
High-gradient diffusion MRI reveals distinct estimates of axon 
diameter index within different white matter tracts in the in vivo 
human brain

Susie Y. Huang1,2,*, Qiyuan Tian1, Qiuyun Fan1, Thomas Witzel1, Barbara Wichtmann3,4, 
Jennifer A. McNab5, J. Daniel Bireley6, Natalya Machado6, Eric C. Klawiter6, Choukri 
Mekkaoui1, Lawrence L. Wald1,2, Aapo Nummenmaa1

1Athinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Massachusetts 
General Hospital, Harvard Medical School, Boston, MA, United States

2Harvard-MIT Division of Health Sciences and Technology, Massachusetts Institute of Technology, 
Cambridge, MA, United States

3Computer Assisted Clinical Medicine, Medical Faculty Mannheim, Heidelberg University, 
Mannheim, Germany

4Institute of Clinical Radiology and Nuclear Medicine, University Medical Center Mannheim, 
Medical Faculty Mannheim, Heidelberg University, Mannheim, Germany

5Radiological Sciences Laboratory, Department of Radiology, Stanford University, Stanford, CA, 
United States

6Department of Neurology, Massachusetts General Hospital, Harvard Medical School, Boston, 
MA, United States.

Abstract

Axon diameter and density are important microstructural metrics that offer valuable insight into 

the structural organization of white matter throughout the human brain. We report the systematic 

acquisition and analysis of a comprehensive diffusion MRI dataset acquired with 300 mT/m 

maximum gradient strength in a cohort of 20 healthy human subjects that yields distinct and 

consistent patterns of axon diameter index in white matter tracts of arbitrary orientation. We use a 

straightforward, previously validated approach to estimating indices of axon diameter and volume 

fraction that involves interpolating the diffusion signal perpendicular to the principal fiber 

orientation and fitting a three-compartment model of intra-axonal, extra-axonal and free water 

diffusion. The resultant maps confirm the presence of larger diameter indices in the body of corpus 

callosum compared to the genu and splenium, as previously reported, and show larger axon 

*Correspondence to Susie Y. Huang, M.D, Ph.D.. syhuang@nmr.mgh.harvard.edu; Phone: +1-617-643-7319; Fax: +1-617-726-3077. 

Ethical approval: All procedures performed in studies involving human participants were in accordance with the ethical standards of 
the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable 
ethical standards. This article does not contain any studies with animals performed by any of the authors.

Informed consent: Informed consent was obtained from all individual participants included in the study.

Publisher's Disclaimer: This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been 
accepted for publication but has not been copyedited or corrected. The official version of record that is published in the journal is kept 
up to date and so may therefore differ from this version.

HHS Public Access
Author manuscript
Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

Published in final edited form as:
Brain Struct Funct. 2020 May ; 225(4): 1277–1291. doi:10.1007/s00429-019-01961-2.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diameter index in the corticospinal tracts compared to adjacent white matter tracts such as the 

cingulum. An anterior-to-posterior gradient in axon diameter index is also observed, with smaller 

diameter indices in the frontal lobes and larger diameter indices in the parieto-occipital white 

matter. These observations are consistent with known trends from prior histologic studies in 

humans and non-human primates. Rather than serving as fully quantitative measures of axon 

diameter and density, our results may be considered as axon diameter- and volume fraction-

weighted images that appear to be modulated by the underlying microstructure and may capture 

broad trends in axonal size and packing density, acknowledging that the precise origin of such 

modulation requires further investigation that will be facilitated by the availability of high gradient 

strengths for in vivo human imaging.
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Introduction

Axon diameter is a key microstructural metric that reflects differences in white matter 

structure and function throughout the central nervous system. Variations in axon diameter 

are thought to be closely tied to function, with networks that demand fast response times 

such as motor networks demonstrating larger diameter axons. Studies in non-human 

primates using tracer injections have revealed that axons arising from different cortical 

regions vary in diameter, with the thickest axons originating from primary motor and 

primary somatosensory cortex and the thinnest axons residing in the prefrontal and temporal 

regions (Innocenti et al. 2014; Tomasi et al. 2012). A robust, noninvasive method for probing 

indices of axon diameter in the living human brain would provide invaluable information 

regarding structural connectivity and dynamics between different cortical regions and enable 

the study of structural plasticity and alterations in white matter microstructure in normal 

aging as well as a number of neurological and psychiatric conditions.

Diffusion MRI has been proposed as a noninvasive method for probing axonal diameter and 

density (Alexander et al. 2010; Assaf and Basser 2005; Assaf et al. 2008; Assaf et al. 2004; 

Barazany et al. 2009; Ong and Wehrli 2010; Stanisz et al. 1997; Zhang et al. 2012). Robust 

methods for in vivo mapping of tissue microstructure by diffusion MRI require fast and 

strong diffusion-encoding gradients (Dyrby et al. 2013; Huang et al. 2015a; Nilsson et al. 

2017), which are not accessible on clinical MRI scanners, where the maximum gradient 

strength is typically on the order of 40–80 mT/m. Therefore, such studies have been largely 

limited to ex vivo samples and/or animal models on small-bore MRI systems to date. The 

advent of higher maximum gradient strengths on human MRI scanners (Setsompop et al. 

2013) has enabled the translation of axon diameter mapping to study white matter tracts 

more precisely in the in vivo human brain. These studies have primarily focused on the 

structure of the corpus callosum in a few healthy subjects (Huang et al. 2015a; Huang et al. 

2015b; McNab et al. 2013) and patients with multiple sclerosis (Huang et al. 2016).
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The goal of this study is to demonstrate the consistency of axon diameter indices obtained in 

the in vivo whole human brain in a moderate-sized cohort of healthy human subjects and to 

provide a benchmark dataset against which future modeling approaches can be assessed. To 

achieve this goal, we use a straightforward approach to estimate the axon diameter index and 

volume fraction in fiber tracts of arbitrary orientation that has recently been validated in a 

biomimetic brain phantom (Fan et al. 2018) and apply this analysis to high-quality whole 

brain diffusion MRI data acquired using a comprehensive imaging protocol with 300 mT/m 

maximum gradient strength in 20 healthy subjects. Our analysis involves interpolating the 

signal perpendicular to the principal fiber orientation and fitting for the axon diameter index 

and volume fraction using a model of intra-axonal, extra-axonal and free water diffusion. It 

is important to note that our method provides axon diameter- and volume fraction-weighted 

estimates of relative axonal size and packing density within the limits of the high-gradient 

diffusion MRI acquisition and modeling, rather than serving as strict quantitative measures 

of axon diameter and density. We evaluate the consistency of axon diameter index and 

volume fraction estimates obtained in vivo within and between subjects using a 

comprehensive acquisition performed with state-of-the-art hardware and imaging protocols 

and explore the differences in axon diameter index along specific tracts, including the 

corticospinal tracts and adjacent white matter tracts.

Methods and Materials

Data Acquisition

With approval from the institutional review board, 20 healthy volunteers (mean age 

33.8±11.4 years, 7 male and 13 female) were scanned. Informed consent was obtained from 

all individual participants included in the study. All scans were performed on a dedicated 

high-gradient 3T MRI scanner (MAGNETOM CONNECTOM, Siemens Healthcare) with 

maximum gradient strength of 300 mT/m and maximum slew rate of 200 mT/m/ms. The 

slew rate was de-rated to a maximum of 62.5 mT/m/ms during diffusion encoding to prevent 

physiological stimulation. A custom-made 64-channel phased array head coil was used for 

signal reception (Keil et al. 2013).

As a proof of concept, diffusion MRI data with large voxel size (2.4 mm isotropic) and long 

scan time (108 minutes) for high signal-to-noise ratio (SNR) were acquired in a single 

healthy subject (Table 1, Protocol #1). Contiguous sagittal images were acquired with the 

field-of-view (FOV) centered on the midline corpus callosum, including most of the brain 

parenchyma while excluding the lateral temporal lobes. A two-dimensional (2D) single-

refocused diffusion-weighted pulsed gradient spin echo echo planar imaging (DW-PGSE-

EPI) sequence was used with the following parameters: echo time/repetition time (TE/

TR)=85/3900 ms, 2.4 mm isotropic resolution, three diffusion times Δ=16, 36 and 56 ms, 

diffusion gradient pulse duration δ=8 ms, eight diffusion encoding gradient strengths evenly 

spaced between 30–290 mT/m, 64 diffusion encoding gradient directions uniformly 

distributed on a sphere, one interspersed b=0 image volume for every 16 DW images 

(DWIs), and parallel imaging using generalized autocalibrating partially parallel acquisitions 

(GRAPPA) with an acceleration factor of R=2. The maximum b-value at the longest 

diffusion time was 20,550 s/mm2. The total acquisition time was 108 minutes.
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A shortened protocol (Table 1, Protocol #2) suitable for scanning multiple subjects was used 

to acquire data in all 20 healthy subjects using the 2D single-refocused DW-PGSE-EPI 

sequence with the following parameters: TE/TR=77/3800 ms, 66 to 70 contiguous sagittal 

slices to achieve whole brain coverage, 2 mm isotropic resolution, Δ=19 and 49 ms, δ=8 ms, 

eight diffusion encoding gradient strengths evenly spaced between 30–290 mT/m, 32 

diffusion encoding directions uniformly distributed on a sphere for b<2400 s/mm2, 64 

diffusion encoding directions for b>=2400 s/mm2, one interspersed b=0 image volume for 

every 16 DWIs, GRAPPA acceleration factor R=2, and simultaneous multislice (SMS) 

(Setsompop et al. 2012) acceleration factor of 2. The maximum b-value at the longest 

diffusion time was 17,800 s/mm2. The total acquisition time was 55 minutes.

T1-weighted MRI data were acquired for each subject using a multi-echo magnetization-

prepared rapid acquisition gradient echo (ME-MPRAGE) sequence (van der Kouwe et al. 

2008), with the following parameters: TE/TR=1.15, 3.03, 4.89, 6.75/2530, inversion time 

(TI)=1100 ms, flip angle = 7°, 1 mm isotropic resolution, whole brain coverage, and 

GRAPPA acceleration factor R=2.

Data Preprocessing

All MRI data were corrected for gradient nonlinearity using in-house code (Fan et al. 2016). 

Diffusion MRI data were also corrected for eddy current induced image distortions using the 

“eddy” (Andersson and Sotiropoulos 2016; Andersson et al. 2016) functions from the 

FMRIB Software Library (Jenkinson et al. 2012; Smith et al. 2004) (FSL, https://

fsl.fmrib.ox.ac.uk).

Axon Diameter Estimation

We sought to recover estimates of axon diameter index and restricted volume fraction along 

the principal fiber orientation from the corrected multi-diffusion time and gradient strength 

diffusion MRI data by adopting a straightforward analysis method modeled after the 

AxCaliber approach (Assaf et al. 2008). The data analysis stream is outlined in Figure 1 and 

described in detail in (Fan et al. 2018). In brief, generalized q-sampling imaging analysis 

(Yeh et al. 2010) was performed on the q-shell data from the shortest diffusion time (Δ=16 

ms for the 2.4 mm isotropic resolution acquisition, Δ=19 ms for the 2 mm isotropic 

resolution acquisition) in each voxel to identify the principal fiber orientation (i.e., the 

orientation of the global maximum of the recovered orientation distribution function (ODF)). 

The mean signal perpendicular to the principal fiber orientation was obtained following the 

procedure described in (Tuch 2004). Specifically, the signal for each diffusion direction was 

first resampled to the equator perpendicular to the principal fiber orientation using a 

Gaussian weighting function dependent on the distance of each diffusion direction from the 

equator. The resampled signals were then averaged across all directions to obtain the mean 

perpendicular signal.

A three-compartment model of intra-axonal, extra-axonal, and free diffusion was fitted to the 

mean perpendicular signal within the white matter to obtain estimates of axon diameter 

index, restricted and free diffusion volume fractions, and hindered diffusivity (Huang et al. 

2015a). Our approach is similar to the method adopted in AxCaliber (Assaf et al. 2008) but 
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only fits for a single axon diameter index as in ActiveAx (Alexander et al. 2010), as 

described in our previous work (Fan et al. 2018).

In brief, the signal model for intra-axonal restricted diffusion was obtained from the 

Gaussian phase distribution approximation (Murday and Cotts 1968) of restricted diffusion 

in impermeable parallel cylinders of diameter a (van Gelderen et al. 1994; Wang et al. 1995). 

The extra-axonal hindered diffusion was modeled by the one-dimensional Stejskal-Tanner 

equation parameterized by the hindered diffusion coefficient Dh (Stejskal and Tanner 1965). 

Free diffusion in cerebrospinal fluid (CSF) was modeled as isotropic Gaussian diffusion 

occurring with diffusion coefficient Dcsf. The overall signal was taken to be the sum of the 

intra-axonal, extra-axonal, and CSF compartment signal models weighted by their respective 

volume fractions: fr for the intra-axonal compartment, fcsf for the CSF compartment, and fh 

= 1 - fr - fcsf for the extra-axonal compartment. The signal model is detailed in Appendix A, 

and further discussion regarding the sensitivity of this model to axon diameter at high b-

values is detailed in Appendix B.

Markov chain Monte Carlo (MCMC) simulations were performed to obtain samples of the 

posterior distributions of the model parameters (a, fr, fcsf, Dh) given the data. Broad uniform 

priors with the ranges given in parentheses were used for the axon diameter index a (0.1–20 

μm), restricted fraction fr (0–1), and CSF fraction fcsf (0–1). The restricted diffusion 

coefficient Dr was set to 1.7 μm2/ms, which is comparable to the estimated in vivo axial 

diffusivity in white matter and in keeping with values used in prior studies (Alexander et al. 

2010; Huang et al. 2015a). The diffusion coefficient of CSF (Dcsf) was assumed to be that of 

free water at 37ºC (3 μm2/ms). A Rician noise model was adopted for parameter estimation 

as in (Alexander 2008; Alexander et al. 2010). The standard deviation of the noise σ = 0.05 

was estimated from fitting the noise level in the data and corresponded to an SNR of 20. 

MCMC samples were saved at intervals of 100 iterations after an initial burn-in period of 

20,000 iterations. The total number of MCMC samples calculated for each voxel was 1,800. 

The mean and standard deviation of the estimates for axon diameter index a, restricted 

fraction fr, and CSF fraction fcsf were then calculated for each voxel by taking the mean and 

standard deviation over the MCMC samples. To demonstrate the robustness of the estimates 

obtained by the MCMC fitting, the MCMC chains for a and fr are shown in Figure S1a and 

S1b. We tested the variability of the estimates by performing a trial of 500 runs, fitting for a 
and fr after initializing from an initial value selected from a uniform random distribution of 

values within the limits specified in the original manuscript (1–20 m for a, 0–1 for fr). Figure 

S1a and S1b show the chain convergence for a and fr, and the distributions of final estimates 

from 500 trials initialized from a randomly chosen starting point are narrowly peaked about 

the estimated values after discarding samples from the burn-in period and thinning as 

described above.

Diffusion Tensor and NODDI Fitting

A diffusion tensor model was fitted to the b=950 s/mm2 data using FSL’s “dtifit” function to 

derive fractional anisotropy (FA) maps. Neurite orientation dispersion and density imaging 

(NODDI) (Zhang et al. 2012) fitting was also performed to derive maps of orientation 

dispersion index (ODI) using the NODDI toolbox (https://www.nitrc.org/projects/
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noddi_toolbox). A subset of the acquired diffusion MRI data (b=950 s/mm2 with 32 

diffusion encoding directions and b=2,400 s/mm2 with 64 diffusion encoding directions) that 

follows the recommended NODDI protocol were used for NODDI fitting.

Image Co-registration

Cortical surface reconstruction and volumetric segmentation was performed on the T1-

weighted images using FreeSurfer (https://surfer.nmr.mgh.harvard.edu) (Dale et al. 1999). 

Diffusion images (b=0 image) were co-registered to the T1-weighted images using the 

boundary based registration function “bbregister” in FreeSurfer. The derived affine 

transformation was used to transform the binarized masks of white matter parcellation from 

FreeSurfer (aparc+aseg.mgz) to diffusion image space.

To quantify axon diameter indices in different tracts, the Johns Hopkins University (JHU) 

white-matter probabilistic tractography atlas (Mori et al. 2008) was used to create regions of 

interest (ROIs) in each subject’s native diffusion space. Specifically, the FA map of each 

subject was first linearly registered to the template FA map in the JHU atlas using 

NiftyReg’s “reg_aladin” function (https://cmiclab.cs.ucl.ac.uk/mmodat/niftyreg). The 

linearly transformed FA map was then non-linearly registered to the template FA map using 

NiftyReg’s “reg_f3d” function. The maps of axon diameter index and restricted volume 

fraction estimates of each subject were transformed to the JHU template space for group 

averaging. The transformation was also inverted to transform the probabilistic tractography 

maps (thresholded at 25%) of selected white matter tracts from atlas space to each subject’s 

native diffusion space to define the ROIs for specific white matter tracts. The tracts selected 

for analysis had the highest mean FA values among the 20 white matter tracts in the JHU 

atlas, including the bilateral corticospinal tracts (CST), cingulum, temporal portions of the 

superior longitudinal fasciculus (SLF), the forceps major and forceps minor.

Statistical Analysis

The mean axon diameter index and intra-axonal volume fraction averaged along the white 

matter tracts selected from the analysis described above were compared for each healthy 

subject using the nonparametric Wilcoxon matched-pairs signed rank test. The statistical 

analysis was carried out using MATLAB software (MathWorks, Natick, Massachusetts).

Results

Estimates of mean axon diameter index and restricted volume fraction were consistent 

across major white matter tracts in the same subject scanned at two different spatial 

resolutions. Figure 2 shows that axon diameter index and restricted volume fraction 

estimates in the corticospinal tracts (Fig. 2a, b green arrow heads) were consistently larger 

(~5–6 μm) compared to the surrounding white matter (~4 μm) at both 2 mm and 2.4 mm 

isotropic spatial resolution in the same healthy subject, in keeping with histologic trends 

(Graf von Keyserlingk and Schramm 1984). The orientation of the corticospinal tracts 

appeared relatively uniform without marked dispersion, as evidenced on the ODI maps (Fig. 

2e, f), indicating that the larger axon diameter indices in the corticospinal tracts were not 

driven by increased orientation dispersion.
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Figure 3 shows the maps of axon diameter index and restricted volume fraction averaged 

over all 20 healthy subjects in the JHU atlas space. Larger axon diameter indices were 

consistently observed in the corticospinal tracts compared to surrounding white matter (Fig. 

3a–c green arrow heads). An anterior-to-posterior gradient was also observed on the group-

averaged axon diameter index map, with smaller diameter indices observed in the frontal 

lobes and larger diameter indices observed in the parietal and occipital lobes (Fig. 3e, f). In 

comparison, the restricted volume fraction was relatively uniform throughout these regions 

(Fig. 3d–f). The trends observed on the group-averaged maps were also seen on the single 

subject maps, as indicated in Figure 2, but became more evident following group averaging.

Figure 4 shows the mean and standard deviation of the axon diameter index (Fig. 4a) and 

restricted volume fraction estimates (Fig. 4b) within selected white matter tracts across all 

20 healthy subjects. The mean axon diameter indices within the corticospinal tracts were 

significantly larger than the mean axon diameter indices within the orthogonally directed 

cingulum (4.76±0.29 μm vs. 4.20±0.21 μm, p=0.00022 for the left hemisphere, 4.96±0.35 

μm vs. 4.44±0.26 μm, p=0.00034 for the right hemisphere). The forceps major also showed 

significantly larger mean axon diameter index compared to the forceps minor (4.71±0.20 μm 

vs. 4.16±0.18 μm, p=0.000089). The axon diameter indices within the temporal portion of 

the superior longitudinal fasciculus were larger than those in the forceps minor (4.45±0.28 

μm vs. 4.16±0.18 μm, p=0.00022 for left SLF, 4.81±0.38 μm vs. 4.16±0.18 μm, p=0.000089 

for right SLF). The CST, cingulum, and temporal portion of the SLF on the right side all 

showed larger axon diameter indices compared to the tracts on the left side (4.96±0.35 μm 

vs. 4.76±0.29 μm, p=0.0028 for the right and left CST; 4.44±0.26 μm vs. 4.20±0.21 μm for 

the right and left cingulum, p=0.0036; and 4.81±0.38 μm vs. 4.45±0.28 μm for the right and 

left temporal portions of the SLF, p=0.0045). No significant difference in restricted volume 

fraction was observed among the selected tracts except for the forceps minor, which showed 

significantly reduced restricted volume fraction compared to the other tracts.

Figure 5 shows the mean and standard deviation of the axon diameter index (Fig. 5a) and 

restricted volume fraction estimates (Fig. 5b) within the anterior and posterior parts of six 

selected white matter tracts, including the left and right internal capsule, corona radiata, and 

cingulum from the JHU white matter atlas averaged across 20 healthy subjects. The mean 

axon diameter index of the posterior parts of five of the six selected tracts was found to be 

larger than the mean axon diameter index of the anterior parts (p=0.001, 0.0001, 0.0001, 

0.0001, 0.0137, 0.8519 for the left and right internal capsule, corona radiata and cingulum, 

respectively).

Discussion

In this work, we performed in vivo mapping of axon diameter index and restricted volume 

fraction throughout the whole brain in 20 healthy subjects using state-of-the-art hardware 

and imaging protocols. Our results showed clear differences in axon diameter index in the 

major white matter tracts that are consistent within and between multiple healthy subjects. 

Our analysis revealed significantly larger axon diameter indices in the corticospinal tracts 

compared to adjacent white matter tracts such as the cingulum. We also observed an 
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anterior-to-posterior gradient in axon diameter index, with smaller diameter indices observed 

in the frontal lobes and larger diameter indices in the parieto-occipital white matter.

The trends in axon diameter index estimated from diffusion MRI in this group of healthy 

subjects are in agreement with neuroanatomical data obtained in non-human primates 

(Innocenti et al. 2014; Tomasi et al. 2012) and humans (Liewald et al. 2014). We found that 

axons within the corticospinal tracts were among the largest diameter axons within the 

human brain, as supported by findings from previous histological studies in humans (Graf 

von Keyserlingk and Schramm 1984) and non-human primates (Tomasi et al. 2012). The 

fiber orientations within the corticospinal tracts were fairly homogeneous as indicated by 

low orientation dispersion, suggesting that the larger diameter indices observed in these 

tracts were not driven by splaying of the fibers. The observations of smaller diameter indices 

in the frontal lobes (e.g., forceps minor) and larger diameter indices in the parietal and 

occipital lobes (e.g., corticospinal tracts and forceps major) are also supported by prior 

studies in non-human primates demonstrating thinner axons arising from the prefrontal and 

temporal areas compared to the primary motor, somatosensory, and visual areas (Tomasi et 

al. 2012).

The larger axon diameter indices observed in the temporal portions of the superior 

longitudinal fasciculus compared to the forceps minor agree with electron microscopic data 

in postmortem human brains demonstrating larger average axon diameter in the SLF 

compared to the transitional zone between the temporal and frontal lobe (Liewald et al. 

2014). The same electron microscopy study also demonstrated some evidence for 

asymmetry between axon diameters between the left and right hemispheres in at least one of 

the human brains dissected in that study, with larger diameter axons detected in the right 

SLF compared to the left SLF (Liewald et al. 2014). Studies on the lateralization of axonal 

diameter are very limited, and definitive validation of axon diameter differences between the 

right and left corticospinal tracts, for instance, was not found on a review of the literature. 

However, other literature has suggested that the level of coherence on 

electroencephalography is generally higher in the right hemisphere compared to the left, 

which has been used as evidence to support the asymmetry of axon diameter between 

hemispheres, with the higher level of neural coherence thought to reflect faster axonal 

conduction and faster conduction associated with thicker axons (Miller 1996). The observed 

differential in axon diameter index across cerebral hemispheres within this small group of 

healthy subjects is certainly intriguing but should be interpreted with caution in the absence 

of definitive validation.

Our work leverages the 300 mT/m gradient strengths available on a scanner constructed for 

the Human Connectome Project and applies cutting-edge techniques for accelerating slice 

and in-plane image acquisition to sample a wide range of gradient strengths and diffusion 

strengths at 2 mm isotropic spatial resolution throughout the whole brain. We adopted a 

simple yet robust analysis method to estimate axon diameter index and restricted volume 

fraction in white matter tracts of arbitrary orientation by resampling the signal perpendicular 

to the primary fiber orientation, similar to the established AxCaliber technique (Assaf et al. 

2008). Given the ample diffusion data available for fitting, we chose to apply an analysis that 

would minimize the number of estimated parameters but still reflect the underlying 
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microstructure captured in the diffusion signal decays. The diffusion signal decays 

calculated from the average perpendicular signal had relatively high signal-to-noise ratio, 

which made model-fitting fairly straightforward and robust. This approach has been 

previously shown to recover known compartment sizes and volume fractions using data 

generated from random-walk diffusion simulations and experimentally validated in a 

biomimetic brain phantom with textile axons of a known manufactured diameter (Fan et al. 

2018).

Limitations

While the maps of axon diameter index obtained using the current acquisition and analysis 

method are consistent with trends from histology, the range of values reported here (~2–6 m) 

are known to overestimate the majority of axon diameters in the human brain by nearly an 

order of magnitude. This is a well-known problem with existing approaches to axon 

diameter estimation using diffusion MRI and drives at a number of limitations related to 

diffusion modeling and acquisition. The use of a single axon diameter to summarize the 

average compartment size biases the estimation to larger diameter axons, which contain 

more water and have a greater contribution to the overall diffusion signal decay compared to 

the highly restricted water within small diameter axons (Alexander et al. 2010). 

Furthermore, although the use of higher maximum gradient strengths has been shown to 

decrease estimates of axon diameter in vivo (Huang et al. 2015a) and improve the contrast 

and stability of these estimates (Dyrby et al. 2013), axons smaller than ~3 m remain below 

the diffusion resolution limit at 300 mT/m (Nilsson and Alexander 2012; Nilsson et al. 

2017). Finally, the time-dependence of water diffusion in the extra-axonal space was not 

accounted for and could conceivably bias the estimates of axon diameter to larger values 

(Burcaw et al. 2015; De Santis et al. 2016; Fieremans et al. 2016; Novikov et al. 2014).

The sensitivity to small diameter axons could be improved in a number of ways. Even higher 

gradient strengths and slew rates beyond the Connectome scanner capabilities (i.e. >300 

mT/m and >200 mT/m/s) as well as shorter diffusion times would be needed to probe 

restricted diffusion within smaller compartments. Taking the diffusion time Δ in the pulsed 

gradient spin echo diffusion experiment to be roughly on the order of a2/2Dr (Callaghan 

1991), the mean diffusion displacements for the range of diffusion times used in our 

experiments (16–56 ms) would be expected to be 7–14 μm, assuming an intra-axonal 

diffusivity of 1.7 μm2/ms. The application of oscillating gradients could help to achieve 

shorter diffusion times and probe smaller length scales (Does et al. 2003; Gore et al. 2010; 

Xu et al. 2014). Sensitivity to the smallest axons could also be gained by optimizing the 

diffusion-encoding gradient waveform rather than using the standard pulsed gradient spin 

echo experiment, particularly at lower gradient strengths (Drobnjak et al. 2010; Siow et al. 

2012). In addition to factoring in the time-dependence of extra-axonal diffusion, a “stick” or 

sub-micron compartment could be incorporated into the model to account for highly 

restricted water within small axons that is essentially unattenuated and below the 

experimental sensitivity of diffusion MRI (Alexander et al. 2010; Benjamini et al. 2016).

We sought to provide a straightforward approach to estimating axon diameter index and 

volume fraction in white matter tracts of arbitrary orientation while minimizing the number 
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of fitted parameters. A key limitation of our approach is that it assumes a single fiber in each 

voxel and only considers the signal perpendicular to the principal fiber orientation. Thus, the 

current approach does not account for crossing fibers. However, we have performed detailed 

simulations and experimental validation of diameter indices using this single fiber model in 

a well-characterized biomimetic phantom composed of parallel and crossing fibers of known 

diameter (Fan et al. 2018). Our results show that restricted volume fraction estimates are 

more severely affected than axon diameter index in the presence of crossing fibers using the 

single fiber model. Nevertheless, recognizing the potential limitations of the single fiber 

model, we performed ROI analysis on well-defined, largely unidirectional white matter 

tracts with high fractional anisotropy. Using the mean perpendicular signal for an assumed 

single fiber population resulted in higher signal-to-noise ratio in the diffusion signal decay 

curves and reliable parameter estimation. In the end, we were able to recover consistent 

estimates of axon diameter index and volume fraction in the major white matter bundles 

analyzed here across multiple healthy subjects.

Future iterations of this work will focus on fitting a generalized model that accounts for fiber 

orientation, compartment size, and restricted volume fraction for multiple fiber populations 

in each voxel. Similar approaches have been suggested by others, including the combined 

hindered and restricted model of water diffusion (CHARMED) (Assaf and Basser 2005), 

AxCaliber 3D (Barazany et al. 2011), and ActiveAx (Alexander et al. 2010). While fitting 

for multiple fiber populations would account for crossing fibers, the greater number of 

estimated parameters would make the fitting non-trivial, and techniques such as convex 

optimization could be used to linearize the fitting problem and accelerate the calculation 

(Daducci et al. 2015a), rather than using the precise but computationally expensive nonlinear 

fitting procedure that we have adopted here. The application of automated fiber 

quantification tools (Yeatman et al. 2018) to multifiber axon diameter estimation would 

enable the assessment of axon diameter variability within and along tracts with greater 

accuracy and specificity compared to our current approach of averaging single fiber axon 

diameter estimates within regions-of-interest defined by an atlas.

In this work, we use a simple geometric model to infer basic metrics of compartment size 

and packing density for white matter fibers of arbitrary orientation within a complex tissue 

microenvironment. Although our model resulted in larger estimates than expected from 

histology, the contrast for axon diameter index in the major white matter tracts, e.g., corpus 

callosum and corticospinal tract, largely matched the expected trends from histology. Rather 

than serving as fully quantitative measures of axon diameter and density, our results may be 

considered as axon diameter- and volume fraction-weighted images that may capture broad 

trends in axonal size and packing density. We acknowledge that while our model of axon 

diameter explains the data and is consistent with prior literature, providing fairly robust 

fitting and replicable results across subjects that seems to be modulated by the 

microstructure, the precise ways in which the microstructure influences the diffusion MRI 

signal and the exact microstructural origins of the contrast we are observing merit more in-

depth analysis and further investigation, which we anticipate will be facilitated by the 

availability of high gradient strengths for in vivo human imaging.
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Another limitation of this work was the lack of estimation of the intra-axonal diffusion 

coefficient within and across subjects. In the fitting approach used here, we fixed the intra-

axonal diffusivity to 1.7 μm2/ms, in line with estimates from prior studies (Alexander et al. 

2010), to avoid the indeterminacy of the model solutions (Jelescu et al. 2016; Novikov et al. 

2018) and reduce the number of fitted parameters, which would otherwise add complexity to 

the model. The intra-axonal diffusion coefficient may vary across the brain, as suggested by 

findings from diffusion-weighted MR spectroscopy (Ellegood et al. 2011), where the mean 

diffusivity of N-acetylaspartate, a metabolite primarily localized within neurons and axons, 

was found to vary by up to 20–30% between different white matter tracts. It is difficult to 

infer the actual impact of the spatial variation in intra-axonal diffusivity on the resulting 

whole-brain estimates of axon diameter index and restricted volume fraction without fitting 

explicitly for this parameter. We attempted to determine the degree of variation in intra-

axonal parallel diffusivity and its impact on the obtained solutions of the equation across the 

whole brain by fitting explicitly for the intra-axonal parallel diffusivity in a representative 

subject, allowing Dr and Dh to vary independently in the range of 0 to 3 μm2/ms, within the 

constraint that Dr > Dh. We then compared the parameter maps to those obtained with a 

fixed intra-axonal diffusivity of 1.7 μm2/ms. We found that the intra-axonal diffusivity in 

white matter varied between 1.0 and 2.4 μm2/ms, in line with findings from other groups 

(Dhital et al. 2019; Veraart et al. 2019), with the majority of voxels falling between 1.7 and 

1.9 μm2/ms. Moreover, the estimates of axon diameter index, restricted volume fraction, and 

hindered diffusivity across the brain were very similar to the results obtained with a fixed 

intra-axonal diffusivity of 1.7 μm2/ms, leading us to conclude that the spatial variation of 

intra-axonal diffusivity across the brain did not significantly affect the fitted parameters in 

our approach.

Applications

Our approach provides some measure of axon diameter index throughout the whole brain, 

which can vary considerably between different cortical regions, and shows the potential for 

distinguishing between fiber systems based on the underlying microstructure. Knowledge of 

the axon diameter index and density along specific tracts could be used to inform models of 

structural connectivity and clarify ambiguities occurring at fiber crossings and other 

complex fiber configurations, as suggested by other groups (Daducci et al. 2015b; Zhang et 

al. 2011). The local microstructure information can also be integrated into the tract 

reconstruction by assuming that the axon diameter along a tract should be coherent, as 

demonstrated in a recently proposed method known as AxTract (Girard et al. 2017). The 

AxTract method used local axon diameter estimates obtained from an efficient convex 

optimization approach to refine the tractography by choosing the fiber propagation direction 

that would minimize the change in axon diameter index (Girard et al. 2017). AxTract does 

not depend on the specific white matter model implemented, but rather utilizes the 

differences in axon diameter between fiber bundles to refine fiber tracking. In contrast, our 

current approach does not incorporate tractography into the estimation of axon diameter but 

rather provides maps of axon diameter index and volume fraction throughout the whole 

brain, agnostic to the underlying fiber bundles. The two approaches are complementary, and 

incorporating information about fiber propagation angle and fiber bundle coherence to 
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constrain our estimates of axon diameter index would be a fruitful avenue for future 

investigation.

By assessing the relative size and packing density of axons in the human brain in vivo, high-

gradient diffusion MRI serves as a noninvasive tool for probing the underlying 

neurophysiology as well as alterations that occur in learning and aging. The relationship 

between axon diameter index and conduction velocity suggests that axon diameter mapping 

methods could be used to infer the speed at which information is processed in the brain 

(Horowitz et al. 2015) and provide a window into the microstructural alterations that occur 

in neuroplasticity (Tavor et al. 2013). Conventional neuroanatomical methods applied in 

postmortem human studies have shown increasing axon diameter with age (Aboitiz et al. 

1996), and changes in axon diameter may also correlate with the stages of development 

(Bjornholm et al. 2017).

Previous studies have indicated that certain populations of axons may be more vulnerable to 

injury in a variety of neurodegenerative disorders. Small diameter axons appear to be 

selectively damaged in multiple sclerosis (DeLuca et al. 2004; Lovas et al. 2000), whereas 

large diameter axons are more severely affected in amyotrophic lateral sclerosis (Cluskey 

and Ramsden 2001; Tandan and Bradley 1985). Whole-brain axon diameter mapping could 

also be invaluable in the study of psychiatric disorders, which are hypothesized to result 

from abnormal signaling. Several studies have focused on abnormalities in axonal 

projections between association areas, particularly in the prefrontal and temporal regions, 

and their involvement in a number of neuropsychiatric disorders, including autism (Kumar et 

al. 2010; Noriuchi et al. 2010) and schizophrenia (Innocenti et al. 2003; Uhlhaas and Singer 

2011) and Alzheimer disease (Di Paola et al. 2010). With the known link between axon 

diameter and conduction velocity, maps of axon diameter index could be used for correlation 

studies with brain function using fMRI and serve as a potential biomarker for the 

involvement of specific white matter tracts in these neuropsychiatric conditions, among 

others.

Conclusion

In this study, we provide an approach to estimating indices of axon diameter and volume 

fraction across fiber bundles of arbitrary orientation in the in vivo human brain using 

gradient strengths up to 300 mT/m. Our model provides estimates of axon diameter index 

across the main fiber pathways in the brain that are replicable across subjects and consistent 

with the experimental data. The agreement between our findings and histological 

observations is encouraging and suggests that our measurements are modulated by the 

underlying tissue microstructure. While the precise origin of such modulation requires 

further elucidation, our current results provide plausible relative estimates of axon diameter 

index across white matter tracts and offer a framework and benchmark dataset for further 

investigation of the relationship between the diffusion MRI signal and the complex tissue 

microstructure in the human brain, facilitated by the availability of high gradient strengths 

for in vivo human imaging.
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Appendix A

The overall signal model is taken to be the sum of the intra-axonal, extra-axonal, and CSF 

compartment signal models weighted by their respective volume fractions: fr for the intra-

axonal compartment, fcsf for the CSF compartment, and fh = 1 - fr - fcsf for the extra-axonal 

compartment:

S = frSr + fℎSℎ + fcsfScsf (A1)

The signal model for intra-axonal restricted diffusion is obtained from the Gaussian phase 

distribution approximation (Murday and Cotts 1968) of restricted diffusion in impermeable 

parallel cylinders of diameter a (van Gelderen et al. 1994; Wang et al. 1995), which accounts 

for diffusion during the gradient pulse when the pulse duration is on the order of the 

diffusion time Δ:
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Sr = S0exp

−2γ2G2

m = 1

∞
2Drαm2 δ − 2 + 2e−Drαm2 δ + 2e−Drαm2 Δ − e−Drαm2 (Δ − δ) − e−Drαm2 (Δ + δ)

Dr
2αm6 a/2 2αm2 − 1

(A2)

where S0 is the signal obtained at b=0 without diffusion weighting, γ is the gyromagnetic 

ratio, G is the gradient strength of the diffusion-encoding gradients, Dr is the diffusion 

coefficient of water in the restricted compartment, and m are the roots of the equation

J′ 1 αm * a/2 = 0 (A3)

where J′1 is the derivative of the Bessel function of the first kind, order one. The summation 

in Equation 1 was taken up to m=10, with the contribution of terms m>10 considered 

negligible. Instead of imposing a gamma distribution of axon diameters (Assaf et al. 2008), 

we only fitted for a single axon diameter as in (Alexander et al. 2010).

The extra-axonal hindered diffusion is modeled by the one-dimensional Stejskal-Tanner 

equation parameterized by the hindered diffusion coefficient Dh (Stejskal and Tanner 1965):

Sℎ = S0exp[− γGδ 2 Δ − δ/3 Dℎ] . (A4)

Free diffusion in cerebrospinal fluid (CSF) is modeled as isotropic Gaussian diffusion 

occurring with diffusion coefficient Dcsf (Barazany et al. 2009):

Scsf = S0exp[− γGδ 2 Δ − δ/3 Dcsf] . (A5)

Appendix B

To support the sensitivity of our measurements to intra-axonal water diffusion using strong 

diffusion weighting, we performed the following analysis in two white matter ROIs with 

different effective axon diameters. We take advantage of the fact that at high b-values, the 

dominant contribution to the diffusion MRI signal is from the intra-axonal compartment. 

Here, we plotted the measured average signal perpendicular to the principal fiber orientation 

for ROIs with distinct axon diameter estimates selected from the superior longitudinal 

fasciculus (SLF) and uncinate fasciculus in a single representative subject from our cohort. 

We corroborated the sensitivity of our measurements to intra-axonal water diffusion using 

diameter distributions obtained from electron microscopy. Toward this end, we digitized the 

diameter distributions of axons in the SLF and uncinate fasciculus presented in Liewald et 

al. (Liewald et al. 2014). To account for tissue shrinkage following fixation, dehydration and 

embedding, we multiplied the diameter distributions by a factor of 1.5, as suggested by prior 
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histological (Aboitiz et al. 1992) and MRI studies (Alexander et al. 2010; Veraart et al. 

2019). To approximate the effective axonal radius that MRI is sensitive to on the voxel level, 

we calculated the volume-corrected effective axonal radius, which is dominated by the 

largest axons within the voxel (Burcaw et al. 2015):

reff = r6
r2

4

We plugged the effective axonal radius estimated from the EM data into the signal model. 

Figures B.1c and B.1f show the predicted signal decays for restricted diffusion within axons 

of estimated effective diameter derived from EM in the SLF (aEM=3.7 m) and uncinate 

fasciculus (aEM=2.4 m), which show greater signal decay for the larger diameter axons in 

the SLF compared to the uncinate fasciculus. The signal decay in the restricted compartment 

is also reflected at high q-values in the predicted total diffusion-weighted signal (Figs. B.1a 

and B.1d), which is the sum of the restricted signal predicted from EM (Figs. B.1c and B.1f) 

and the estimated hindered diffusion signal obtained from fitting the hindered signal model 

to the experimental data (Figs. B.1b and B.1e). The predicted total diffusion-weighted signal 

is plotted alongside the measured diffusion MRI signal in regions of interest sampled in the 

SLF and uncinate fasciculus in a representative subject. Figure B.1a and B.1d show 

reasonable agreement between the measured and predicted overall diffusion MRI signal 

S(q, ) for both the SLF and uncinate fasciculus ROIs using the effective axonal diameter 

derived from the EM data, suggesting that our measurements may be sensitive to intra-

axonal water diffusion, returning effective axonal radius estimates that are in the ballpark of 

those expected from electron microscopy.
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Figure B1. 
Simulated and experimental diffusion signal decays plotted for (a–c) a region-of-interest 

(ROI) in the superior longitudinal fasciculus (volume-weighted effective axon diameter of 

3.7 m calculated from histograms derived from electron micrographs in Liewald et al. 

(Liewald et al. 2014)and restricted volume fraction of 0.21 calculated from fitting Equation 

A1 to the experimental data) compared to (d–f) an ROI in the uncinate fasciculus (volume-

weighted effective axon diameter of 2.4 m calculated from histograms derived from electron 

micrographs in Liewald et al. and restricted volume fraction of 0.30 calculated from fitting 

Equation A1 to the experimental data). In (a) and (d), the predicted total diffusion-weighted 

signal S(q, ) is a weighted sum of the signal due to (b, e) hindered and (c, f) restricted water. 

The restricted diffusion signal is calculated from the effective axon diameter derived from 

electron microscopy. At high q-values, the contribution to the tail of S(q, ) is dominated by 

restricted diffusion presumed to arise from the intra-axonal space.

References

Aboitiz F, Rodriguez E, Olivares R, Zaidel E (1996) Age-related changes in fibre composition of the 
human corpus callosum: sex differences Neuroreport 7:1761–1764 [PubMed: 8905659] 

Aboitiz F, Scheibel AB, Fisher RS, Zaidel E (1992) Fiber composition of the human corpus callosum 
Brain research 598:143–153 [PubMed: 1486477] 

Alexander DC (2008) A general framework for experiment design in diffusion MRI and its application 
in measuring direct tissue-microstructure features Magnetic resonance in medicine : official journal 
of the Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in Medicine 
60:439–448 10.1002/mrm.21646

Alexander DC, Hubbard PL, Hall MG, Moore EA, Ptito M, Parker GJ, Dyrby TB (2010) 
Orientationally invariant indices of axon diameter and density from diffusion MRI NeuroImage 
52:1374–1389 10.1016/j.neuroimage.2010.05.043 [PubMed: 20580932] 

Huang et al. Page 16

Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Andersson JL, Sotiropoulos SN (2016) An integrated approach to correction for off-resonance effects 
and subject movement in diffusion MR imaging NeuroImage 125:1063–1078 10.1016/
j.neuroimage.2015.10.019 [PubMed: 26481672] 

Andersson JLR, Graham MS, Zsoldos E, Sotiropoulos SN (2016) Incorporating outlier detection and 
replacement into a non-parametric framework for movement and distortion correction of diffusion 
MR images NeuroImage 141:556–572 10.1016/j.neuroimage.2016.06.058 [PubMed: 27393418] 

Assaf Y, Basser PJ (2005) Composite hindered and restricted model of diffusion (CHARMED) MR 
imaging of the human brain NeuroImage 27:48–58 10.1016/j.neuroimage.2005.03.042 [PubMed: 
15979342] 

Assaf Y, Blumenfeld-Katzir T, Yovel Y, Basser PJ (2008) AxCaliber: a method for measuring axon 
diameter distribution from diffusion MRI Magnetic resonance in medicine : official journal of the 
Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in Medicine 
59:1347–1354 10.1002/mrm.21577

Assaf Y, Freidlin RZ, Rohde GK, Basser PJ (2004) New modeling and experimental framework to 
characterize hindered and restricted water diffusion in brain white matter Magnetic resonance in 
medicine : official journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic 
Resonance in Medicine 52:965–978 10.1002/mrm.20274

Barazany D, Basser PJ, Assaf Y (2009) In vivo measurement of axon diameter distribution in the 
corpus callosum of rat brain Brain : a journal of neurology 132:1210–1220 10.1093/brain/awp042 
[PubMed: 19403788] 

Barazany D, Jones DK, Assaf Y AxCaliber 3D. In: Proceedings of the International Society of 
Magnetic Resonance in Medicine, 2011 p 76

Benjamini D, Komlosh ME, Holtzclaw LA, Nevo U, Basser PJ (2016) White matter microstructure 
from nonparametric axon diameter distribution mapping NeuroImage 135:333–344 10.1016/
j.neuroimage.2016.04.052 [PubMed: 27126002] 

Bjornholm L et al. (2017) Structural properties of the human corpus callosum: Multimodal assessment 
and sex differences NeuroImage 152:108–118 10.1016/j.neuroimage.2017.02.056 [PubMed: 
28254453] 

Burcaw LM, Fieremans E, Novikov DS (2015) Mesoscopic structure of neuronal tracts from time-
dependent diffusion NeuroImage 114:18–37 10.1016/j.neuroimage.2015.03.061 [PubMed: 
25837598] 

Callaghan PT (1991) Principles of nuclear magnetic resonance microscopy. Oxford University Press, 
Oxford

Cluskey S, Ramsden DB (2001) Mechanisms of neurodegeneration in amyotrophic lateral sclerosis 
Molecular pathology : MP 54:386–392 [PubMed: 11724913] 

Daducci A, Canales-Rodriguez EJ, Zhang H, Dyrby TB, Alexander DC, Thiran JP (2015a) 
Accelerated Microstructure Imaging via Convex Optimization (AMICO) from diffusion MRI data 
NeuroImage 105:32–44 10.1016/j.neuroimage.2014.10.026 [PubMed: 25462697] 

Daducci A, Dal Palu A, Lemkaddem A, Thiran JP (2015b) COMMIT: Convex optimization modeling 
for microstructure informed tractography IEEE transactions on medical imaging 34:246–257 
10.1109/TMI.2014.2352414 [PubMed: 25167548] 

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis. I. Segmentation and surface 
reconstruction NeuroImage 9:179–194 10.1006/nimg.1998.0395 [PubMed: 9931268] 

De Santis S, Jones DK, Roebroeck A (2016) Including diffusion time dependence in the extra-axonal 
space improves in vivo estimates of axonal diameter and density in human white matter 
NeuroImage 130:91–103 10.1016/j.neuroimage.2016.01.047 [PubMed: 26826514] 

DeLuca GC, Ebers GC, Esiri MM (2004) Axonal loss in multiple sclerosis: a pathological survey of 
the corticospinal and sensory tracts Brain : a journal of neurology 127:1009–1018 10.1093/brain/
awh118 [PubMed: 15047586] 

Dhital B, Reisert M, Kellner E, Kiselev VG (2019) Intra-axonal diffusivity in brain white matter 
NeuroImage 189:543–550 10.1016/j.neuroimage.2019.01.015 [PubMed: 30659959] 

Di Paola M, Spalletta G, Caltagirone C (2010) In vivo structural neuroanatomy of corpus callosum in 
Alzheimer’s disease and mild cognitive impairment using different MRI techniques: a review J 
Alzheimers Dis 20:67–95 10.3233/JAD-2010-1370 [PubMed: 20164572] 

Huang et al. Page 17

Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Does MD, Parsons EC, Gore JC (2003) Oscillating gradient measurements of water diffusion in 
normal and globally ischemic rat brain Magnetic resonance in medicine : official journal of the 
Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in Medicine 
49:206–215 10.1002/mrm.10385

Drobnjak I, Siow B, Alexander DC (2010) Optimizing gradient waveforms for microstructure 
sensitivity in diffusion-weighted MR Journal of magnetic resonance 206:41–51 10.1016/
j.jmr.2010.05.017 [PubMed: 20580294] 

Dyrby TB, Sogaard LV, Hall MG, Ptito M, Alexander DC (2013) Contrast and stability of the axon 
diameter index from microstructure imaging with diffusion MRI Magnetic resonance in medicine: 
official journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic 
Resonance in Medicine 70:711–721 10.1002/mrm.24501

Ellegood J, Hanstock CC, Beaulieu C (2011) Considerations for measuring the fractional anisotropy of 
metabolites with diffusion tensor spectroscopy NMR in biomedicine 24:270–280 10.1002/
nbm.1586 [PubMed: 20925126] 

Fan Q et al. (2018) Validation of diffusion MRI estimates of compartment size and volume fraction in 
a biomimetic brain phantom using a human MRI scanner with 300mT/m maximum gradient 
strength NeuroImage 10.1016/j.neuroimage.2018.01.004

Fan Q et al. (2016) MGH-USC Human Connectome Project datasets with ultra-high b-value diffusion 
MRI NeuroImage 124:1108–1114 10.1016/j.neuroimage.2015.08.075 [PubMed: 26364861] 

Fieremans E, Burcaw LM, Lee HH, Lemberskiy G, Veraart J, Novikov DS (2016) In vivo observation 
and biophysical interpretation of time-dependent diffusion in human white matter NeuroImage 
129:414–427 10.1016/j.neuroimage.2016.01.018 [PubMed: 26804782] 

Girard G et al. (2017) AxTract: Toward microstructure informed tractography Human brain mapping 
38:5485–5500 10.1002/hbm.23741 [PubMed: 28766853] 

Gore JC, Xu J, Colvin DC, Yankeelov TE, Parsons EC, Does MD (2010) Characterization of tissue 
structure at varying length scales using temporal diffusion spectroscopy NMR in biomedicine 
23:745–756 10.1002/nbm.1531 [PubMed: 20677208] 

Graf von Keyserlingk D, Schramm U (1984) Diameter of axons and thickness of myelin sheaths of the 
pyramidal tract fibres in the adult human medullary pyramid Anatomischer Anzeiger 157:97–111 
[PubMed: 6507887] 

Horowitz A, Barazany D, Tavor I, Bernstein M, Yovel G, Assaf Y (2015) In vivo correlation between 
axon diameter and conduction velocity in the human brain Brain Struct Funct 220:1777–1788 
10.1007/s00429-014-0871-0 [PubMed: 25139624] 

Huang SY, Nummenmaa A, Witzel T, Duval T, Cohen-Adad J, Wald LL, McNab JA (2015a) The 
impact of gradient strength on in vivo diffusion MRI estimates of axon diameter NeuroImage 
106:464–472 10.1016/j.neuroimage.2014.12.008 [PubMed: 25498429] 

Huang SY, Tobyne SM, Nummenmaa A, Witzel T, Wald LL, McNab JA, Klawiter EC (2016) 
Characterization of Axonal Disease in Patients with Multiple Sclerosis Using High-Gradient-
Diffusion MR Imaging Radiology:151582 10.1148/radiol.2016151582

Huang SY, Witzel T, Fan Q, McNab JA, Wald LL, Nummenmaa A TractCaliber: Axon diameter 
estimation across white matter tracts in the in vivo human brain using 300 mT/m gradients In: 
Proceedings of the 23rd Annual Meeting of the ISMRM, Toronto, Canada, 2015b.

Innocenti GM, Ansermet F, Parnas J (2003) Schizophrenia, neurodevelopment and corpus callosum 
Mol Psychiatry 8:261–274 10.1038/sj.mp.4001205 [PubMed: 12660799] 

Innocenti GM, Vercelli A, Caminiti R (2014) The diameter of cortical axons depends both on the area 
of origin and target Cerebral cortex 24:2178–2188 10.1093/cercor/bht070 [PubMed: 23529006] 

Jelescu IO, Veraart J, Fieremans E, Novikov DS (2016) Degeneracy in model parameter estimation for 
multi-compartmental diffusion in neuronal tissue NMR in biomedicine 29:33–47 10.1002/
nbm.3450 [PubMed: 26615981] 

Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM (2012) Fsl NeuroImage 62:782–
790 10.1016/j.neuroimage.2011.09.015 [PubMed: 21979382] 

Keil B et al. (2013) A 64-channel 3T array coil for accelerated brain MRI Magnetic resonance in 
medicine : official journal of the Society of Magnetic Resonance in Medicine / Society of 
Magnetic Resonance in Medicine 70:248–258 10.1002/mrm.24427

Huang et al. Page 18

Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kumar A et al. (2010) Alterations in frontal lobe tracts and corpus callosum in young children with 
autism spectrum disorder Cerebral cortex 20:2103–2113 10.1093/cercor/bhp278 [PubMed: 
20019145] 

Liewald D, Miller R, Logothetis N, Wagner HJ, Schuz A (2014) Distribution of axon diameters in 
cortical white matter: an electron-microscopic study on three human brains and a macaque Biol 
Cybern 108:541–557 10.1007/s00422-014-0626-2 [PubMed: 25142940] 

Lovas G, Szilagyi N, Majtenyi K, Palkovits M, Komoly S (2000) Axonal changes in chronic 
demyelinated cervical spinal cord plaques Brain : a journal of neurology 123 (Pt 2):308–317 
[PubMed: 10648438] 

McNab JA et al. (2013) The Human Connectome Project and beyond: initial applications of 300 mT/m 
gradients NeuroImage 80:234–245 10.1016/j.neuroimage.2013.05.074 [PubMed: 23711537] 

Miller R (1996) Axonal Conduction Time and Human Cerebral Laterality: A Psychological Theory. 
Harwood Academic Publishers, Amsterdam.

Mori S et al. (2008) Stereotaxic white matter atlas based on diffusion tensor imaging in an ICBM 
template NeuroImage 40:570–582 10.1016/j.neuroimage.2007.12.035 [PubMed: 18255316] 

Murday JS, Cotts RM (1968) Self-diffusion coefficient of liquid lithium J Chem Phys 48:4938–4945

Nilsson M, Alexander DC Investigating tissue microstructure using diffusion MRI: How does the 
resolution limit of the axon diameter relate to the maximal gradient strength? In: International 
Society for Magnetic Resonance in Medicine, Melbourne, Australia, 2012 p 3567

Nilsson M, Lasic S, Drobnjak I, Topgaard D, Westin CF (2017) Resolution limit of cylinder diameter 
estimation by diffusion MRI: The impact of gradient waveform and orientation dispersion NMR in 
biomedicine 30 10.1002/nbm.3711

Noriuchi M et al. (2010) Altered white matter fractional anisotropy and social impairment in children 
with autism spectrum disorder Brain research 1362:141–149 10.1016/j.brainres.2010.09.051 
[PubMed: 20858472] 

Novikov DS, Jensen JH, Helpern JA, Fieremans E (2014) Revealing mesoscopic structural universality 
with diffusion Proceedings of the National Academy of Sciences of the United States of America 
111:5088–5093 10.1073/pnas.1316944111 [PubMed: 24706873] 

Novikov DS, Veraart J, Jelescu IO, Fieremans E (2018) Rotationally-invariant mapping of scalar and 
orientational metrics of neuronal microstructure with diffusion MRI NeuroImage 174:518–538 
10.1016/j.neuroimage.2018.03.006 [PubMed: 29544816] 

Ong HH, Wehrli FW (2010) Quantifying axon diameter and intra-cellular volume fraction in excised 
mouse spinal cord with q-space imaging NeuroImage 51:1360–1366 10.1016/
j.neuroimage.2010.03.063 [PubMed: 20350604] 

Setsompop K, Gagoski BA, Polimeni JR, Witzel T, Wedeen VJ, Wald LL (2012) Blipped-controlled 
aliasing in parallel imaging for simultaneous multislice echo planar imaging with reduced g-factor 
penalty Magnetic resonance in medicine : official journal of the Society of Magnetic Resonance in 
Medicine / Society of Magnetic Resonance in Medicine 67:1210–1224 10.1002/mrm.23097

Setsompop K et al. (2013) Pushing the limits of in vivo diffusion MRI for the Human Connectome 
Project NeuroImage 80:220–233 10.1016/j.neuroimage.2013.05.078 [PubMed: 23707579] 

Siow B, Drobnjak I, Chatterjee A, Lythgoe MF, Alexander DC (2012) Estimation of pore size in a 
microstructure phantom using the optimised gradient waveform diffusion weighted NMR sequence 
Journal of magnetic resonance 214:51–60 10.1016/j.jmr.2011.10.004 [PubMed: 22116034] 

Smith SM et al. (2004) Advances in functional and structural MR image analysis and implementation 
as FSL NeuroImage 23 Suppl 1:S208–219 10.1016/j.neuroimage.2004.07.051 [PubMed: 
15501092] 

Stanisz GJ, Szafer A, Wright GA, Henkelman RM (1997) An analytical model of restricted diffusion 
in bovine optic nerve Magnetic resonance in medicine : official journal of the Society of Magnetic 
Resonance in Medicine / Society of Magnetic Resonance in Medicine 37:103–111

Stejskal EO, Tanner JE (1965) Spin diffusion measurements: Spin echoes in the presence of a time-
dependent field gradient J Chem Phys 42:288–292

Tandan R, Bradley WG (1985) Amyotrophic lateral sclerosis: Part 1. Clinical features, pathology, and 
ethical issues in management Annals of neurology 18:271–280 10.1002/ana.410180302 [PubMed: 
4051456] 

Huang et al. Page 19

Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tavor I, Hofstetter S, Assaf Y (2013) Micro-structural assessment of short term plasticity dynamics 
NeuroImage 81:1–7 10.1016/j.neuroimage.2013.05.050 [PubMed: 23702416] 

Tomasi S, Caminiti R, Innocenti GM (2012) Areal differences in diameter and length of corticofugal 
projections Cerebral cortex 22:1463–1472 10.1093/cercor/bhs011 [PubMed: 22302056] 

Tuch DS (2004) Q-ball imaging Magnetic resonance in medicine : official journal of the Society of 
Magnetic Resonance in Medicine / Society of Magnetic Resonance in Medicine 52:1358–1372 
10.1002/mrm.20279

Uhlhaas PJ, Singer W (2011) The development of neural synchrony and large-scale cortical networks 
during adolescence: relevance for the pathophysiology of schizophrenia and neurodevelopmental 
hypothesis Schizophr Bull 37:514–523 10.1093/schbul/sbr034 [PubMed: 21505118] 

van der Kouwe AJW, Benner T, Salat DH, Fischl B (2008) Brain morphometry with multiecho 
MPRAGE NeuroImage 40:559–569 10.1016/j.neuroimage.2007.12.025 [PubMed: 18242102] 

van Gelderen P, DesPres D, van Zijl PC, Moonen CT (1994) Evaluation of restricted diffusion in 
cylinders. Phosphocreatine in rabbit leg muscle Journal of magnetic resonance Series B 103:255–
260 [PubMed: 8019777] 

Veraart J, Fieremans E, Novikov DS (2019) On the scaling behavior of water diffusion in human brain 
white matter NeuroImage 185:379–387 10.1016/j.neuroimage.2018.09.075 [PubMed: 30292815] 

Veraart J, Fieremans E, Rudrapatna U, Jones DK, Novikov DS Breaking the power law scaling of the 
dMRI signal on the Connectom scanner reveals its sensitivity to axon diameters In: Proceedings of 
the 26th Annual Meeting of the International Society for Magnetic Resonance in Medicine, Paris, 
France, 2018 p 252

Wang LZ, Caprihan A, Fukushima E (1995) The narrow-pulse criterion for pulsed-gradient spin-echo 
diffusion measurements J Magn Reson A 117:209–219

Xu J et al. (2014) Mapping mean axon diameter and axonal volume fraction by MRI using temporal 
diffusion spectroscopy NeuroImage 103:10–19 10.1016/j.neuroimage.2014.09.006 [PubMed: 
25225002] 

Yeatman JD, Richie-Halford A, Smith JK, Keshavan A, Rokem A (2018) A browser-based tool for 
visualization and analysis of diffusion MRI data Nat Commun 9:940 10.1038/s41467-018-03297-7 
[PubMed: 29507333] 

Yeh FC, Wedeen VJ, Tseng WY (2010) Generalized q-sampling imaging IEEE transactions on 
medical imaging 29:1626–1635 10.1109/TMI.2010.2045126 [PubMed: 20304721] 

Zhang H, Dyrby TB, Alexander DC Axon diameter mapping in crossing fibers with diffusion MRI. In: 
Fichtinger G, Martel A, Peters T (eds) MICCAI, 2011 pp 82–89

Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC (2012) NODDI: practical in vivo neurite 
orientation dispersion and density imaging of the human brain NeuroImage 61:1000–1016 
10.1016/j.neuroimage.2012.03.072 [PubMed: 22484410] 

Huang et al. Page 20

Brain Struct Funct. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Flowchart outlining the axon diameter index analysis stream. Using the diffusion-weighted 

images for the shortest diffusion time, the orientation distribution functions (ODFs) were 

first reconstructed in each voxel using generalized q-sampling imaging analysis. The 

principal fiber orientations (black arrow) were calculated for each ODF. The diffusion 

signals were then resampled to the equator perpendicular to the primary fiber orientation and 

averaged to obtain the mean signal perpendicular to the principal fiber orientation. A three-

compartment model of intra-axonal, extra-axonal, and free water diffusion was fitted to the 

mean perpendicular signal to obtain estimates of axon diameter and restricted volume 

fraction
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Fig. 2. 
Representative sagittal slices through the right corticospinal tract (highlighted by green 

arrowheads) from the maps of axon diameter index (a, b), restricted volume fraction (c, d), 

and orientation dispersion index (ODI) (e, f) at 2 mm (a, c, e) and 2.4 mm (b, d, f) isotropic 

resolution in separate scan sessions in the same healthy subject
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Fig. 3. 
Group averaged maps of (a–c) axon diameter index estimates and (d–f) restricted volume 

fraction estimates averaged across 20 healthy subjects, shown in coronal (a, d), sagittal (b, e) 

and axial views (c, f). The location of the corticospinal tract is highlighted by the green 

arrowheads and displayed in the probabilistic tractography maps in the top left corner of 

each sub-figure for reference
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Fig. 4. 
Mean and standard deviation of the (b) mean axon diameter index and (c) mean restricted 

volume fraction estimates of the 20 major white matter tracts from the JHU white matter 

atlas (a) averaged across 20 healthy subjects.
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Fig. 5. 
Mean and standard deviation of the (a) mean axon diameter index and (b) mean restricted 

volume fraction estimates of the anterior and posterior parts of six selected major white 

matter tracts from the JHU white matter atlas averaged across 20 healthy subjects. The six 

white matter tracts included the left and right internal capsule, left and right corona radiata, 

and left and right cingulum.
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Table 1.

Diffusion MRI acquisition parameters. The table lists spatial resolution, diffusion time (Δ), diffusion encoding 

gradient duration (δ) and gradient strengths, and the number of diffusion encoding gradient directions.

Protocol Spatial Resolution
(mm3)

∆
(ms)

δ
(ms)

Gradient Strengths
(mT/m)

# of Gradient Directions

#1 2.4×2.4×2.4 16, 36, 56 8 31, 68, 105, 142, 179, 216, 253, 290 64

#2 2×2×2 19 8 31, 68, 105, 142 32

179, 216, 253, 290 64

49 8 31, 68, 105 32

142, 179, 216, 253, 290 64
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