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Abstract

Objective: To evaluate alterations in apparent axon diameter and axon density

obtained by high-gradient diffusion MRI in the corpus callosum of MS patients

and the relationship of these advanced diffusion MRI metrics to neurologic dis-

ability and cognitive impairment in MS. Methods: Thirty people with MS (23

relapsing-remitting MS [RRMS], 7 progressive MS [PMS]) and 23 healthy con-

trols were scanned on a human 3-tesla (3T) MRI scanner equipped with

300 mT/m maximum gradient strength using a comprehensive multishell diffu-

sion MRI protocol. Data were fitted to a three-compartment geometric model

of white matter to estimate apparent axon diameter and axon density in the

midline corpus callosum. Neurologic disability and cognitive function were

measured using the Expanded Disability Status Scale (EDSS), Multiple Sclerosis

Functional Composite (MSFC), and Minimal Assessment of Cognitive Function

in MS battery. Results: Apparent axon diameter was significantly larger and

axon density reduced in the normal-appearing corpus callosum (NACC) of MS

patients compared to healthy controls, with similar trends seen in PMS com-

pared to RRMS. Larger apparent axon diameter in the NACC of MS patients

correlated with greater disability as measured by the EDSS (r = 0.555,

P = 0.007) and poorer performance on the Symbol Digits Modalities Test

(r = -0.593, P = 0.008) and Brief Visuospatial Memory Test–Revised
(r = �0.632, P < 0.01), tests of interhemispheric processing speed and new

learning and memory, respectively. Interpretation: Apparent axon diameter in

the corpus callosum obtained from high-gradient diffusion MRI is a potential

imaging biomarker that may be used to understand the development and pro-

gression of cognitive impairment in MS.

Introduction

Cognitive dysfunction is common in multiple sclerosis

(MS), occurring in approximately 50% of patients with

MS, and is a major contributor to disability and loss of

employment.1 Cognitive impairment occurs early in the

disease course, predominantly in the domains of informa-

tion processing speed and episodic memory.2 Despite its

impact, the pathophysiology and neural basis underlying

the progression of cognitive decline in MS is still largely

unknown.3 Structural disconnection of the corpus callo-

sum due to axonal damage is thought to contribute to

the development of cognitive dysfunction.4 Corpus callo-

sum atrophy has been widely appreciated in MS and cor-

relates with the level of cognitive impairment.5

Alterations in diffusion tensor imaging (DTI) metrics
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have implicated tissue damage in the corpus callosum,6,7

although the specificity of these findings for inflammatory

demyelination and axonal damage is limited. In general,

MS lesions show increased mean diffusivity (MD) and

decreased fractional anisotropy (FA) compared with nor-

mal white matter,8 and changes in MD and FA are associ-

ated with demyelination as well as axonal loss.9 However,

direct comparisons of DTI measures with histopathology

from ex vivo MS spinal cord samples have shown that

radial diffusivity and FA reflect demyelination to a greater

extent than axonal loss.10 The limitations of currently

available diffusion MRI methods motivate the develop-

ment of techniques to improve pathologic specificity.

Recent improvements in gradient hardware11 have

enabled the clinical application of advanced diffusion MRI

methods such as AxCaliber12 for estimating axonal size and

density in the corpus callosum in vivo.11,13,14 Advanced dif-

fusion MRI metrics that are sensitive and specific to axonal

integrity offer a unique opportunity to study the alterations

in axonal size and density that occur in MS noninvasively

and alongside tests of functional status, with potentially

greater specificity than more conventional approaches such

as DTI. Despite the demanding acquisition and limited

availability of such systems, the motivation for using such

advanced hardware, sequences and models for diffusion

MRI is to improve the understanding of the pathophysiol-

ogy and microstructural substrate of the progressive dis-

ability that develops in MS. It is important to note that

axon diameter estimation based on compartment models

of diffusion MRI data represents a proportional estimate of

the axon diameter and not the true axon diameter. There-

fore, throughout this paper, we refer to the estimated

quantity as “apparent axon diameter.”

Previous postmortem studies of the central nervous

system in MS patients have detected widespread axonal

loss and an overall increase in average axon diameter in

the normal-appearing white matter and lesions.4,15–17

Although the exact mechanism underlying this shift

toward larger axon diameter is not known, it has been

hypothesized that small diameter axons are more vulnera-

ble to axonal injury following demyelination.16,18,19

In this study, we applied high-gradient diffusion MRI to

evaluate the relationship between axonal pathology in the

corpus callosum and the level of disability and cognitive dys-

function in MS. We hypothesized that an overall increase in

apparent axon diameter and decrease in axon density would

be observed in the corpus callosum of MS patients com-

pared to healthy controls based on the selective vulnerability

of small diameter axons to axonal damage, and that the

degree of alteration in apparent axon diameter and axon

density in the corpus callosum would correlate with greater

levels of disability and cognitive impairment affecting

domains relying on interhemispheric function.

Methods

Subjects

This study was approved by the institutional review board.

All participants provided written informed consent. MS

patients were recruited prospectively from the Mas-

sachusetts General Hospital MS Clinic between July 2015

and March 2018. Thirty MS subjects (23 relapsing-remit-

ting MS [RRMS], 5 secondary progressive MS [SPMS], and

two primary progressive MS [PPMS]) were enrolled.

Twenty-three age-matched healthy individuals served as

controls. Inclusion criteria for MS patients were: a diagno-

sis of clinically definite MS, absence of clinical relapse

within 3 months, and being on stable disease-modifying

treatment or no treatment for at least 6 months. Exclusion

criteria were: other major medical and/or psychiatric disor-

ders, severe claustrophobia, presence of non-MRI compati-

ble implants/devices, and other MRI contraindications.

All patients with MS completed a battery of clinical and

neuropsychological tests based on the Minimal Assessment

of Cognitive Function in MS (MACFIMS)20 battery and

Multiple Sclerosis Functional Composite (MSFC).21 A

board- and EDSS-certified neurologist blinded to imaging

and neuropsychological test performance conducted a stan-

dard clinical examination, which was used in the calcula-

tion of the EDSS. Neuropsychological testing was

administered by a trained examiner within 1 week of the

MRI scan. Neuropsychological tests included the Symbol

Digit Modalities Test (SDMT), the California Verbal Learn-

ing Test, the Brief Visual Memory Test–Revised (BVMT-

R), the Paced Auditory Serial Addition Test, the Controlled

Oral Word Association Test, the Delis-Kaplan Executive

Function System Sorting Test, and the Benton Judgment of

Line Orientation Test. The MSFC z-score was calculated

using the SDMT, timed 25-foot walk, and timed 9-hole peg

test.22 MRI data in healthy volunteers were acquired as part

of a separate technical development study, and neuropsy-

chological testing was not performed in these subjects.

MRI data acquisition

All subjects were scanned on the dedicated high-gradient

(AS302) 3 Tesla MRI scanner (MAGNETOM CONNEC-

TOM, Siemens Healthcare, Erlangen, Germany) with a

maximum gradient strength of 300 mT/m. A single diffu-

sion MRI acquisition protocol was implemented in all

subjects. This multishell acquisition consisted of two dif-

fusion times (D = 19 msec and 49 msec) and eight gradi-

ent strengths per diffusion time, which were linearly

spaced from 30 to 290 mT/m, resulting in a total of 16 b-

values for the entire acquisition. The diffusion-encoding

parameters for this single diffusion MRI acquisition
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protocol are listed in Table 1, including the diffusion

times, diffusion gradient pulse duration, gradient

strengths, number of diffusion-encoding gradient direc-

tions, and b-values. The diffusion-weighted images were

acquired with spatial resolution of 29292 mm3 voxels,

echo time (TE)/repetition time (TR)=77/3600 msec, par-

allel imaging acceleration factor r = 2, simultaneous mul-

tislice imaging with a slice acceleration factor of 2, and

anterior-to-posterior phase encoding. Interspersed b = 0

images were acquired every 16 images. In addition, a set

of 5 b = 0 images with reversal of the phase encoding

direction was acquired separately to correct for geometric

distortions due to susceptibility effects. The diffusion

MRI protocol was optimized to fit within an hour of total

scan time. The diffusion MRI acquisition protocol was

designed to include the minimum number of diffusion-

weighted imaging volumes to obtain reproducible esti-

mates of apparent axon diameter and density compared

to a more extensive acquisition,23 while keeping the scan

time within a reasonable duration for imaging patients.

The total acquisition time for the diffusion MRI protocol

was 51 min, with the 32-direction diffusion acquisitions

lasting 2 min 2 sec each and the 64-direction diffusion

acquisitions lasting 4 min 5 sec each.

Structural sequences included a high-resolution three-

dimensional T1-weighted (T1w) multiecho magnetization-

prepared rapid gradient echo (MEMPRAGE) sequence

[TR/TE=2530/[1.15, 3.03, 4.89, 6.75], inversion time (TI)

=1100 msec, 1 9 1 9 1 mm3 voxels, r = 2] and three-

dimensional fluid-attenuated inversion recovery (FLAIR)

images [TE/TR/TI=389/5000/1800 msec, 0.9 9 0.9 9

0.9 mm3 voxels, r = 2], which were used for registration

and segmentation.

MRI data analysis

Data preprocessing and quality control

We used the data preprocessing pipeline established for

the MGH-USC Human Connectome project24 using tools

from the FreeSurfer25 (http://surfer.nmr.mgh.harvard.edu)

and FMRIB Software Library26 (FSL, https://fsl.fmrib.

ox.ac.uk) toolboxes. Following preprocessing, all diffu-

sion-weighted MRI data underwent quality assessment by

a multirater team, which included a trained neuroradiolo-

gist, postdoctoral researcher, and research assistant. Each

dataset was assessed by at least two raters, who evaluated

both the unprocessed and preprocessed data volume by

volume, and rated each in terms of head movement, sus-

ceptibility-induced distortion, and eddy current correc-

tion. Of the scans performed, approximately 5% of the

diffusion volumes were discarded, largely due to the pres-

ence of excessive motion.

Fitting for diffusion MRI metrics

Diffusion in the corpus callosum was modeled as occur-

ring in three compartments: restricted diffusion within

axons, hindered diffusion in the extra-axonal space, and

free diffusion in cerebrospinal fluid (CSF), following pre-

viously proposed approaches for modeling diffusion in

white matter.12,27 The parameters estimated in the three-

compartment model included: apparent axon diameter,

relative volume fractions of water within the restricted

intra-axonal space and CSF (referred to here as the

restricted and CSF volume fractions), and diffusivity of

water in the hindered extra-axonal space (referred to here

as the hindered diffusivity). These parameters were

obtained by fitting the corrected multidiffusion time,

multigradient strength diffusion MRI data to a previously

validated three-compartment model of intra-axonal

restricted diffusion, extra-axonal hindered diffusion, and

free diffusion.28,29

Model fitting was performed on a voxel-wise basis

using Markov chain Monte Carlo (MCMC) sampling.

MCMC simulations provided samples of the posterior

distributions of the model parameters given the data. The

restricted diffusion coefficient Dr was set to 1.7 lm2/

msec, which is comparable to the estimated in vivo axial

diffusivity in white matter and in keeping with values

used in prior studies.13,27 The diffusion coefficient of CSF

was assumed to be that of free water (3 lm2/msec). A

Rician noise model was adopted for parameter estima-

tion.27,30 The mean estimates for apparent axon diameter,

restricted and CSF volume fractions, and hindered diffu-

sivity were calculated for each voxel by taking the mean

over the MCMC samples. The axon density was calculated

by weighting the restricted fraction by the cross-sectional

area calculated using the mean apparent axon diameter,

as described previously.27,31

DTI metrics of MD and FA were calculated by applying

the DTIFIT tool in FSL using an ordinary least-squares fit

to the diffusion MRI data acquired at b = 800 sec/mm2

Table 1. Diffusion-encoding parameters used in the multidiffusion

time, multigradient strength diffusion MRI protocol.

D

(msec)

d

(msec)

Gradient strengths

(mT/m)

# of

Gradient

directions b-values (sec/mm2)

19 8 31, 68, 105, 142 32 50, 350, 800, 1500

179, 216, 253, 290 64 2400, 3450, 4750,

6000

49 8 31, 68, 105 32 200, 950, 2300

142, 179, 216,

253, 290

64 4250, 6750, 9850,

13500, 17800

Abbreviations: D, diffusion time; d, diffusion-encoding pulse duration.
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with a diffusion time of 19 msec and 32 diffusion-encod-

ing gradient directions.

Corpus callosum and lesion segmentation

Cortical surface reconstruction and volumetric segmenta-

tion was performed on the T1w images of all MS patients

and healthy controls using the FreeSurfer automated sur-

face reconstruction and analysis package (version 5.3,

http://surfer.nmr.mgh.harvard.edu/).32,33 The FreeSurfer

toolbox was chosen for its ability to provide accurate par-

cellation of the subcortical white matter and its pre-exist-

ing implementation in our data preprocessing pipeline. A

corpus callosum mask was created from the FreeSurfer

label for the corpus callosum and manually edited to

ensure exclusion of voxels outside the corpus callosum

(e.g., fornix and CSF). The mid-sagittal and next adjacent

parasagittal slices of the corpus callosum were selected for

each subject to ensure that the corpus callosum, lesion,

and normal-appearing corpus callosum (NACC) masks

included corpus callosum fibers with the greatest fiber

coherence.

Lesion segmentation was performed on the FLAIR

images of all MS patients. The FLAIR images were first

registered to the T1w data using the boundary-based reg-

istration tool in FreeSurfer. T2-hyperintense lesions were

manually segmented on the FLAIR images by a board-

and subspecialty-certified neuroradiologist and subtracted

from the corpus callosum masks to generate NACC masks

for all MS patients.

The average of the interleaved b = 0 images after sus-

ceptibility correction was registered to the T1w data, and

the FreeSurfer labels in native T1w image space were

transformed into diffusion image space using the inverse

of the diffusion-to-native T1w image transformation.

Summary statistics were extracted from the parameter

maps using the corpus callosum, lesion, and NACC masks

(Fig. 1).

Atrophy of the corpus callosum was assessed as an

additional clinically relevant conventional measure related

to cognitive function and disability in MS. Volumetric

measures of the corpus callosum suffer from imprecise

delineation of the lateral margins of the corpus callosum.

Here, we applied a recently developed method for mea-

suring corpus callosum area in the mid-sagittal plane.34,35

In brief, intensity normalization was applied to the T1w

data, which was then registered to MNI152 atlas space

using a 6 degree of freedom rigid body transformation

performed with FSL’s Linear Image Registration Tool

(FLIRT).36 The images were then segmented by tissue

type using FMRIB’s Automated Segmentation Tool (FAST

v.4),37 including partial volume estimation (PVE). The

mid-sagittal slice of the white matter PVE map was

extracted from the whole volume, thresholded to remove

voxels that contained less than 30% of white matter and

binarized to produce a mid-sagittal white matter map.

The white matter map was manually edited to remove

any remaining noncallosal white matter (e.g., fornix and

brainstem). The area of the mid-sagittal corpus callosum

was then calculated by summing the remaining voxels.

The corpus callosum area normalized for head size by

dividing by the estimated total intracranial volume

(eTIV)(2/3) as calculated by FreeSurfer.34

Statistical analysis

Statistical calculations were performed using R (R Foun-

dation for Statistical Computing, Vienna, Austria). Stu-

dent’s t tests, v2 tests, or Wilcoxon rank-sum tests were

used as indicated, following the Shapiro–Wilk test for

normality. Individual correlations between disability

scores (EDSS and MSFC-3) as well as neuropsychological

test scores from the MACFIMS and the MRI metrics of

apparent axon diameter, restricted volume fraction, axon

density, FA, MD and corpus callosum area were assessed

adjusting for age, sex, and years of education. A multiple

linear regression model was also used to assess the relative

influence of the MRI metrics of apparent axon diameter,

restricted volume fraction, FA, MD, and normalized cor-

pus callosum area in MS patients to predict disability

scores (EDSS and MSFC-3) and neuropsychological test

scores adjusting for age, sex, and years of education. Cor-

rection for multiple comparisons based on the false dis-

covery rate (FDR) was applied with the FDR threshold

set at 0.05. The raw uncorrected P-values surviving FDR

correction are reported here.

Results

Clinical characteristics

This study included a total of 30 patients with MS and 23

healthy control subjects. Demographic information, dis-

ability scores, and neuropsychological test scores are pre-

sented in Table 2. The MS group as a whole did not

differ significantly from the healthy control group in age

or sex ratio. Furthermore, the RRMS subjects did not dif-

fer significantly from the combined progressive MS sub-

group in age, sex, disease duration, education, or use of

disease-modifying therapy, as many of the progressive MS

patients were treated with disease-modifying therapy

despite their progressive status. Disability as measured by

the EDSS and MSFC-3 (SDMT) was significantly worse in

the progressive MS subjects compared to RRMS. Mean

neuropsychological test scores in several domains tested

by the MACFIMS, including processing speed and
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Figure 1. Axon diameter and restricted volume fraction maps in the corpus callosum using high-gradient diffusion MRI. Sagittal axon diameter

and restricted volume fraction maps in the midline corpus callosum show diffusely increased axon diameter and decreased restricted fraction in a

patient with multiple sclerosis (A.a and b) compared to an age-matched healthy control (B.a and b).
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working memory (SDMT) and new learning and memory

(BVMT-R), were significantly worse in the progressive

MS subgroup.

MRI metrics in lesions versus normal-
appearing corpus callosum

Of the 30 MS subjects, 10 (33%; 7 RRMS, 3 SPMS) had

T2 hyperintense lesions identified in the midline corpus

callosum, with lesions comprising an average of 0.6% of

the total volume. Compared to the adjacent NACC,

lesions showed significantly larger apparent axon diame-

ter, lower restricted volume fraction and lower axon

density (Table 3). Fractional anisotropy was also signifi-

cantly lower in lesions compared to NACC.

MRI metrics in normal-appearing corpus
callosum

Apparent axon diameter in the NACC was significantly

larger in MS subjects compared to healthy controls (HC)

and also in progressive MS compared to RRMS (Table 4).

Axon density was significantly lower in MS subjects com-

pared to HC. Axon density was also significantly lower in

progressive MS compared to RRMS. Higher MD, lower

FA and lower corpus callosum area were observed in MS

Table 2. Demographics and clinical data.

HC (n = 23) Total MS (n = 30) RRMS (n = 23) Progressive MS (n = 7)

MS versus

HC1

RRMS versus

progressive

MS

P-value P-value

Demographics

Age, y,

mean � SD [range]

40.2 � 11.9

[24–61]

43.9 � 11.2 [23–60] 42.6 � 10.6 [23–58] 48.1 � 12.8 [26–60] 0.252 0.322

Female, n (%) 14 (61%) 24 (80%) 19 (83%) 5 (71%) 0.253 0.523

Disease duration, y,

mean � SD [range]

N/A 10.8 � 6.7 [1–23] 10.3 � 6.7 [1–23] 12.3 � 6.9 [4–23] N/A 0.522

Disease-modifying

therapy, n (%)

N/A 26 (87%) 21 (91%) 5 (71%) N/A 0.273

Dimethyl fumarate 8 8 0

Glatiramer acetate 6 6 0

b-interferons 4 3 2

Fingolimod 3 2 1

Natalizumab 2 2 0

Rituximab 2 0 2

Ocrelizumab 1 1 0

None 4 2 2

Education, y,

mean � SD [range]

N/A 16.4 � 2.4 [12–23] 16.9 � 2.4 [12–23] 14.9 � 2.0 [11–18] N/A 0.1082

Disability scores

EDSS score,

mean � SD [range]

N/A 3.0 � 1.9 [1–7.5] 2.1 � 0.8 [1–3.5] 5.8 � 1.6 [3–7.5] N/A 0.00094

MSFC-3,

mean � SD [range]

N/A �0.54 � 2.06 [�6.21–1.08] 0.30 � 0.52 [�0.80–1.08] �3.29 � 2.82 [�6.21–�0.05] N/A 0.00224

Cognitive scores

SDMTz-score N/A �0.054 � 1.44 [�2.72–3.42] 0.27 � 1.33 [�2.72–3.42] �1.11 � 1.31 [�2.48–1.45] N/A 0.022

BVMT-Rz-score N/A �0.10 � 1.39 [�3.57–1.98] 0.31 � 1.02 [�1.78–1.98] �1.46 � 1.64 [�3.57 – 0.9] N/A 0.00162

PASATz-score N/A �0.45 � 1.34 [�4.27–0.99] �0.18 � 1.09 [�2.93–0.99] �1.32 � 1.76 [�4.27–0.89] N/A 0.114

COWATz-score N/A �0.35 � 0.99 [�2.98–1.46] �0.30 � 0.94 [�2.12–1.46] �0.52 � 1.20 [�2.98–0.58] N/A 0.612

JLOtotal N/A 63.3 � 28.5 [1.5–86] 70.8 � 22.9 [9–86] 38.4 � 32.8 [1.5–86] N/A 0.0134

CVLTtotal N/A 47 � 14.9 [17–73] 52.9 � 12.1 [30–73] 32.8 � 12.6 [17–49] N/A 0.00092

DKEFStotal N/A 11.5 � 3.21 [5–17] 12.2 � 3.16 [5–17] 9.57 � 2.63 [5–12] N/A 0.0552

Abbreviations: HC, healthy control; MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; EDSS, Expanded Disability Status Scale;

MSFC, Multiple Sclerosis Functional Composite; SDMT, Symbol Digit Modalities Test; BVMT-R, Brief Visual Memory Test–Revised; PASAT, Paced

Auditory Serial Addition Test; COWAT, Controlled Oral Word Association Test; JLO, Benton Judgment of Line Orientation Test; CVLT, California

Verbal Learning Test; DKEFS, Delis-Kaplan Executive Function System Sorting Test.
1MS versus HC group comparisons conducted with entire MS sample.
2Student’s t-test.
3v2-test.
4Wilcoxon rank-sum test.
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subjects compared to HC, although the significance of

these trends did not survive correction for multiple com-

parisons.

Disability as measured by the EDSS was significantly

associated with apparent axon diameter in the NACC,

with larger apparent axon diameter observed in patients

with higher EDSS after adjusting for the effects of age,

sex, and years of education (Table 5). The associations

between the NACC MRI metrics and neuropsychological

tests included in the MACFIMS battery were also studied

after adjusting for the effects of age, sex, and years of

education, with tests showing significant associations

reported in Table 5. Larger axon diameter was signifi-

cantly associated with poorer performance on tests of

information processing speed, specifically the SDMT, and

a test of new visual learning and memory, the BVMT-R.

Performances on other cognitive measures did not corre-

late with any of the MRI measures. Thinning of the

corpus callosum was significantly correlated with poorer

performance on the EDSS.

To determine the relative contribution of the MRI met-

rics in explaining the degree of disability and cognitive

impairment, a multiple regression analysis was performed

to predict disability and neuropsychological test scores

from the MRI metrics of apparent axon diameter,

restricted volume fraction, MD, FA, and normalized cor-

pus callosum area, in addition to age, sex, and years of

education. Of all the imaging metrics, apparent axon

diameter in the NACC of MS patients was positively cor-

related with EDSS (b = 2.67, P = 0.044). Apparent axon

diameter in the NACC of the MS patients was negatively

correlated with the SDMT (b = �3.19, P = 0.0004) and

BVMT-R (b = �2.86, P = 0.0025). In the same multiple

regression analysis, thinning of the corpus callosum was

associated with impaired information processing speed as

assessed by the SDMT (b = �85.95, P = 0.009).

Table 4. Comparison of MRI metrics in normal-appearing corpus callosum of patients with multiple sclerosis versus healthy controls.

HC (n = 23) Total MS (n = 30) RRMS (n = 23) Progressive MS (n = 7)

MS versus HC1

RRMS versus

progressive MS

P-value P-value

Axon diameter, lm,

mean � SD

4.63 � 0.30 4.89 � 0.31 4.81 � 0.27 5.17 � 0.25 0.0042,* 0.0042,*

Restricted volume fraction,

mean � SD

0.33 � 0.03 0.31 � 0.03 0.31 � 0.03 0.30 � 0.03 0.0262,* 0.642

Axon density, 91010/m2,

mean � SD

7.25 � 0.83 6.04 � 1.5 6.43 � 0.95 5.34 � 0.65 0.0012,* 0.0082,*

MD, lm2/msec, mean � SD 0.93 � 0.05 0.99 � 0.14 0.98 � 0.15 1.03 � 0.09 0.0353,* 0.0473

FA, mean � SD 0.67 � 0.04 0.66 � 0.06 0.66 � 0.07 0.63 � 0.03 0.773 0.083

Corpus callosum area, mm2,

mean � SD

627.4 � 82.5 558.5 � 94.7 578.5 � 86.4 493.1 � 97.0 0.0072,* 0.032

Normalized corpus callosum

area, mean � SD

0.047 � 0.006 0.042 � 0.008 0.044 � 0.007 0.038 � 0.007 0.0282,* 0.092

Abbreviations: MD, mean diffusivity; FA, fractional anisotropy.
1MS versus HC group comparisons conducted with entire MS sample;
2Student’s t-test;
3Wilcoxon rank-sum test. Raw uncorrected P-values are reported throughout.

*denotes significance following correction for multiple comparisons using the false discovery rate with an FDR threshold of 0.05.

Table 3. Comparison of MRI metrics in lesions versus normal-appearing corpus callosum of patients with multiple sclerosis.

Lesion NACC

Lesion vs. NACC

Test statistic P-value

Axon diameter, lm, mean � SD 5.02 � 0.97 4.16 � 0.68 2.801 0.02*

Restricted volume fraction, mean � SD 0.19 � 0.04 0.27 � 0.07 �2.701 0.01*

Axon density, 91010/m2, mean � SD 3.69 � 2.45 7.59 � 4.10 �2.801 0.01*

MD, lm2/msec, mean � SD 1.05 � 0.23 0.96 � 0.04 1.121 0.26

FA, mean � SD 0.53 � 0.15 0.67 � 0.04 �2.241 0.04

Abbreviations: NACC, normal-appearing corpus callosum; MD, mean diffusivity; FA, fractional anisotropy.
1Wilcoxon sign-rank test. Raw uncorrected P-values are reported.

*indicates P-values that survive multiple comparison correction using the false discovery rate (FDR) with an FDR threshold of 0.05.
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The influence of disease phenotype was also studied in

a separate multiple regression analysis performed in the

RRMS subgroup to determine the influence of age, gen-

der, education, and the MRI metrics of apparent axon

diameter, restricted volume fraction, MD, FA and nor-

malized corpus callosum area on disability and cognitive

impairment. For the RRMS patients, apparent axon diam-

eter was significantly correlated with EDSS (b = 1.32,

P = 0.016), MSFC-3 (b = �0.95, P = 0.012), and SDMT

(b = �2.60, P = 0.005). A borderline significant correla-

tion was also found between apparent axon diameter and

the BVMT-R after correcting for age, sex, and education

(b = �1.64, P = 0.058). In the same multiple regression

analysis, thinning of the corpus callosum was significantly

associated with poorer performance on the MSFC-3

(b = �28.00, P = 0.034) and SDMT (b = �102.74,

P = 0.003). Similar analyses could not be performed for

the progressive MS subgroup as the sample size was too

small to generate reliable statistical comparisons.

Discussion

The purpose of this study was to investigate the relation-

ship between recently developed MRI markers of axonal

pathology and disability and cognitive dysfunction in MS

patients. We found significantly larger apparent axon

diameter and decreased axon density in the NACC of MS

subjects compared to HC and between RRMS compared

to progressive MS subjects. Apparent axon diameter was

the strongest and most significant predictor of disability

as measured by the EDSS, as well as of poorer cognitive

performance as reflected in the SDMT and BVMT-R, tests

of information processing speed and working memory.

The results reported here confirm and expand upon

findings from previous studies using AxCaliber and

related techniques for assessing apparent axon diameter

and density in MS lesions and normal-appearing white

matter. Our previous pilot study using a high-gradient

diffusion MRI protocol and AxCaliber analysis found lar-

ger apparent axon diameter in lesions and NACC in a

separate group of RRMS patients compared to white mat-

ter in age-matched HC.14 Another pilot study using diffu-

sion MRI to estimate axon diameter in the corpus

callosum of two MS subjects applied a machine learning

approach that incorporated the effect of exchange

between the intra- and extra-axonal spaces.38 This study

also demonstrated larger apparent axon diameter and

decreased axon density in lesions within the corpus callo-

sum compared to NACC and within the NACC compared

to HC. In the current work, we studied the relationship

of axon diameter and density in the corpus callosum with

cognitive performance in a larger group of patients with

RRMS and progressive MS, using a generalized acquisi-

tion and analysis of high-gradient diffusion MRI data,28

such that the obtained microstructural metrics were inde-

pendent of fiber orientation.

Our findings of larger apparent axon diameter and

decreased axon density in the NACC of MS subjects are

in agreement with previous neuropathological studies,

which reported axonal loss in major white matter tracts

such as the corpus callosum, corticospinal tracts, and

spinal cord.15–17,19 Previous MRI/histopathologic studies

in the spinal cord have found larger axon diameter and

lower axon density within MS lesions compared to nor-

mal-appearing white matter in the spinal cord, with simi-

lar trends found in normal-appearing white matter of MS

patients compared to healthy controls.39,40 In particular,

small diameter axons seem to be more vulnerable to axo-

nal injury following demyelination, resulting in a shift

toward larger apparent axon diameter in both normal-

appearing and lesioned white matter in the chronic phase

of MS.16,18,19 Several hypotheses have been advanced to

explain why small diameter axons may be particularly

vulnerable to inflammation-mediated axonal injury. In

terms of energetics, the volume-to-surface area ratio is

reduced in small diameter axons, resulting in a limited

Table 5. Correlation of disability and neuropsychological test scores with corpus callosum MRI metrics, adjusting for age, sex, and years of

education.

EDSS MSFC-3z-score SDMTz-score BVMT-Rz-score

Axon diameter 0.555 (0.007)* �0.486 (0.04) �0.593 (0.008)* �0.632 (<0.001)*

Restricted fraction 0.100 (0.73) �0.041 (0.59) �0.052 (0.95) �0.343 (0.24)

Axon density �0.277 (0.07) 0.276 (0.12) 0.358 (0.066) 0.220 (0.11)

MD 0.121 (0.75) �0.534 (0.06) �0.123 (0.56) 0.030 (0.56)

FA �0.052 (0.88) 0.157 (0.52) 0.179 (0.48) �0.046 (0.75)

CC area �0.460 (0.015)* 0.456 (0.024) 0.127 (0.94) 0.380 (0.042)

Abbreviations: EDSS, Expanded Disability Status Scale; MSFC, Multiple Sclerosis Functional Composite; SDMT, Symbol Digit Modalities Test;

BVMT-R, Brief Visuospatial Memory Test–Revised; MD, mean diffusivity; FA, fractional anisotropy. Linear correlation coefficients are reported with

P-values in parentheses adjusted for age, sex, and years of education. Values in parentheses represent raw uncorrected P-values.

*denotes significance following correction for multiple comparisons using the false discovery rate with an FDR threshold of 0.05.
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volume in which mitochondria can redistribute relative to

membrane channels.41 The limited “energy-to-ions” ratio

in small diameter axons has been posited to result in dis-

proportionate axonal loss.42

Our study also advances previous work by showing

correlation of indices of axonal pathology with measures

of disability and cognitive performance. Callosal structural

integrity is associated with cognitive performance in mul-

tiple domains, including information processing speed,

working memory, and episodic memory – the most fre-

quently affected cognitive domains in MS.1 The strong

correlations between apparent axon diameter and the

SDMT and BVMT-R suggest that apparent axon diameter

may be a primary structural substrate of alterations in

processing speed commonly seen in MS. Larger apparent

axon diameter was also associated with worse perfor-

mance on the EDSS. These relationships were replicated

by a subanalysis in the RRMS patients alone, suggesting

that the strength of the associations was not driven by the

progressive MS patients but rather valid throughout the

spectrum of disease, even in its earlier stages. Thinning of

the corpus callosum was significantly correlated with a

greater level of disability as measured by the EDSS. In

addition, in the multiple regression analysis of MRI met-

rics and neuropsychological test scores, thinning of the

corpus callosum was significantly associated with

impaired information processing speed as assessed by the

SDMT, in keeping with findings from prior studies.5,43

Overall, our results suggest that apparent axon diameter

obtained from high-gradient diffusion MRI may provide

clinically relevant information that may complement what

can be gleaned from volumetric measures and their surro-

gates alone.

Overall, our findings support the hypothesis that axo-

nal damage in the corpus callosum proceeds as a result of

Wallerian degeneration of axons that are transected fol-

lowing demyelination elsewhere in the hemispheric white

matter, with the transition from acute to progressive MS

occurring when axonal loss exceeds the compensatory

capacity of the brain to adapt to injury.44 While the

cross-sectional nature of this study is not sufficient to

draw firm conclusions regarding the progression of clini-

cal disability, our preliminary observations suggest that

apparent axon diameter and axon density may be poten-

tial biomarkers of aspects of cognitive dysfunction and, to

a lesser extent, physical disability in MS.

There are several limitations to the current study. For

one, the lengthy scan time is an important practical issue

in comparing our current approach to more conventional

protocols. The multishell diffusion MRI protocol used

here could conceivably undergo further optimization to

reduce scan time even more, and newer machine learning

approaches may be applied in the future to extract these

parameters more efficiently, given the presence of poten-

tially redundant information embedded within the diffu-

sion MRI data that may not be readily discernable using

our multicompartment model. The small sample size and

heterogeneity of the patient population may limit the

generalizability of the findings. However, we were able to

uncover statistically significant comparisons and correla-

tions despite a relatively small sample size, which sup-

ports the promise and validity of the approach. The

apparent axon diameter and axon density inferred here

are only estimates of the true axon diameter and density

and are subject to the limitations of the AxCaliber model.

In our study, we used a simple three-compartment model

of intra-axonal restricted, extra-axonal hindered, and free

water diffusion to account for diffusion in both normal-

appearing white matter and in MS lesions. The use of a

single axon diameter or even the gamma distribution as

proposed in the original AxCaliber model may not ade-

quately capture the alterations in axonal size in the pres-

ence of axonal pathology. Furthermore, 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,45–49 although

the range of diffusion times used in our study was rela-

tively small (19–49 msec). The generally reduced axon

density found in MS lesions and NACC could conceivably

affect the ability to estimate apparent axon diameter using

this technique, as the estimates for axon diameter become

noisier with less intra-axonal water. To mitigate against

this concern, we chose to perform ROI-based analyses

across the midline and parasagittal slices of the corpus

callosum, which are more robust to noise compared to

direct voxel-based comparisons.

Despite its limitations, the current model provided a rea-

sonable fit to the data without introducing additional a pri-

ori assumptions or free parameters. Future work should

focus on developing more complex functions to model axon

diameter and density within lesions based on known

histopathological alterations to the white matter microstruc-

ture. Systematic validation of the advanced imaging metrics

presented here against histopathology will be needed to

determine whether the overall larger mean apparent axon

diameter observed in MS lesions and NACC compared to

HC reflects selective loss of small diameter axons or an

increase in the diameter of the remaining axons.

Our current data suggest that apparent axon diameter

is significantly associated with disability and aspects of

cognitive performance in MS. If substantiated in larger,

longitudinal studies, axonal imaging biomarkers provided

by high-gradient diffusion MRI may help to elucidate the

pathophysiology of the disease with implications for

improving our understanding of the development of

physical disability and cognitive deficits in MS.
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