Digital images
were acquired using oil immersion light microscopy (LM) at 75 nm x 75 nm resolution.
However, note that the intrinsic optical resolution limit is actually ~200 nm using
conventional lenses (van Putten et al., 2011). LM images were collected from six spinal
white matter tracts of each fixed spinal cord, i.e. vestibulospinal tract (VST), fascisulus
cuneatus (FC), rubrospinal tract (RST), reticulospinal tract (ReST), funiculus gracilis (FG),
and dorsal corticospinal tract (dCST). Histological images were digitally smoothed with an
edge-preserving anisotropic diffusion filter, enhanced with adaptive histogram equalization,
and semi-automatically segmented using a region growing routine into regions of intra-,
extra-axonal spaces, and myelin. Manual adjustments were performed to correct any
misidentified regions and to add some thin paths that connect extra-axonal spaces. The
histology section size was chosen to include ~200 or more axons in each histological
section, i.e. 67.61x67.61 pm? for VST and FC, 45.11x45.11 ym? for RST and ReST, and
33.86x33.86 um? for FG and dCST The area-weighted mean AxD (Alexander et al., 2010;
Harkins et al., 2012) was obtained for each white matter tract, namely,

N g
> d

n=1

mean AzD=

v (4)
d

M=

S

=1

3

where N is the total number of axons in each histological image, and d, is the effective
diameter of the n'" axon. The volume fractions of intra-, extra-axonal spaces and myelin
were also obtained from histology, and f;,, the volume fraction of intra-axonal space over
the sum of intra- and extra-axonal spaces was calculated.

Histology-based computer simulations

The segmented histological images of all white mater tracts of all rat spinal cords were
downsampled to a resolution of 0.1125x0.1125 um, then used as input structures for
computer simulations, similar to previous histology-based studies (Chin et al., 2002, 2004).
The computer simulation used a Finite-Difference Time-Domain algorithm with a revised
boundary condition and a parallel computing scheme for better accuracy and efficiency (Xu
et al., 2007). The intrinsic diffusion coefficient of water molecules was assumed to be 1.0
um2/ms everywhere as suggested previously (Chin et al., 2002). Note that the sensitivity of
diffusion experiments to the intracellular diffusion coefficient is actually low when the axon
sizes are small as confirmed in previous microcapillary experiments (Li et al., 2014). The
water exchange between different compartments was assumed to be negligible. Therefore,
signals arising from intra- and extra-axonal spaces can be obtained separately from the
simulations. All OGSE pulse sequence parameters were the same as in the measurements.

Two types of simulations were performed. The first type simulated the apparent diffusion
spectra of intra- and extra-axonal spaces of six representative images, and then the spectra
were fit to Eq.(2) and Eq.(3), respectively. By this means, the intra- and extra-axonal

diffusion models proposed in the current study were validated. The second type simulated
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the OGSE signals to mimic the OGSE measurements, and then fit the simulated signals to
Eq.(1) to quantify mean AxD and fi,. It is valuable to investigate the detection resolution
limit of the OGSE measurements, i.e. to assess over what mean AxD range the OGSE
measurements can provide reliable fitting results. Usually, a broad range of mean AxD
should be used, such as 0.5 — 10 um used in previous studies (Dyrby et al., 2013). However,
the histological mean AxD of all white matter tracts used in the current study ranged from
1.10 um to 5.98 um. In order to achieve a broader mean AxD range, each type of white
matter tract (N=6) was randomly divided into three groups (two in each). One group kept the
original spatial scale, while the other two either doubled or shrunk the original scale by half.
By this means, we obtained input structures for computer simulation with realistic
microstructural features (e.g. axon shape, volume fraction, packing density, etc.) but with a
much broader mean AxD range (0.55 — 11.96 pm). This strategy is different from the
previous method that used perfect cylinders and a fixed volume fraction (0.7) (Dyrby et al.,
2013).

Data analysis

Regions of interest (ROI’s) of gray matter and white matter were manually drawn on the T,-
weighted images of each spinal cord, and then OGSE signals with multiple b and frequency
values were fit to Eq.(1) pixel-wise to obtain five parametric maps, i.e. AXD, fin, Din, Dexos
and fe. In addition, ROI’s of six different white matter tracts were manually drawn on fitted
AxD maps from each spinal cord (yielding altogether 36 ROI’s) for the ROI-based analysis
and comparison with histology. Note that bilateral ROI’s for e.g. VST and ReST were drawn
and averaged to form one ROI for each tract. The constraints for fitting parameters were
(parameter [lower bound, upper bound]): AxD [0.2, 10] pm, fi [0, 1], Di, [0, 3] pm2/ms,
Dexo [0, 3] um2/ms, and S [0, 2] um2. Randomly-generated initial parameter values were
used. To ensure the global minimum was reached, the fitting was repeated 50 times for each
pixel and the analyses corresponding to the smallest fitting residuals were chosen as the final
results. Bland-Altman plots were used to evaluate the differences in parameters of mean
AXD and fj, fitted from OGSE measurements/simulations vs. those from histology. Because
the six white matter tracts per animal are not independent of each other, linear mixed-effects
models with compound symmetry structure of the correlation were employed to evaluate the
relationship between histological mean AxD and all fitted parameters. By such means, the
animal-specific dependence of each fitted parameter was taken into account. This analysis
was performed with R statistical software version 3.0.2 (http://www.r-project.org/). For each
model, histogram and scatter plot of residuals were visually inspected to assure the
normality of each parameter and randomness of the error, respectively.

RESULTS
Histology

The mean axon diameters and intra-axonal volume fractions are shown in Table 1. The
values and errors represent the mean and standard deviations across all six samples,
respectively. The mean axon diameter decreases from 4.63 pm in VST to 1.39 pym in dCST,
consistent with numerous previous publications (Harkins et al., 2012; Ong and Wehrli,
2010; Ong et al., 2008). Repeated measures ANOVA demonstrated significant differences
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between white matter tracts for histological AxD (F = 114.00, p < 0.001), while the intra-
axonal volume fraction shows no significant difference between different white matter tracts
(F=0.79, p =0.57). The cross-animal variations are consistent with previous studies that
used the same histological protocol (Harkins et al., 2012). Note that both biological
variability and the sampling differences contributed to these variations. Histological images
of six different white matter tracts of a representative rat spinal cord are shown in Figure 1,
in which the corresponding segmented images are also provided (the second row). The white
regions represent axons, black represents myelin and gray is extra-axonal space.

Histology-based computer simulations

The bottom row of Figure 1 shows the simulated apparent diffusion spectra arising from the
intra- and extra-axonal spaces, respectively. Despite the large variations of axon shapes and
sizes in each white matter tract, the simulated intra-axonal apparent diffusion spectra (red
circles) can be fit well using Eq.(2) (red lines), which means the simplification of using
cylinders with a unique mean AxD is plausible for interpreting OGSE measurements. The
overall intra-axonal ADC values decrease from VST to dCST, consistent with the trend of
mean axon diameter variations across these white matter tracts. The extra-axonal ADCs
(blue diamonds) of six white matter tracts all clearly show a linear dependence on the
gradient frequency (all R2 > 0.94), which can be fit well with Eq.(3). Interestingly, the intra-
axonal ADC is significantly larger than the extra-axonal ADC in VST, but decreases rapidly
and eventually is smaller than extra-axonal ADC in dCST, while the extra-axonal ADC
decreases slightly from VST to dCST. This suggests that even with the same MR
parameters, e.g. gradient frequency (diffusion time), the relative contributions of intra- and
extra-axonal spaces are heavily dependent on the axon dimensions. It has been suggested
that water molecules may be more restricted in the extracellular space than in the
intracellular space (Shemesh et al., 2011). Our simulations clearly show that the extra-
axonal diffusion spectra may be higher or lower than those of intra-axonal space, suggesting
that the extra-axonal diffusion may be more or less restricted than the intra-axonal diffusion,
depending on the specific compartment dimensions.

Figure 2 compares AxD values derived from histology with those from the fits to the
simulated OGSE data, and their corresponding Bland-Altman plot. There is an obvious
underestimation when the histology AxD values are larger than ~6 um or smaller than 1 pm,
suggesting that the OGSE measurements under current experimental conditions can provide
reliable fittings of AxD only in the range of 1 — 6 um. Previous studies have shown a lower
limit ~2.5 pm using the ActiveAx model (Dyrby et al., 2013), which means it is incapable of
differentiating axons smaller than 2.5 um but can only identify them as small. However, note
that the maximum gradient strengths used in these two studies are different. It would be
more relevant to compare the ability of fitting AxD using the current OGSE method with
that of the ActiveAx model under the same experimental conditions. Nevertheless, the
OGSE method used in the current study significantly pushed the detection limit down to 1
um, which is slightly lower than the smallest mean AxD of all white matter tracts, i.e. 1.27
pum in dCST tract (see Table 1).
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MRI and data fitting

Figure 3 shows diffusion-weighted signal attenuations (markers) of six different white
matter tracts from a representative spinal cord. All signal attenuations were well fit using
Eq.(1) (solid lines). For each white matter tract, higher gradient frequencies resulted in
larger signal attenuations, while for each single frequency, diffusion signals were less
attenuated in white matter tracts with smaller mean AxD. These results are expected because
water molecules encounter less restricting boundaries at higher frequencies (shorter
diffusion times) and/or in larger axons.

Figure 4 shows fitted parametric maps of the white matter of a representative spinal cord.
The parametric maps of all other spinal cords were similar. Note that different regions of
white matter tracts can be easily identified on the fitted mean AxD map, which is consistent
with previous results of mouse spinal cords that employed gradient strength up to 4800
G/cm (Ong et al., 2008). However, previously reported displacement maps of fixed rat
spinal cords obtained using conventional g-space imaging did not show such a clear contrast
within white matter regions (Anaby et al., 2013; Assaf et al., 2000). This is presumably
because the long diffusion times used in those studies (> 22ms and > 30ms respectively)
decreased the sensitivity for distinguishing small mean axon size differences among
different white matter tracts. Note that these two studies used maximum gradient strengths
of 117.5 G/cm and 150 G/cm, respectively, which were similar to the maximum gradient
strength 133 G/cm used in the current study.

By contrast, the fitted f;,, is more homogeneous across the whole white matter region. This is
consistent with our histological findings that different white matter tracts have different
mean AxD but similar fj, (see Table 1). The other parametric maps do not show clear
contrasts for differentiating white matter tracts. Note that the estimated values of D;,, in the
dCST tract are markedly higher than those of other regions (see Figure 4 and Table 2). This
is because the AxD in dCST is very small. Under such circumstances, the sensitivity to Dj,
is lower and may result in biased values, as experimentally confirmed in previous
microcapillary studies (Li et al., 2014). The S map is relatively homogeneous but shows a
pattern that is inconsistent with the map of AxD. Although S may not be simply related to
any specific physical structure in the tissues, in general the slope of the ADC with frequency
is itself an indicator of compartment size, and extra-axonal spaces may in general be larger
when the axons are larger. The fitted D;,,, Dexg and fex Values of all white matter tracts are
tabulated in Table 2.

Figure 5 shows the Bland-Altman plots of the differences between the mean AxD (Figure
5.A) and f;,, (Figure 5.B) fitted from OGSE measurements vs. those obtained from histology.
All differences between the fitted mean AxD and fj, and those from histology are in very
good agreement (within the range of £ 1.96 SD) except for one or two outliers. This
indicates that both mean AxD and fi,, have been fit accurately from the OGSE measurements
non-invasively, consistent with histology.

Figure 6 shows the correlations of five fitted parameters, i.e. AXD, fin, Din, Dexo,» and fex,
from all 36 ROI’s with the corresponding mean AxD obtained from histology. The
correlation coefficient r and p values obtained using the linear mixed-effects models are
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provided for each correlation pair. The fitted and histological AxD’s are in good correlation,
r=0.916 and p < 0.001. The identity line (perfect matching) deviates from the data when
AXxD >~ 5 pm, suggesting the OGSE method underestimates the larger axons. The fitted fi,
and Dgyg show no correlations with histology AxD with p = 0.687, and 0.184, respectively,
By contrast, the fitted D;, and S show a correlation with histology AxD with r = —-0.343, p
=0.018 and r = 0.478, p < 0.001. We analyzed the intra-animal errors of AxD in two ways:
the standard deviations of fitted AxD across each ROI and the propagation error based on
the numerically estimated model Jacobians and residuals from the non-linear regressions.
Both methods showed standard errors per pixel were in the range of 0.1-1um across
different white matter tracts and animals. Considering the number of pixels in each ROl is
~100, the standard errors per ROI are in the range of 0.01-0.1um, which are much smaller
than the inter-animal variations. Note that when axon size is small, the estimated Dj, using
OGSE methods could be significantly biased (Li et al., 2014). The correlation between fey
and AxD could be explained by the increasing mean restricting distance in the extracellular
space when mean axon size increase, even though fey as derived theoretically may not be
clearly related to any physical structure in the tissues. In summary, these results suggest that
fin is an independent parameter from AxD, presumably because f;,, is determined by axon
counts and AxD together. Therefore, mapping both the mean AxD and f;,, provides more
comprehensive information about nervous tissue morphology.

DISCUSSION

Mapping mean AxD or AxD distributions has significant clinical and research potential to
provide information about nerve microstructure. Previous diffusion MRI measurements of
AXD used PGSE-based methods, such as those based on measuring displacement probability
profiles from g-space imaging or the AxCaliber framework. These methods employ
relatively long diffusion times, e.g. > 20 ms, and hence the corresponding root mean square
displacement is larger than 8.9 um if the diffusion coefficient is 2 um2/ms. Such a
characteristic length is much larger than most axon diameters in the central nervous system,
and therefore these PGSE-based methods have low sensitivity to distinguish small axons. To
enhance the sensitivity to small axons, very high q values must be used which requires
strong gradient strengths that may not be feasible in vivo (Ong and Wehrli, 2010; Ong et al.,
2008). Another approach, the double-pulsed field gradient (d-PFG), was reported to probe
AxD (Komlosh et al., 2013; Weber et al., 2009) with relatively weak gradients (Morozov et
al., 2013), but it has also been shown that this d-PFG method is actually equivalent to the
conventional PGSE method for zero mixing time and low diffusion weighting (Jespersen,
2012). The current study investigates a different approach, the OGSE method, to measure
the mean AxD non-invasively. Instead of using high g values, much shorter diffusion times
were achieved by tuning gradient frequencies. For example, the highest frequency (250 Hz)
used in the current study corresponds to an effective diffusion time of 1 ms and root mean
square displacement of 1.9 um, which is comparable to small axon diameters. Therefore, the
sensitivity to small axons is significantly enhanced in the OGSE measurements. In addition
to an early feasibility study via computer simulations (Xu et al., 2009b), some attempts
using OGSE-like sequences have been made to map mean axon size directly (Siow et al.,
2013) and indirectly (apparent compartment size) (Shemesh et al., 2013), but neither of
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these studies provided information on intra-axonal volume fraction. To the best of our
knowledge, this is the first comprehensive OGSE study describing the measurement of both
mean axon diameter and intra-axonal volume fraction with histological validation. In
addition, this is also the first OGSE study that implements frequency-dependent models for
extra-axonal diffusion in the quantitative fitting of axon diameter.

Water exchange

The water exchange between intra- and extra-axonal spaces was assumed negligible in the
current study. The signal arising from myelin was assumed to be negligible due to low T,
and relatively long echo times used in the OGSE measurements. These assumptions have
been used in previous diffusion studies in fitting AxD, and reasonable results were obtained
(Alexander et al., 2010; Assaf et al., 2008; Barazany et al., 2009; Ong and Wehrli, 2010).
Moreover, the OGSE measurements probe much shorter diffusion times, and hence the
effect of water exchange on OGSE diffusion measurements should be even less pronounced.
However, the precise influence of water exchange on MR measurements remains
controversial. Previous multiple-exponential T, measurements (Dula et al., 2010; Harkins et
al., 2012) and OGSE numerical simulations (Xu et al., 2011a) suggest that the water
exchange between myelin and intra-/extra-axonal spaces cannot strictly be ignored. By
contrast, other studies have reported that intra-axonal water lifetimes are orders of
magnitude higher than the diffusion times employed in the present study, suggesting the
influence of water exchange on OGSE measurements is minor (Nilsson et al., 2013a;
Senderby et al., 2013). Nevertheless, it is plausible to consider the possibility of water
exchange effects when implementing future OGSE measurements, especially when some
morphologic variations may change water exchange rate. If necessary, modified Karger
models can be used to account for the water exchange between different compartments (e.g.
Kérger et al., 1988).

Co-registration of MR and histology images

In the current study, both the ROI’s of all white matter tracts on the diffusion MR images
and the corresponding regions of those white matter tracts on the histological images were
chosen manually. Although this approach has also been used in previous diffusion studies in
spinal cord ex vivo (Assaf et al., 2008; Chin et al., 2004; Ong and Wehrli, 2010; Ong et al.,
2008; Schwartz et al., 2005b), it prevents a pixel-based comparison between the MR images
and corresponding histology across an entire tissue sample, and hence the inter-sample
variations can be enlarged due to sampling errors. For example, the comparison of results
may be influenced by the specific choices of regions decided by the operator. Golabchi et al.
proposed an approach that can perform a pixel-based comparison across the whole fixed
spinal cord, at a cost of a relatively low spatial resolution of the histology images (0.53 um
in that study vs 0.075 pm in the current work) and hence the estimation of small axons
(especially those in dCST) may be significantly biased. Moreover, the histology sections
may not be cut exactly perpendicular to the axis of spinal cord tracts, which in turn may also
cause biased estimations. 3D OGSE measurements and histology analyses may overcome
these effects, but an accurate and sophisticated imaging co-registration procedure covering
in vivo applications should be used (Choe et al., 2011).
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Resolution limit

The resolution limit is an important metric to evaluate the accuracy of diffusion
measurements for fitting AxD (Nilsson et al., 2013b). Previous studies have shown that the
ActiveAx model has a resolution lower limit of ~2.5 um and an upper limit ~10 um with
maximum gradient strength < 30 G/cm. This suggests that any axons smaller than 2.5 pm
cannot be distinguished. By contrast, the OGSE method used in the current study has
resolution lower limit down to 1 um, which in turn provides the ability to fit the mean AxD
of all white matter tracts reliably. However, we should recall that the maximum gradient
strengths used in previous ActiveAx studies were much smaller than the current 133 G/cm.
Hence, a direct comparison between ActiveAx and OGSE methods under the same
experimental conditions would be of interest. Meanwhile, previous conventional g-space
studies of rat spinal cords using similar maximum gradient strengths (Anaby et al., 2013;
Assaf et al., 2000) did not provide clear contrast distinguishing white matter tracts as shown
in the current study. This at least suggests that the OGSE method might be a preferred
method compared with PGSE-based g-space imaging for detecting small axons. Note that,
limited by the lowest frequency used, the upper limit for the OGSE method in the current
study is ~ 5 um, which is smaller than the upper limit (~10pm) of the ActiveAx model. This
is because the diffusion time is not long enough to completely probe larger axons.
Interestingly, a previous microcapillary phantom study suggested a cylinder size of 19 um
can be fit well using similar OGSE measurements (Li et al., 2014), while AXD > 5 um were
apparently underestimated with similar frequencies used in the current study. This is
presumably because all cylinders in the phantom study had a unique diameter and signals
arose from a single intra-cylinder compartment only. However, for the real biological tissues
in the current study, the situation was more complicated. The axons were not perfect
cylinders but had various shapes. The diameters of axons were not a unique size but a
distribution of sizes. Moreover, the signals arose from two compartments, i.e. intra- and
extra-axonal spaces. All of these complications challenged the fitting. Although the mean
axon diameter 1-5 um can be fit well, larger axons were underestimated. This suggests that
other realistic features of biological tissues, e.g. axon shape, distribution of sizes, volume
fraction, etc., should be considered to investigate the resolution limit of diffusion
measurements in practice. It would be of interest to combine both OGSE and PGSE
measurements in the future to provide more comprehensive microstructural information over
a larger range of axon sizes. In addition, note that the resolution limit reported was slightly
dependent on the maximum gradient strength (Dyrby et al., 2013), so it is worthwhile
investigating in future studies how the resolution limit of the OGSE method may change
with gradient strength, as well as other effects such as SNR and T».

Practical limitations

The effective diffusion time of OGSE measurements is 1/(4f), while the OGSE b value is
proportional to G%/f2. Therefore, to achieve sufficient diffusion weighting (b values), strong
gradient strengths are required to probe very short diffusion times (high frequencies). This is
the main practical limitation on OGSE measurements for accurate quantification of very
small axons in human in vivo. Recently, more advanced human gradient coils have been
developed that are significantly stronger than normal gradients, such as the Connectome coil

Neuroimage. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Xu et al.

Page 14

with strength up to 300 mT/m for human heads (Setsompop et al., 2013) and local planar
gradients with order-of-magnitude greater strength (1000 mT/m) for a limited field-of-view
(~16 cm) (Aksel et al., 2007). These hardware improvements would significantly enhance
the ability of the OGSE method for accurate quantification of small axons in human in vivo.
Even with current normal gradient coils with relatively low gradient strength, e.g. < 60mT/m
per channel, OGSE measurements of human brain have already shed light on the
characterization of neural tissues at small scales (Baron and Beaulieu, 2014; Van et al.,
2014).

Potential improvements

The framework proposed in the current work can be extended without much effort to include
the distribution of AxD, as shown in the AxCaliber model. However, our simulations show
that the accurate mapping of AxD distribution requires more b values and a broader range of
frequencies compared with those used in the current work (data not shown), which in turn
increases the total scanning time.

Only two diffusion compartments (intra- and extra-axonal diffusion) were considered in the
current study which is appropriate for healthy spinal cord white matter tissues. However, it
is also possible to include the isotropic diffusion from glial cells (Stanisz et al., 1997) and
free diffusion, such as in CSF (Barazany et al., 2009) to better fit the diffusion data (Ferizi et
al., 2013). Note that both intra- and extra-axonal diffusion are restricted so that their
diffusion spectra are dependent on the gradient frequency. By contrast, the diffusion
spectrum of the free water component is constant cross over all gradient frequencies.
Therefore, it is expected that free water can be differentiated well from restricted diffusion
components using OGSE measurements with multiple gradient frequencies. This alone
could be significant for various applications in vivo (Pasternak et al., 2009).

The diffusion gradients were applied perpendicular to the main axes of the spinal cords in
the current study. However, in the spinal cord there are some fiber populations that cross in
the transverse plane, for which our model does not account. In addition, the undulation of
white matter tracts can also bias the estimation of mean axon diameter (Nilsson et al., 2012).
Implementing multiple-directional tensor imaging with the OGSE method will not only
solve this problem but also make the measurements of mean axon diameter using OGSE
methods feasible in neural tissue with white matter fibers in arbitrary directions, e.g. in
brain.

The number of acquisitions averaged was chosen to be 80 in the current study in order to
fulfill an overnight scan. Baron and Beaulieu (2014) reported that SNR of OGSE
measurements in the human brain in vivo can reach ~ 50 with the number of acquisitions
averaged = 6, and a 30-direction DTl measurement using the OGSE method can be
completed within 10 min, which is clinically feasible. Therefore, one next step is to
investigate the requirement of SNR for accurate fitting using the framework proposed in the
current work. Here, we used 21 data points (in addition to the b=0 image, there were five
frequencies and four non-zero b values) in each fitting to obtain mean AxD and fj,. A
possible direction is to evaluate whether the number of diffusion-weighted signals required
to estimate the mean axon diameter can be reduced (Alexander, 2008). The minimal number
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of b values and number of acquisitions averaged needed for adequate fitting accuracy and
precision need to be established and optimized (Li et al., 2010).

CONCLUSIONS

The oscillating gradient spin echo (OGSE) method with the ability to probe short diffusion
length scales was implemented to map mean axon diameters and intra-axonal space volume
fractions of rat spinal white matter tracts. Appropriate models to describe intra- and extra-
axonal diffusion were proposed and validated using histological-image-based computer
simulations. These models were then implemented to successfully fit mean axon diameter
and intra-axonal space volume fractions. Despite some underestimation of the diameters of
large axons (e.g. > 5 pm), the overall fitted values were in good agreement with histology,
including those small axons with diameters in the range from 1 to 2.5 um. This work
establishes a framework for quantitatively characterizing white matter morphology using the
OGSE method with high sensitivity to small axons.
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Figure 1.
Histological images (top row) and the corresponding segmented images (middle row) of six

different white matter tracts of a representative rat spinal cord. The scale (green) bars
represent 10 um. The bottom row shows the corresponding simulated apparent diffusion
spectra of the intra- (red circles) and extra-axonal (blue diamonds) spaces, respectively. The
solid lines are fitted spectra using Eq.(2) and (3), respectively. R2 values of the linear fitting
to Eq.(3) are provided for each figure.
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Figure 2.
(A) The scatter plot of histology AxD vs. fitted AxD from simulated OGSE signals. The

dashed line represents the identity line. (B) The corresponding Bland-Altman plot of
histology and fitted AxD. Note that the OGSE measurements provide reliable estimation of
AXD in the range from ~1 pm to ~6 pm, while significantly underestimate axon size when
AxD > 6 pm and cannot identify axons smaller than 1 um.
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Figure 3.
The diffusion-weighted signal attenuations of six different white matter tracts from a

representative rat spinal cord. Markers are mean signals and the error bars represent standard
deviations of ROI signals. The solid lines are fitted results using Eq.(1).
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Figure 4.
Fitted five parametric maps of a representative rat spinal cord. The lower right figure is the

To-weighted image overlaid with the ROI’s of six different white matter tracts.
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Figure 5.
The Bland-Altman plots of differences between the fitted and histology (A) AxD and (B) fi,

from all 36 ROI’s. The solid lines represent mean differences, and the dash lines represent
mean differences + 1.96 SD.
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The comparison of fitted five parameters, i.e. AXD, fin, Din, Dexo, and fey, With the mean
AxD obtained from histology. The black solid lines represent linear fitting, and the red dash
line is the identity line, i.e. perfect matching. The correlation coefficient r and p values from

linear mixed-effects models are provided for each correlation pair if p < 0.05.
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