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Primary lateral sclerosis is a sporadic disorder characterized by slowly progressive corticospinal dysfunction. Primary lateral

sclerosis differs from amyotrophic lateral sclerosis by its lack of lower motor neuron signs and long survival. Few pathological

studies have been carried out on patients with primary lateral sclerosis, and the relationship between primary lateral sclerosis

and amyotrophic lateral sclerosis remains uncertain. To detect in vivo structural differences between the two disorders, diffusion

tensor imaging of white matter tracts was carried out in 19 patients with primary lateral sclerosis, 18 patients with amyotrophic

lateral sclerosis and 19 age-matched controls. Fibre tracking was used to reconstruct the intracranial portion of the corticospinal

tract and three regions of the corpus callosum: the genu, splenium and callosal fibres connecting the motor cortices. Both

patient groups had reduced fractional anisotropy, a measure associated with axonal organization, and increased mean diffusivity

of the reconstructed corticospinal and callosal motor fibres compared with controls, without changes in the genu or splenium.

Voxelwise comparison of the whole brain white matter using tract-based spatial statistics confirmed the differences between

patients and controls in the diffusion properties of the corticospinal tracts and motor fibres of the callosum. This analysis further

revealed differences in the regional distribution of white matter alterations between the patient groups. In patients with

amyotrophic lateral sclerosis, the greatest reduction in fractional anisotropy occurred in the distal portions of the intracranial

corticospinal tract, consistent with a distal axonal degeneration. In patients with primary lateral sclerosis, the greatest loss of

fractional anisotropy and mean diffusivity occurred in the subcortical white matter underlying the motor cortex, with reduced

volume, suggesting tissue loss. Clinical measures of upper motor neuron dysfunction correlated with reductions in fractional

anisotropy in the corticospinal tract in patients with amyotrophic lateral sclerosis and increased mean diffusivity and volume

loss of the corticospinal tract in patients with primary lateral sclerosis. Changes in the diffusion properties of the motor fibres of

the corpus callosum were strongly correlated with changes in corticospinal fibres in patients, but not in controls. These findings

indicate that degeneration is not selective for corticospinal neurons, but affects callosal neurons within the motor cortex in

motor neuron disorders.
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Introduction
Primary lateral sclerosis is a rare form of motor neuron disease

characterized by progressive dysfunction of the corticospinal, or

upper motor neurons, without clinical signs of lower motor

neuron impairment (Pringle et al., 1992; Singer et al., 2007;

Floeter and Mills, 2009). The aetiology of primary lateral sclerosis

and its relationship to amyotrophic lateral sclerosis (ALS) are un-

certain. Primary lateral sclerosis was first described as a clinico-

pathological entity in patients with progressive spasticity and

sclerosis of the lateral columns of the spinal cord on post-mortem

evaluation (Erb, 1875, 1902). This pathology, and the frequent

clinical pattern of spasticity in the legs ascending over time to

the arms and bulbar muscles, suggests a length-dependent,

‘dying-back’ degeneration of corticospinal axons (Fink, 2001;

Zhai et al., 2003; Floeter and Mills, 2009). Later studies noted

changes in the motor cortex in some patients with primary lateral

sclerosis, including atrophy of the precentral gyrus on MRI scans

(Pringle et al., 1992) and loss of cortical Betz cells on pathological

examination (Hudson et al., 1993). Because of the rarity of primary

lateral sclerosis, there have been very few pathological studies

comparing ALS and primary lateral sclerosis brains. MRI provides

in vivo structural information that may distinguish differences be-

tween ALS and primary lateral sclerosis and help to explain how

the diseases progress. MRI studies have shown that patients with

primary lateral sclerosis have thinning of cortical grey matter in the

precentral gyrus (Butman and Floeter, 2007) and generalized atro-

phy compared with healthy controls (Tartaglia et al., 2009).

Routine MRI sequences do not reliably show abnormalities of

the cortical white matter that distinguish patients with primary

lateral sclerosis or patients with ALS from healthy individuals.

Diffusion tensor imaging, an MRI technique that utilizes the dif-

fusion properties of water molecules, can be used to estimate the

overall orientation and integrity of nerve fibres in the white

matter. Studies using diffusion tensor imaging in patients with

ALS have found reduced fractional anisotropy, indicative of

axonal disruption, at various levels of the corticospinal tract (Ellis

et al., 1999; Graham et al., 2004; Aoki et al., 2005; Mitsumoto

et al., 2007; Iwata et al., 2008). In patients with ALS, reduced

fractional anisotropy correlated with differential slowing of central

motor conduction in the supra- and infratentorial segments of the

corticospinal tract (Iwata et al., 2008). Thus, reduced fractional

anisotropy in white matter tracts may be a marker for changes

in the physiological properties of axons as well as the structure of

white matter tracts.

In the majority of diffusion tensor imaging studies that have

been carried out in patients with ALS, diffusion properties of the

corticospinal tract were measured within circumscribed regions of

interest drawn within anatomical structures known to contain the

corticospinal tract at one or a few levels, for example in the

posterior limb of the internal capsule. One drawback of visual

placement of regions of interest is that the position of the corti-

cospinal fibres varies among individuals (Holodny et al., 2005).

The accuracy of positioning a region of interest selectively on

the fibres arising from the motor cortex is likely to be further

diminished in patients with corticospinal tract degeneration.

Diffusion tensor tractography, also known as fibre tracking,

allows for the localization of white matter tracts connecting

defined regions from diffusion tensor images (Mori et al., 1999)

and enables tract-specific measurements of diffusion properties to

be made from the reconstructed white matter tracts. We and

others have shown that diffusion properties of the corticospinal

tract and corpus callosum can be measured reliably and reprodu-

cibly in healthy subjects using diffusion tensor tractography

(Wakana et al., 2007; Danielian et al., 2010). A disadvantage of

diffusion tensor tractography is that it only assesses the selected

tracts. Tract-based spatial statistics (TBSS) offers a complementary

method for analysing white matter in diffusion tensor images that

does not pre-specify tracts or regions of interest. TBSS carries out

voxelwise statistical comparisons between co-registered and nor-

malized white matter skeletons of two study populations, provid-

ing a non-biased, whole-brain analysis of white matter differences

between two groups (Smith et al., 2006).

Although several studies have used diffusion tensor imaging in

patients with ALS, there are only a few reports using diffusion

tensor imaging in patients with primary lateral sclerosis, and

sample sizes were small. A case report (Suh et al., 2006) and a

small series with five patients with primary lateral sclerosis (Ulug

et al., 2004) found changes in the diffusion properties in regions

of the corticospinal tract. Another report compared six patients

with primary lateral sclerosis to a group of patients with ALS

studied at a separate institution (Ciccarelli et al., 2009). A recent

study compared patients with primary lateral sclerosis to patients

with hereditary spastic paraplegia and found some differences and

similarities in the diffusion properties of several white matter tracts

(Unrath et al., 2010). Although these studies provide a starting

point to understanding changes in primary lateral sclerosis, a con-

temporaneous evaluation of patients with primary lateral sclerosis

and patients with ALS using the same imaging methods would be

valuable to delineate differences between the disorders. To ad-

dress this point, patients with primary lateral sclerosis, patients

with ALS and age-matched controls were prospectively studied

with diffusion tensor imaging, using both fibre tracking and

TBSS methods to evaluate the white matter tracts. A key question

was whether the pattern of changes in white matter tracts would

be consistent with a length-dependent axonopathy or with a more

diffuse axonal disruption. To address this question, we looked at

changes along the length of the corticospinal tract, and differences

between tracts of different lengths that originate from the motor

cortex. The relationship between diffusion tensor imaging meas-

ures and measures of clinical function, and specifically upper

motor neuron function, was an additional focus of this study.
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Subjects and methods

Subjects
The protocol was approved by the Institutional Review Board, and all

subjects gave written informed consent in accord with the Declaration

of Helsinki. All eligible patients evaluated by our group between 2006

and 2009 who were willing to participate were enrolled. Eighteen

patients with definite or probable ALS by revised El Escorial criteria

(Brooks, 1994), 19 patients with primary lateral sclerosis who fulfilled

Pringle’s criteria (Pringle et al., 1992) and 19 age-matched healthy

control subjects participated in the study. Mean age and gender ratios

did not differ between groups. All patients underwent a battery of

neuropsychological testing and none of the patients had frontotem-

poral dementia.

Clinical ratings
The ALS Functional Rating Scale-Revised (ALSFRS-R) (Cedarbaum et al.,

1999) and an upper motor neuron impairment score were used to

quantify clinical severity of motor neuron dysfunction. The upper

motor neuron impairment score is a composite score of clinical deficits

in three areas—reflexes, tone and movement speed—that occur with

upper motor neuron dysfunction, as recommended in a recent con-

sensus report (Turner et al., 2011). The upper motor neuron impair-

ment score primarily consists of published clinical scales for grading

reflexes and muscle tone, plus timed measurements of finger tapping,

gait and speech. Limb tendon reflexes were scored according to the

four-point National Institutes of Health myotatic reflex scale (Litvan

et al., 1996), with additional points given for Hoffman’s and Babinski’s

signs; for the cranial region, the reflexes tested were jaw jerk, gag and

release signs. Muscle tone was scored using the modified Ashworth

Scale (Bohannon and Smith, 1987) for arms and legs; for the cranial

region, we substituted a measure of dysarthria. Movement speed was

quantified by finger tapping speed, timed gait for a distance of 20 ft

and reading time for a standard passage, measures that have been

shown to decline over time in primary lateral sclerosis (Floeter and

Mills, 2009). Each component was scaled from 0 for normal function

to 5 for the maximal degree of upper motor neuron impairment. Each

limb and the cranial region were scored and the three components

were averaged for each segment. The limb scores on one side and the

cranial region were averaged to provide a lateralized score for

side-specific comparisons, and a global upper motor neuron impair-

ment score was defined as the mean of all limb and cranial scores.

Although this upper motor neuron impairment score has not been

broadly validated, it correlated in these patients with a previously re-

ported upper motor neuron scale consisting of a summed pathological

reflex score (Iwata et al., 2008). An upper motor neuron rapidity index

was calculated by dividing the global upper motor neuron impairment

score by the duration of disease in years.

Magnetic resonance imaging data
acquisition and image processing
All imaging was performed at 3T (Philips Intera and Philips Achieva

MRI) using a receive-only, eight channel SENSE head coil. Multi-slice

diffusion weighted imaging was acquired using a single-shot,

spin-echo, echo-planar sequence (55 contiguous slices, slice thick-

ness = 2.5 mm, matrix = 96 � 96 reconstructed to 128 � 128, field of

view = 240 � 240 mm, echo time = 86 ms, voxel size 1.875 �

1.875 � 2.5 mm). Slices were aligned parallel to the anterior commis-

sure–posterior commissure line. Diffusion weighting was performed

along 32 non-collinear directions with a b-value of 1000s/mm2 and a

single volume was collected with no diffusion gradients applied (b0).

The diffusion sequence was repeated four times to increase the signal

to noise ratio. The scan time for each diffusion sequence was 4 min.

An axial T2-weighted image with the same slice positions as the dif-

fusion tensor imaging scans was also collected for anatomical guidance

(55 contiguous slices, slice thickness = 2.5 mm, matrix = 128 � 128,

field of view = 240 � 240 mm, repetition time/echo time = 5400/

100 ms). Image processing was performed using both FSL (University

of Oxford, UK) (Smith et al., 2004) and DtiStudio (Johns Hopkins

University, Baltimore, MD, USA) (Jiang et al., 2006). Details of the

image processing and tensor calculation are reported in a previous

study (Danielian et al., 2010).

Diffusion tensor tractography (fibre
tracking)
Fibre tracking was performed in DtiStudio using the Fibre Assignment

by Continuous Tracking (FACT) method (Mori et al., 1999; Xue et al.,

1999) on the right and left side of corticospinal tract and the genu,

splenium and motor fibres of the corpus callosum. Tracking was

initiated at a fractional anisotropy value of 0.2 and was terminated

when fractional anisotropy fell 50.2 or the angle between two adja-

cent eigenvectors was 440� (Wakana et al., 2007) (Fig. 1). The cor-

ticospinal tract was tracked bilaterally using a multiple region of

interest approach as outlined by Wakana et al. (2007). The motor

fibres of the corpus callosum were isolated using a multiple region

of interest approach. First, a large region of interest was drawn

around the entire corpus callosum on the mid-sagittal slice. Next, a

region of interest was drawn around the entire left side motor cortex,

one slice superior to the bifurcation of the motor and sensory fibres at

the level of the central sulcus. Fibres that passed between both regions

of interest were retained as the motor fibres of the corpus callosum

tract. The genu was tracked using a single region of interest on the

mid-sagittal slice that encompasses the anterior one sixth of the corpus

callosum (Hofer and Frahm, 2006). The splenium was tracked by using

a single region of interest on the mid-sagittal slice that encompasses

the posterior one fourth of the corpus callosum (Hofer and Frahm,

2006). Whole-track measures of mean fractional anisotropy, mean

diffusivity (10�3 mm2/s) and volume of voxels containing fibres were

calculated for each localized tract. Profiles of the rostrocaudal extent of

corticospinal tract fractional anisotropy, mean diffusivity and cross-

sectional area were generated for each subject from axial slices con-

taining tracked corticospinal tract fibres. To adjust for differing brain

sizes, slices were binned into 20 equal segments for each subject for

slices extending from three slices inferior to the most caudal portion of

the middle cerebellar peduncle through the top of the cortex. The

means of the right and left side corticospinal tract at each level

were averaged to generate a profile for each subject.

Tract-based spatial statistics
Voxelwise statistical analysis of the fractional anisotropy skeletons was

carried out using TBSS (v1.2) (Smith et al., 2006) part of the FMRIB

software library analysis package (http://www.fmrib.ox.ac.uk/fsl/)

(Smith et al., 2004). Briefly, after skull stripping (Smith, 2002), each

subject’s fractional anisotropy data were aligned into a common space

(Rueckert et al., 1999; Andersson et al., 2007a, b). The most ‘typical’

subject in the study was automatically chosen by TBSS to be the target
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image for the registration. Using a threshold of 0.25, a fractional an-

isotropy skeleton that represents the centres of all tracts common to

the group was derived from the mean fractional anisotropy map. Each

subject’s aligned fractional anisotropy data were then projected onto

this skeleton and the resulting data used to determine voxelwise

cross-subject statistics. The Randomize tool in the FMRIB software library

(v2.1, 5000 permutations), which conducts permutation-based inference

on t-statistic maps (Nichols and Holmes, 2002), was used to identify

clusters of voxels that differed between the healthy controls and each

patient group. The threshold for significance was P5 0.05, using the

FMRIB software library threshold-free cluster enhancement with cor-

rections for multiple comparisons across space [familywise error rate

(FWE)]. Voxels that differed from controls were compared between

primary lateral sclerosis and ALS patient groups. The correlation be-

tween voxels with differing fractional anisotropy or mean diffusivity

and non-lateralized clinical measures (ALSFRS-R, disease duration, and

the upper motor neuron rapidity index) were calculated using both

hemispheres. A side-specific mask was used for assessing correlations

with the lateralized upper motor neuron impairment score (Nichols and

Holmes, 2002).

Statistics
Data are reported as means � standard deviation (SD). For the diffu-

sion tensor tractography, a two-way ANOVA was used to assess

whole-track diffusion parameters in the corticospinal tract

(diagnosis � side) and the corpus callosum (diagnosis � region of cal-

losum), and regional differences in the corticospinal tract profiles at the

level of the peduncle, internal capsule and subcortical white matter

(diagnosis � level) with post hoc Fisher’s test to identify significant

contrasts using a corrected P5 0.05. Correlations between diffusion

measures and clinical features were assessed with Pearson’s correl-

ation, examining each disease group separately, using P5 0.05 with

Bonferroni correction as significant. Pearson’s correlation was used to

assess side-specific diffusion measurements and the lateralized upper

motor neuron impairment score. Statistical analyses on diffusion tensor

tractography were performed using Statview (SAS) and SPSS 15.0.

Results

Subject characteristics
As expected, patients had lower ALSFRS-R scores and higher

global upper motor neuron impairment scores than healthy con-

trols but these scores did not differ between the ALS and primary

lateral sclerosis groups. Patients with primary lateral sclerosis had

higher leg upper motor neuron impairment score subscores than

patients with ALS. Patients with primary lateral sclerosis also had

longer disease durations and a lower upper motor neuron rapidity

Figure 1 White matter tracts defined by diffusion tensor tractography using the FACT fibre tracking algorithm. The corticospinal tract

(red), and the genu (green), motor fibres (yellow), and splenium (blue) of the corpus callosum are shown in one healthy control.
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index than patients with ALS, consistent with the slow progression

of the condition (Table 1).

Diffusion measurements of the
corticospinal tract and corpus callosum
The whole-tract diffusion properties of the corticospinal tract dif-

fered between ALS and primary lateral sclerosis groups and

age-matched controls (ANOVA; fractional anisotropy: F = 29.6,

P5 0.0001; mean diffusivity: F = 11, P50.0001; volume:

F = 4.7, P50.01) without significant differences between the

two sides (Table 2). Post hoc testing showed reduced corticospinal

tract fractional anisotropy and increased mean diffusivity in both

patient groups compared with controls. The corticospinal tract

fractional anisotropy was significantly lower in patients with ALS

compared with patients with primary lateral sclerosis, declining by

�10% in patients with ALS and 5% in patients with primary lat-

eral sclerosis. Patients with primary lateral sclerosis had signifi-

cantly reduced volume of the corticospinal tract, with a mean

decline of 21% from controls. In the corpus callosum, the frac-

tional anisotropy and mean diffusivity of the corpus callosum motor

fibres exhibited differences between patient groups and controls

(ANOVA; fractional anisotropy: F = 11.1, P5 0.0001; MD:

F = 4.7, P50.01; VV: F = 9.3, P50.0001). Fractional anisotropy

and volume of the motor fibres of the corpus callosum were

decreased in primary lateral sclerosis and patients with ALS com-

pared with controls, and mean diffusivity was increased in patients

with primary lateral sclerosis (Table 2). The volume of the motor

fibres of the corpus callosum volume declined by a mean of 54%

in the primary lateral sclerosis group and by 37% in the ALS

group. There were no differences in the fractional anisotropy,

mean diffusivity or volume of the genu or splenium of the

callosum between patients and controls. In patients with primary

lateral sclerosis, the fractional anisotropy values of the motor fibres

of the corpus callosum fibres were strongly correlated with the

fractional anisotropy values of the corticospinal tract (right corti-

cospinal tract: r = 0.78, P50.0001; left corticospinal tract:

r = 0.76, P50.0001). The correlation between motor fibres of

the corpus callosum and corticospinal tract fractional anisotropy

also reached significance in patients with ALS, although only on

one side (right corticospinal tract: r = 0.50; P = 0.0494). In healthy

controls, there was no significant correlation between the fraction-

al anisotropy of the corticospinal tract and the motor fibres of the

corpus callosum.

Fibre tracking profiles of the
corticospinal tract
The mean profiles of the fractional anisotropy values (Fig. 2A),

mean diffusivity values (Fig. 2B) and the cross-sectional area

(Fig. 2C) of the rostrocaudal extent of the corticospinal tract are

shown for each group, averaging the right and left sides. The

profiles show that fractional anisotropy, mean diffusivity and

cross-sectional area differ at multiple levels in the patient groups

compared with controls. An ANOVA compared three levels of the

profile where corticospinal tract fibres were least variable: the ped-

uncle, internal capsule and white matter below the motor cortex

(dashed lines in Fig. 2), with significant differences by diagnosis for

fractional anisotropy (P = 0.004), mean diffusivity (P = 0.018) and

cross-sectional area (P = 0.049). Post hoc testing indicated that

fractional anisotropy and mean diffusivity profiles differed be-

tween patients with ALS and controls, and that patients with pri-

mary lateral sclerosis had significantly different cross-sectional area

profiles from controls. No significant interactions were found be-

tween the three levels and diagnosis.

Correlations between diffusion
measures and clinical ratings
The correlations between diffusion tensor tractography diffusion

measures and clinical ratings were assessed separately for ALS

and patients with primary lateral sclerosis (Table 3). In patients

with ALS, corticospinal tract fractional anisotropy was inversely

correlated with the global and lateralized upper motor neuron

impairment scores and with the upper motor neuron rapidity

index (Fig. 3A), indicating that the more severely affected and

more rapidly progressing patients had greater declines in corticosp-

inal tract fractional anisotropy. Paradoxically, however, disease

duration was positively correlated with corticospinal tract fractional

anisotropy (Fig. 3B), showing that patients with ALS with a longer

disease course had less decline in corticospinal tract fractional an-

isotropy. Corticospinal tract fractional anisotropy was not signifi-

cantly correlated with the ALSFRS-R score or age in patients with

ALS. The upper motor neuron impairment score, disease duration

and age were not significantly correlated with the corticospinal

tract mean diffusivity or volume. Diffusion measures of the

Table 1 Clinical features of subject groups

PLS ALS Controls

Male:female (n) 8:11 9:9 11:8

Age (years) 57.6 (7.9) 53.2 (9.7) 58.7 (5.9)

Disease duration
(years)

12.0a,b (6.5) 2.4 (1.4) –

ALSFRS-R 38.3b (4.9) 35.9b (7.0) 48.0 (0.0)

Global upper motor
neuron impairment
score

2.4b (0.9) 2.0b (0.9) 0.05 (0.07)

Cranial upper motor
neuron impairment
score

1.7b (1.5) 2.1b (1.1) 0.05 (0.12)

Arm upper motor
neuron impairment
score

2.2b (1.0) 2.0b (1.2) 0.04 (0.09)

Leg upper motor
neuron impairment
score

3.1a,b (0.7) 1.9b (1.0) 0.07 (0.14)

Upper motor neuron
rapidity index

0.25b (0.15) 1.57b (1.60) –

Values listed as mean (SD).

a Patient group differed from controls, P5 0.05.
b Patients with primary lateral sclerosis differed from patients with ALS P5 0.05.
PLS = primary lateral sclerosis; Upper motor neuron rapidity index = global upper
motor neuron impairment score/disease duration in years.
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corpus callosum in patients with ALS were not correlated with

clinical measures.

In contrast, in patients with primary lateral sclerosis, the global

and lateralized upper motor neuron impairment score was corre-

lated with corticospinal tract mean diffusivity and inversely corre-

lated with corticospinal tract volume. Corticospinal tract fractional

anisotropy was not correlated with the upper motor neuron rap-

idity index (Fig. 3C), with disease duration (Fig. 3D), with the

global and lateralized upper motor neuron impairment score or

with ALSFRS-R (Table 3). In primary lateral sclerosis, the upper

motor neuron impairment score also correlated well with motor

fibres of the corpus callosum mean diffusivity.T
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Figure 2 Profiles of group mean diffusion tensor tractography

measures along the rostrocaudal extent of the corticospinal

tract, from mid-pons to motor cortex, for controls (black lines),

patients with primary lateral sclerosis (blue lines) and patients

with ALS (red lines) for (A) fractional anisotropy (FA), (B) mean

diffusivity (MD) and (C) cross-sectional area. The right and left

corticospinal tract were averaged for each subject. Comparing

anatomical levels where the corticospinal tract is least variable

(dashed lines from left to right: peduncle, internal capsule,

subcortical white matter), corticospinal tract fractional anisot-

ropy of patients with ALS was significantly reduced and mean

diffusivity significantly increased from the controls. Corticospinal

tract cross-sectional area profiles in patients with primary lateral

sclerosis was reduced compared with controls. There were no

significant differences between the three levels.
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Tract-based spatial statistics
In the first set of contrasts, voxelwise comparisons of total brain

white matter were made between each patient group and con-

trols. Patients with ALS had several clusters of voxels with

decreased fractional anisotropy that extended the length of the

corticospinal tract from the subcortical white matter to the most

distal slice (Fig. 4A). Contrasting patients with primary lateral scler-

osis to controls, clusters of voxels with reduced fractional

Figure 3 Correlations between corticospinal tract fractional anisotropy (FA) and upper motor neuron (UMN) rapidity index (A and C) and

disease duration (B and D) for patients with ALS (A and B) and primary lateral sclerosis (C and D). Each point represents one patient with

right and left side corticospinal tract averaged. Significant Pearson’s correlation r-values are shown (P50.001). Dashed lines represent

corticospinal tract fractional anisotropy range of control subjects (mean � 2 SD). Upper motor neuron rapidity index = global upper motor

neuron-impairment score/disease duration in years. Disease duration is counted from symptom onset.

Table 3 Correlations between clinical features and diffusion property measurements obtained using diffusion tensor
tractography (fibre tracking)

Primary lateral sclerosis ALS

Fractional
anisotropy

Mean
diffusivity

Vol Fractional
anisotropy

Mean
diffusivity

Vol

Corticospinal tract

Global upper motor neuron impairment score �0.36 0.53a
�0.44a

�0.60a 0.28 0.10

Lateralized upper motor neuron impairment score �0.32 0.51a
�0.66a

�0.63a 0.26 0.05

ALSFRS-R 0.26 �0.42 0.21 0.18 �0.46 �0.10

Age �0.12 0.03 0.20 0.47 �0.31 �0.21

Duration 0.05 �0.15 �0.40 0.72a
�0.30 �0.15

Upper motor neuron rapidity index �0.27 0.41 0.22 �0.78a 0.35 0.34

Corpus callosum motor fibres

Global upper motor neuron impairment score �0.43 0.68a
�0.05 �0.19 0.37 0.27

Lateralized upper motor neuron impairment score �0.32 0.59a 0.07 �0.33 0.35 0.44

ALSFRS-R 0.18 �0.50 0.20 �0.03 �0.43 �0.31

Age �0.01 0.13 �0.22 0.14 �0.14 �0.11

Duration �0.08 �0.10 0.12 0.14 �0.22 �0.21

Upper motor neuron rapidity index �0.29 0.48 �0.18 �0.33 0.37 0.08

a Significant correlations (r-values) with P50.05 corrected for multiple comparisons.
Vol = volume of voxels containing fibres in mm3.
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anisotropy occurred in the subcortical white matter underlying

motor and premotor cortex, but not in more distal portions of

the corticospinal tract (Fig. 4B). Both patient groups had reduced

fractional anisotropy in the body of the corpus callosum compared

with controls (Fig. 4A and B). In contrast to controls, patients with

primary lateral sclerosis had increased mean diffusivity in the sub-

cortical white matter, coronal radiata and mid-body of the corpus

callosum (Fig. 4C). There were no differences in mean diffusivity

Figure 4 TBSS analysis showing clusters of voxels with significantly lower fractional anisotropy (FA) (red) in (A) patients with ALS and (B)

patients with primary lateral sclerosis (PLS) as compared with healthy controls (HC). Clusters of voxels showing significantly greater mean

diffusivity (MD) (blue) in (C) patients with primary lateral sclerosis as compared with healthy controls (P5 0.05), corrected for multiple

comparisons across space (FWE) using threshold-free cluster enhancement. Patients with ALS did not have significant differences in mean

diffusivity compared with healthy controls (not illustrated). Each panel shows the significant voxel clusters superimposed on the mean

fractional anisotropy map in axial (upper row), coronal (middle row) and sagittal (bottom row) slices. Images are displayed in radiological

convention (right brain on left side).
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in patients with ALS when contrasted with controls. When the two

patient groups were contrasted to each other, patients with ALS

had reduced fractional anisotropy in the corticospinal tract extend-

ing distally from the posterior limb of the internal capsule to the

pons (Fig. 5A). Patients with primary lateral sclerosis had increased

mean diffusivity in the mid-body of the callosum (Fig. 5B) com-

pared with patients with ALS.

Within each patient group, the voxel clusters that differed from

controls were examined for correlations with clinical measures in

TBSS. For corticospinal tract fractional anisotropy, findings were

similar to those obtained by fibre tracking. In the patients with

ALS, reduced fractional anisotropy was correlated with the later-

alized upper motor neuron impairment scores in multiple clusters

of voxels within the corticospinal tract (Fig. 6A). The location of

these clusters along the rostrocaudal extent of the corticospinal

tract exhibited some asymmetry, despite the lack of significant

side-to-side differences in the upper motor neuron impairment

score. As also seen in the diffusion tensor tractography analysis,

corticospinal tract fractional anisotropy was positively correlated

with disease duration and negatively correlated with the upper

motor neuron rapidity index in patients with ALS. No correlations

between mean diffusivity and upper motor neuron impairment

scores or upper motor neuron rapidity index were identified in

the TBSS skeleton for patients with ALS. In patients with primary

lateral sclerosis, clusters of voxels with reduced fractional anisot-

ropy that correlated with the lateralized upper motor neuron im-

pairment score were limited to a small region of the subcortical

white matter and corpus callosum (Fig. 6B). Also consistent with

the diffusion tensor tractography analysis, the upper motor neuron

impairment score correlated with increased mean diffusivity in the

subcortical white matter and corpus callosum in patients with pri-

mary lateral sclerosis (Fig. 6C). Increased mean diffusivity in the

corpus callosum also correlated with the ALSFRS-R and upper

motor neuron rapidity index in patients with primary lateral

sclerosis.

Discussion
Primary lateral sclerosis patients and patients with ALS with a

similar severity of upper motor neuron dysfunction had altered

diffusion properties of white matter tracts originating from the

motor cortex compared with age-matched controls, in agreement

with previous literature (Ellis et al., 1999; Ciccarelli et al., 2009;

Filippini et al., 2010). The regional distribution of white matter

changes differed between primary lateral sclerosis and patients

with ALS, suggesting different underlying pathology. Fractional

anisotropy was more reduced in the distal portions of the corti-

cospinal tract in patients with ALS compared with patients with

primary lateral sclerosis. In patients with primary lateral sclerosis,

fractional anisotropy was more reduced in the juxta-cortical white

matter. The loss of fractional anisotropy in distal portions of the

corticospinal tract would be consistent with the hypothesis of a

dying-back degeneration of corticospinal axons in ALS (Wong

et al., 2007). This distal predominance was not seen in the pa-

tients with primary lateral sclerosis. The greater prominence of

altered diffusion properties in the subcortical white matter and

corpus callosum in patients with primary lateral sclerosis is in gen-

eral agreement with two diffusion tensor imaging studies that

used tract-based statistical methods of analysis (Ciccarelli et al.,

2009; Unrath et al., 2010). In this study, the fibre tracking analysis

additionally showed that changes in diffusion properties were

accompanied by volume loss and reduced cross-sectional area

that spanned the full length of the intracranial corticospinal tract

in patients with primary lateral sclerosis. In patients with ALS, the

volume of the corticospinal tract overall did not decline, although

cross-sectional area was reduced in its most distal portions.

Diffusion properties normally vary along the length of the cor-

ticospinal tract, reflecting differences in the compactness and or-

ganization of corticospinal axons as they traverse different

structures, splaying out, for example, in the corona radiata and

becoming tightly packed in the internal capsule (Reich et al.,

2006; Wong et al., 2007). The typical rostrocaudal pattern of

diffusion properties was preserved in our patients. Regional differ-

ences between patients and controls in the corticospinal tract

Figure 5 TBSS analysis of clusters of voxels with significantly

lower fractional anisotropy (FA) (red) in (A) patients with ALS

compared with patients with primary lateral sclerosis (PLS), and

significantly greater mean diffusivity (MD) (blue) in (B) patients

with primary lateral sclerosis compared with patients with ALS in

selected axial, coronal and sagittal sections (P5 0.05), corrected

for multiple comparisons across space (FWE) using

threshold-free cluster enhancement. MNI coordinates are

shown. Images are displayed in radiological convention (right

brain on left side).
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diffusion properties reflect the disease-related alterations in the

tissue microstructure. Experimental studies have shown that frac-

tional anisotropy, a measure of the coherence of directional diffu-

sion, is mainly determined by the organized arrangement of

axonal membranes, with a smaller contribution from myelin and

relatively little from the intra-axonal neurofibrils; measures of

mean diffusivity are affected by intra- and extracellular elements

that restrict diffusion of water molecules (Beaulieu, 2002).

Figure 6 TBSS analysis showing clusters of voxels with significant correlation between the lateralized upper motor neuron impairment

score and fractional anisotropy (FA) (red) in (A) patients with ALS and (B) patients with primary lateral sclerosis (PLS), and between the

lateralized upper motor neuron impairment score and mean diffusivity (MD) (blue) in (C) patients with primary lateral sclerosis (P50.05,

corrected for multiple comparisons across space (FWE) using threshold-free cluster enhancement). Each panel shows the significant voxel

clusters superimposed on the mean fractional anisotropy map in axial (upper row), coronal (middle row) and sagittal (bottom row) slices.

Images are displayed in radiological convention (right brain on left side). Patients with ALS did not exhibit correlations between the upper

motor neuron impairment score and mean diffusivity (not illustrated).
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In patients with ALS, the loss of fractional anisotropy distally, de-

tected in the TBSS analysis, indicates disruption of corticospinal

axon integrity. The distal gradient of increasing mean diffusivity

and decreasing cross-sectional area below the peduncles in the

tract profiles, are compatible with an underlying dying back axo-

nopathy. In patients with primary lateral sclerosis, the combination

of reduced fractional anisotropy, increased mean diffusivity, and

volume loss is more suggestive of tissue loss, with loss of corti-

cospinal axons and expansion of extracellular space.

One interpretation of the differences between primary lateral

sclerosis and patients with ALS in the diffusion properties of the

corticospinal tract is that these changes represent the early and

late stages in a temporal sequence of structural changes that

occurs with axonal breakdown and clearance. However, time

alone, i.e. disease duration, is not a sufficient explanation.

Previous studies in patients with ALS have reported that corticosp-

inal tract fractional anisotropy declined with disease severity, dur-

ation or progression (Ellis et al., 1999; Jacob et al., 2003; Cosottini

et al., 2005; Iwata et al., 2008; Nickerson et al., 2009;

Roccatagliata et al., 2009; Agosta et al., 2010a). In most studies,

the ALSFRS-R score was used to quantify disease severity and to

calculate disease progression. In this study, the ALSFRS-R was not

significantly correlated with diffusion property measurements.

Since the ALSFRS-R measures functions that depend on both

lower and upper motor neurons, a drop in the ALSFRS-R is not

specific for upper motor neuron dysfunction. We confirmed the

correlation between reduced corticospinal tract fractional anisot-

ropy and clinical severity with a scale measuring upper motor

neuron dysfunction in patients with ALS. But the relationship be-

tween corticospinal tract fractional anisotropy and disease duration

differed from previous reports: patients with ALS with longer dis-

ease durations exhibited less reduction of corticospinal tract frac-

tional anisotropy than patients with ALS with shorter disease

durations. This seeming contradiction may be explained by noting

that, in this study, the patients with ALS with shorter disease dur-

ations also had a higher upper motor neuron rapidity index, and

thus a faster rate of progression. Our ALS cohort may have

included more patients with slower progression than in other stu-

dies, since our focus was on patients with a comparable severity of

upper motor neuron dysfunction to patients with primary lateral

sclerosis, and patients with ALS with predominantly upper motor

neuron signs are known to have a slower rate of progression

(Gordon et al., 2009). An extrapolation of the trend for lesser

reduction of corticospinal tract fractional anisotropy in patients

with ALS with slower progression could lead to similar findings

to what was observed in patients with primary lateral sclerosis,

whose corticospinal tract fractional anisotropy values were

reduced, intermediate between controls and patients with ALS,

and were stable with time. Our data support the proposal that

the reduction in corticospinal tract fractional anisotropy is a marker

for the rate of disease progression, rather than the severity or the

duration of disease (Agosta et al., 2010a, b).

Clinical ratings of upper motor neuron dysfunction correlated

with reduced corticospinal tract fractional anisotropy in patients

with ALS, and with increased corticospinal tract mean diffusivity

in patients with primary lateral sclerosis in both diffusion tensor

tractography and TBSS analyses. Increased corticospinal tract

mean diffusivity in patients with ALS was detected in the fibre

tracking analysis, with somewhat more prominence in the distal

portions of the corticospinal tract profile. Increased mean diffusiv-

ity seems to correspond to regions of white matter areas with

more chronic changes, as would be compatible with an evolution

of diffusion properties as degeneration progresses. Longitudinal

imaging studies and pathological correlation will be critical to

refine interpretations of imaging findings in ALS and primary lat-

eral sclerosis. Pathological correlations are needed to determine

whether fluctuations in fractional anisotropy correspond to degen-

eration or loss of axons and crossing fibres, and whether mean

diffusivity reflects tissue loss and gliosis.

Changes in the diffusion properties of the corpus callosum were

observed in ALS and patients with primary lateral sclerosis by fibre

tracking and TBSS analyses. The changes occurred in the

mid-posterior portion of the corpus callosum, an area containing

fibres originating from the sensory and motor cortex, leaving the

genu and splenium unaffected. This localization within the callo-

sum is consistent with images presented in other studies (Bartels

et al., 2008; Ciccarelli et al., 2009; Filippini et al., 2010; Unrath

et al., 2010), but differs from the callosal regions affected in de-

mentia syndromes (Zhang et al., 2007; Zhuang et al., 2010) and

hereditary spastic paraparesis (Unrath et al., 2010). Of note is that

none of the patients in this study was demented. The changes in

the corpus callosum signify that the degeneration is not selective

for corticospinal neurons in ALS and primary lateral sclerosis.

Neurons whose axons form the corpus callosum are distinct

from those that form the corticospinal tract. Although some corti-

cospinal neurons transiently extend collaterals through the corpus

callosum during development, by adulthood, neurons forming the

corpus callosum are separate from corticospinal neuron population

(Catsman-Berrevoets et al., 1980; Koester and O’Leary, 1993).

This differentiation is driven by expression of neuronal subtype

specific genes (Molyneaux et al., 2007, 2009). In primates, the

pyramidal neurons that form the corpus callosum primarily reside

in cortical layer IIIb, whereas corticospinal neurons reside in cor-

tical layer V (Jones et al., 1979). Although callosal neurons are

excitatory pyramidal neurons, their major targets are inhibitory

interneurons in the contralateral hemisphere (Li and Pleasure,

2011). Callosal activation using transcranial stimulation produces

contralateral inhibition of the motor cortex (Avanzino et al.,

2007). In ALS, transcallosal inhibition is impaired at an early

stage of the disease, before the appearance of upper motor

neuron signs (Wittstock et al., 2007). Loss of transcallosal inhib-

ition is likely to underlie the clinical phenomenon of mirror move-

ments observed in patients with ALS, which have been shown to

correlate with reduced fractional anisotropy in the corpus callosum

in diffusion tensor imaging images (Bartels et al., 2008). Mirror

movements were not systematically assessed in this study.

Reduction in callosal fractional anisotropy may thus be an early

marker for motor neuron disease. Reductions in fractional anisot-

ropy values of the corpus callosum and corticospinal tract were

correlated. The concurrent, or earlier, impairment of the shorter

callosal axons argues against a strictly length-dependent suscepti-

bility to degeneration. However, concurrent degeneration would

be compatible with the hypothesis that degeneration in motor
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neuron disease begins focally in a region of the brain and spreads

to contiguous or homotopic regions (Ravits and La Spada, 2009).

In this study, diffusion tensor tractography, or fibre tracking,

was used to define the white matter tracts selectively for quanti-

tation. The major findings from the fibre tracking analysis were

confirmed by TBSS, a whole-brain method for analysing white

matter tracts. Both methods identified altered diffusion properties

of the corticospinal tract and the motor portion of the corpus

callosum, as well as correlations of the clinical severity of upper

motor neuron impairment with corticospinal tract fractional anisot-

ropy in ALS and with corticospinal tract mean diffusivity in primary

lateral sclerosis. However, fibre tracking and TBSS yielded slightly

different results. The discrepancies were largely failures of detec-

tion, rather than contradictory findings. Diffusion tensor tractogra-

phy detected increased corticospinal tract mean diffusivity in ALS

that was not seen by TBSS. TBSS found correlations between small

clusters of voxels with reduced fractional anisotropy in the sub-

cortical white matter and the upper motor neuron impairment

score in primary lateral sclerosis that were not detected by fibre

tracking. The differing assumptions and computational procedures

of the two methods account for these differences. Each method

has strengths and weaknesses. Diffusion tensor tractography has

the advantage that the white matter tracts visualized are known to

connect defined brain regions in individual subjects, whereas the

identification of tracts in TBSS is based on images registered to a

standardized atlas. Given individual differences in the localization

of corticospinal axons, their identification is less precise for TBSS

than for diffusion tensor tractography. On the other hand, fibre

tracking algorithms only connect contiguous voxels that have frac-

tional anisotropy values above a threshold, creating a bias towards

relatively intact axonal tracts. Fibre tracking can truncate prema-

turely in regions where fibres become less compact or cross fibres

with an orthogonal orientation, whereas TBSS is able to detect

non-contiguous clusters of voxels within a tract. TBSS is at a dis-

advantage for evaluating diffusion measures other than fractional

anisotropy values. TBSS analyses a thinned fractional anisotropy

skeleton that consists of a core of voxels having the highest frac-

tional anisotropy (Smith et al., 2006), thus excluding the full

cross-section of tracts that are more variable between individuals.

Thus, TBSS will be relatively insensitive to changes in mean diffu-

sivity that occur in voxels outside the core with the highest frac-

tional anisotropy. Fibre tracking and TBSS provide complimentary

methods for evaluating white matter, and the limitations of each

method should be taken into account for interpretation of differ-

ing results.

It is reassuring that the affected white matter tracts identified by

diffusion tensor imaging correspond to those that produce the

clinical manifestations of motor neuron disease. The differences

in diffusion tensor imaging between patients with primary lateral

sclerosis and ALS are caused by structural changes in the white

matter tracts that reflect underlying pathology. Despite the distinct

pathology, it remains to be determined whether the two condi-

tions have a common aetiology. Too little is known about the

evolution of imaging changes as degeneration progresses.

Nevertheless, the findings of this study have implications for aetio-

logical hypotheses. The concurrent changes in callosal and corti-

cospinal neurons point away from the idea that corticospinal

neurons are selectively vulnerable in motor neuron diseases be-

cause of the length of their axons and the associated metabolic

burden of maintaining a great mass of axoplasm. The pathological

pattern of a dying back axonopathy, occurring simultaneously in

short and long-axon neurons, would be compatible with a number

of the proposed mechanisms for ALS that disrupt normal cellular

function, including oxidative stress, accumulation of toxic intracel-

lular aggregates or glutamate excitotoxicity. The diffusion tensor

imaging findings also have clinical relevance. Reduced fractional

anisotropy in the motor regions of the corpus callosum appears to

be a relatively robust finding in this and other studies (Bartels

et al., 2008; Ciccarelli et al., 2009; Filippini et al., 2010), and

offers a potential biomarker for motor neuron disease.

Additionally, the correlation between reduced fractional anisotropy

in the corticospinal tract and the rate of progression may lead to

future algorithms to predict patients likely to have a more rapid

decline.
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