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Tract-specific analysis improves sensitivity of
spinal cord diffusion MRI to cross-sectional and
longitudinal changes in amyotrophic lateral
sclerosis
Pramod Kumar Pisharady 1,2✉, Lynn E. Eberly 1,3, Ian Cheong 1, Georgios Manousakis4, Gaurav Guliani 4,

H. Brent Clark5, Mark Bathe 2, David Walk 4,6 & Christophe Lenglet 1,6

Amyotrophic lateral sclerosis (ALS) is a late-onset fatal neurodegenerative disease that

causes progressive degeneration of motor neurons in the brain and the spinal cord. Corti-

cospinal tract degeneration is a defining feature of ALS. However, there have been very few

longitudinal, controlled studies assessing diffusion MRI (dMRI) metrics in different fiber

tracts along the spinal cord in general or the corticospinal tract in particular. Here we

demonstrate that a tract-specific analysis, with segmentation of ascending and descending

tracts in the spinal cord white matter, substantially increases the sensitivity of dMRI to

disease-related changes in ALS. Our work also identifies the tracts and spinal levels affected

in ALS, supporting electrophysiologic and pathologic evidence of involvement of sensory

pathways in ALS. We note changes in diffusion metrics and cord cross-sectional area, with

enhanced sensitivity to disease effects through a multimodal analysis, and with strong cor-

relations between these metrics and spinal components of ALSFRS-R.
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegen-
erative disorder characterized by progressive weakness of
the limb, bulbar, and respiratory muscles1. Accurate

modeling and quantification of alterations in the central nervous
system in vivo has the potential to improve our understanding of
ALS and other neurodegenerative disorders. Although the
pathogenesis of ALS is still uncertain, the cardinal clinical and
pathologic features are supported by ample neuroimaging evi-
dence of degeneration of motor and extramotor neural path-
ways2. These insights have been achieved, in part, by using
diffusion tensor imaging (DTI)3–5 in combination with tracto-
graphy methods6.

DTI studies in ALS have shown that the degree of directionality
and organization of diffusion, measured by fractional anisotropy
(FA), is useful for assessing degeneration in tissue structure (see
reviews3–5). Most of these studies reported findings in brain
regions in ALS. There are fewer studies of the corticospinal tract
(CST) in the spinal cord, despite its prominent pathologic
involvement in ALS; indeed, the disease is named in part for the
pathological findings in the lateral CST. The simpler anatomy of
the spine compared with the brain, with limited fiber crossing
structures, makes DTI well suited for spinal analysis, with the
potential to lead to more reliable and reproducible biomarkers.

Cross-sectional differences in spinal cord DTI metrics have
been reported and include lower FA and higher radial diffusivity
(RD) and mean diffusivity (MD)7,8. In a longitudinal study of
ALS patients and healthy controls utilizing a 1.5 T scanner,
Agosta et al.9 reported decreased FA, increased MD, and
decreased cord cross-sectional area (CSA) in whole cervical cord
in ALS patients over time. These imaging changes however did
not correlate with functional decline, although their mean follow-
up was relatively brief (9 months). Mendili et al.10 subsequently
reported longitudinal findings utilizing a 3 T scanner but without
a healthy control cohort. In their study, FA is extracted from
manual segmentation of the CST through the entire C2-T2
region. They found significant correlations between FA and the
ALS Functional Rating Scale-Revised (ALSFRS-R) leg sub-score
and between cord CSA and the ALSFRS-R arm sub-score at
baseline and follow-up scans. They postulated that the reduction
in cervical cord FA reflects degeneration of CST axons to the
lower limbs, whereas reduction in cord CSA is more reflective of
loss of anterior horn cells to the upper limbs. A recent cross-
sectional study of 10 ALS and 20 control participants by Rasoa-
nandrianina et al.11 recapitulated evidence of decreased CSA and
reduced CST and white matter FA. Diffusion metrics were
reported at the C2 and C5 levels only. Functional status correlated
with CSA but significant correlations between functional scores
and DTI metrics were not reported. The study included seg-
mentation of spinal cord gray matter and inhomogeneous mag-
netization transfer. Among several limitations of their study, the
authors cited a slice thickness of 10 mm, a small cohort, and the
lack of longitudinal data. Another very recent cross-sectional
study with 14 ALS and 15 control participants by Patzig et al.12

reported a reduction in FA in whole cross-section at the C2–C4
level and the T1–T3 level. They also reported a trend towards a
statistically significant FA reduction in the anterolateral regions at
the C5–C7 level, but not in the corresponding posterior regions.
The study was limited to the analysis of FA only and did not
include longitudinal data.

In summary, spinal cord imaging in ALS offers the potential to
devise non-invasive in vivo measures of the clinical and patho-
logic hallmark of ALS, the degeneration of the CST and anterior
horns. Prior studies of cervical cord in ALS have consistently
demonstrated reductions in cord CSA and FA, but with incon-
sistent clinical correlations. Prior studies have varied considerably
in many features, including field strength, cord segments

analyzed, extent of cord segmentation, the presence or absence of
a healthy control cohort, and the presence or absence of
longitudinal data.

To confirm and extend previous findings while addressing
some of the limitations of prior studies, we performed a long-
itudinal study of spinal cord CSA and diffusion at high field
strength with analysis of individual spinal pathways and an along-
the-tract analysis, using tractography, to evaluate the continuous
variation of diffusion metrics along the cervical spine from C2 to
C6 and to identify the spinal levels most affected in ALS. We
evaluated participants with ALS and a cohort of healthy control
participants, with group matching for age and gender, over 1 year.
We used a varying coefficient model (VCM) to perform a mul-
timodal statistical analysis of imaging metrics such as FA and
CSA along the tracts, and to account for the effects of covariates
such as age and gender13. We performed tract-specific analysis
using a semi-automated method to segment the spinal cord into
gray/white matter and into specific ascending/descending tracts.
We noted significant difference in FA in the lateral CST and the
spinal lemniscus. We also observed significant differences in CSA
of the cord and enhanced sensitivity to disease effects via a
multimodal analysis combining FA and CSA. FA and CSA cor-
related with the spinal components of the ALSFRS-R functional
score. Longitudinal analysis demonstrated significant increases in
RD and MD in the descending tracts, in the lateral CST in
particular.

Results
Cohort characteristics. Twenty-two participants with ALS and
28 healthy controls were screened. Initial scanning data were
collected from 20 ALS and 20 control participants. Ten ALS and
14 control participants underwent repeat scanning at 6-month
follow-up and 11 ALS and 13 control participants underwent
repeat scanning at 12-month follow-up. A CONSORT flow dia-
gram of the data collection is shown in Fig. 1.

The demographic and clinical features of participants are
reported in Table 1. The ALS cohort was on average an early-
stage cohort with mean ALSFRS-R of 40.0, with 60% in King’s
Stage 1 or 2. This proportion was reduced to 45.5% at the 1-year
follow-up visit. As per revised El Escorial Criteria, there were
seven possible, eight probable, and five definite subjects at
baseline. Out of the seven possible subjects, one progressed to
definite, two progressed to probable, three remained as possible,
and one was withdrawn from the study at the 1-year follow-up.
Out of the eight probable subjects, three remained as probable
and five were withdrawn from the study. Only two out of the five
definite subjects returned for the 1-year follow-up and they
remained in the definite status. The mean change in ALSFRS-R of
ALS participants at the 1-year follow-up visit was −4.8 points,

Fig. 1 Flow diagram of study participation. ALS participant withdrawals
were recorded as being either due to ALS progression or due to reasons
unrelated to ALS.
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with an average slope of −0.4 points/month. There were four
deaths in the ALS cohort and no deaths in the control cohort
during the study.

Visual analysis of segmentation, as described in “Methods,”
demonstrated up to 40% overlap in rubrospinal tract volume with
the lateral CST. For this reason, rubrospinal tract data are not
reported here.

Cross-sectional data: FA along the cord. Figure 2a shows the
differences in mean FA between the ALS and control groups in
the whole cord at the initial visit, with the group SDs shown as
error bars (box plots of the same data are included as Supple-
mentary Information, Supplementary Fig. 1). The greatest sig-
nificance of differences is noted in the C2–C3 and C6 areas.
Figure 2b shows the VCM-corrected p-value heat map, demon-
strating statistically significant group differences (corrected p <
0.05) at C2–C3 and the inferior part of C6.

Figure 2c shows the mean FA plot and Fig. 2d shows VCM p-
value heat map after excluding gray matter areas. Differences in
the C2–C3 and C6 regions are more extensive in this case,
compared with the whole cord analysis. Figure 2e shows the
group differences in mean FA in the descending fiber tracts
within the white matter and Fig. 2f shows the corresponding
VCM p-value heat map. In this case, the FA differences are
significant throughout the entire C2–C6 area (with corrected p-
values < 0.001 at the C2 level). This demonstrates that segmenta-
tion of white matter substantially improves differentiation
between ALS and control participants.

Cross-sectional data: tract-specific FA along the cord. We fur-
ther segmented the data to extract individual spinal tracts, using
the Spinal Cord Toolbox (SCT), and found statistically significant
cross-sectional group differences in FA along almost the entire
C2–C6 area in the lateral CST and to a less consistent degree in
the spinal lemniscus (Fig. 3). We also noted a clear trend in the

group difference in FA in the posterior column, with a well
separated group mean throughout C2–C6, but this difference was
not statistically significant due to the large within-group variance.

Cross-sectional data: other diffusion metrics. The sensitivity of
RD to differentiate participants with ALS from controls was less
striking, but was also greatest with segmentation and analysis of
descending tracts (Supplementary Fig. 2). The significance of the
cross-sectional group differences in MD was marginal, and we did
not find statistically significant differences in axial diffusivity
(AD). We also found statistically significant cross-sectional dif-
ferences at several levels in RD (Supplementary Fig. 3) and MD,
but not in AD in lateral CST and spinal lemniscus. In all cases,
the group differences were greatest in the rostral and caudal
aspects of the cervical cord.

Cross-sectional data: CSA along the cord. Figure 4a shows
group differences in CSA from C2 to C6. Significant differences
are found (Fig. 4b) for the entire cervical cord length, which
reflects cord atrophy from C2 to C6. We also analyzed the spinal
white and gray matter separately, and identified significant group
differences along the cord in CSA in both cases (Fig. 4c-f). Dif-
ferences were greatest at the C2 level, with corrected p < 0.002,
<0.009, and <0.008 for the whole cord, the white matter of the
cord, and the gray matter of the cord, respectively.

Figure 5 provides a summary of FA and CSA findings for all
participants. The dot plots show mean FA across C2–C6 and at
C2 levels for whole cord, white matter, gray matter, descending
tracts, lateral CST, and spinal lemniscus. Figure 5 also shows
mean CSA of whole cord, white matter, and gray matter. The
p-values of the differences from the VCM analysis are reported in
Figs. 2–4. Significant differences between ALS and control
participants were noted at the C2 level, especially for the
descending tracts (p < 0.001) and the lateral CST (p < 0.007). An
unexpected finding was the demonstration of significant

Table 1 Demographic and clinical features of ALS and control cohorts at initial visit and at follow-up.

Initial visit Follow-up visit (1 year)

ALS Control p-Value ALS Control p-Value

Sample size, n 20 20 11* 13
Sex ratio, male : female 11 : 9 10 : 10 1 7 : 4 6 : 7 0.44
Age, years 57.5 ± 9.8 (31–74) 57.0 ± 8.7

(30–69)
0.74 57.8 ± 11.2 (32–71) 57.0 ± 9.6

(31–69)
0.76

Riluzole use, yes : no 9 : 11 — 6 : 5 —
Disease duration, months 38.5 ± 42.5 (3.4–147.7) — 50.1 ± 53.8 (15.8–160.0) —
Site of onset Upper limb (10)

Lower limb (5)
Bulbar (5)

— Upper limb (4)
Lower limb (5)
Bulbar: (2)

—

King’s disease stage (number of
participants)

Stage 1 (5) Stage 2 (7)
Stage 3 (7) Stage 4 (1)

— Stage 1 (2) Stage 2 (2)
Stage 3 (2) Stage 4 (5)

—

El Escorial classification (number
of participants)

Possible (7) Probable
(8) Definite (5)

— Possible (3) Probable (5)
Definite (3)

—

ALSFRS-R total score (0 most
severe–48 normal)

40.0 ± 5.5 (27–45) — 38.2 ± 4.9 (31–47) —

ALSFRS-R upper-limb sub-score
(0 most severe–36 normal)

29.7 ± 5.3 (15–36) — 28.6 ± 4.3 (22–36) —

ECAS total score (0 most
severe–136 normal)

113.3 ± 7.9 (90–126) 119.8 ± 8.7
(103–129)

0.04 116.9 ± 7.2 (106–129) 122.4 ± 7.2
(108–134)

0.04

ECAS ALS-specific sub-score
(0 most severe - 100 normal)

84.4 ± 7.6 (59–95) — 86.2 ± 5.5 (79–97) —

UMN burden score (0 normal –
6 most severe)

2.5 ± 1.3 (1–6) — 2 ± 1.5 (0–4) —

*Four deaths occurred in ALS participants before the 1-year visit; there were no deaths in controls.
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differences at C2 in the spinal lemniscus (p < 0.02). When all
the slices from C2 to C6 are considered, the descending tracts
(p < 0.04) maintained significant differences between ALS and
controls.

Cross-sectional data: multimodal analysis of dMRI and CSA.
As FA and CSA both differentiate ALS from control participants
in our cohort, but may represent complementary information,
we performed a multimodal analysis combining FA and CSA.
We found that combining whole cord FA and CSA provides an
extremely sensitive metric to the disease effect captured in the
cross-sectional data, with a significant difference between
groups (VCM-corrected p < 0.0065) compared with p < 0.23 and
0.02 with the separate analysis of FA and CSA, respectively.
The VCM-corrected p-values at the C2 level were found to be
<0.0003 with the multimodal analysis of FA and CSA compared

with p < 0.02 and 0.002 with the separate analyses of FA and CSA,
respectively.

Cross-sectional data: analysis based on site of onset. Although
our sample size provides limited power to conduct subgroups
analyses, we performed an exploratory analysis to study whether
the site of onset had any influence on the spinal cord FA and CSA
metrics. We analyzed FA along the lateral CST and CSA along
the whole cord for the subgroups with upper-limb onset
(10 participants), lower-limb onset (5 participants), and bulbar-
onset ALS participants (5 participants), and compared it with that
of the 20 control participants (Supplementary Fig. 4). We noted
that the upper-limb onset participants had lower mean FA (0.45)
and CSA (56.7 mm2) compared with lower-limb onset partici-
pants (0.47 and 58.4 mm2 respectively) and the lower-limb
onset participants had lower mean FA and CSA compared with
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Fig. 2 Cross-sectional differences in FA along the cord. Graphical representations of cross-sectional differences in FA between ALS (n= 20) and control
(n= 20) participants (the one-sided error bars represent SD), and corresponding VCM-corrected p-value heat maps, highlighting spinal levels with
significant group differences for whole cord without segmentation, only white matter, and only descending tracts (corticospinal, rubrospinal, reticulospinal,
lateral vestibulospinal, and tectospinal). In the p-value heat map, colors red to orange represent p-values < 0.05 and colors yellow to blue represent p-
values > 0.05. The sensitivity of the method increases with segmentation. Box plots of the same data are included as Supplementary Information,
Supplementary Fig. 1.
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bulbar-onset participants (0.50 and 65.5 mm2 respectively).
However, these differences did not reach statistically significant
level. The control participants had the highest mean FA (0.53)
and CSA (69.0 mm2).

Cross-sectional data: correlations with functional status. We
found a strong correlation between mean whole cord FA values and
the ALSFRS-R spinal sub-score (questions 4–12, Fig. 6a), with the
highest correlation attained at the C2 level (Fig. 6b). We also found
a strong correlation between the mean whole cord CSA and the
ALSFRS-R spinal sub-score at the C2 level (Fig. 6d). We found that
white matter CSA at C2 correlates more strongly with the ALSFRS-
R sub-score than gray matter CSA (Fig. 6e, f, respectively).

The whole cord C2–C6 mean FA and the upper motor
neuron (UMN) burden score demonstrated a significant negative

correlation (correlation coefficient=−0.51, p-value= 0.02). We
did not find significant correlation of whole cord, white matter, or
gray matter CSA with the UMN burden score.

We also noted post-hoc that gray matter FA at C2 at initial visit
predicted study withdrawal due to progression of functional
deficits from ALS. We found significant differences (p-value
0.017) in gray matter FA at C2 between 5 ALS participants who
withdrew from the study due to disease progression (mean 0.47,
range [0.42–0.51], SD: 0.03) and the other 15 ALS participants
(mean 0.56, range [0.45–0.62], SD: 0.05). This finding is also
consistent with our finding that the correlation between FA and
ALSFRS-R is strongest at C2.

Finally, we analyzed the possible correlation of FA and CSA at
C2–C3 level with respiratory function (measured with questions
10–12 of ALSFRS-R), we did not find any significant correlations
between these measures and the respiratory function.
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Fig. 3 Cross-sectional differences in tract-specific FA along the cord. Graphical representations of cross-sectional differences in FA between ALS (n=
20) and control (n= 20) participants (the one-sided error bars represent SD), and corresponding VCM-corrected p-value heat maps, highlighting spinal
levels with significant group differences for lateral CST and spinal lemniscus. In the p-value heat map, colors red to orange represent p-values < 0.05 and
colors yellow to blue represent p-values > 0.05. Box plots of the same data are included as Supplementary Information, Supplementary Fig. 1.
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Longitudinal data: tract-specific dMRI averaged across C2–C6.
Figure 7 shows the mean and SD of the initial and 1-year follow-
up C2–C6 mean diffusion metrics of 11 ALS participants. We
found a statistically significant longitudinal increase in RD and
MD in all analyses (whole cord, only white matter, only des-
cending tracts, lateral CST, spinal lemniscus, and the posterior
column). We did not find significant longitudinal changes in FA.
There were no statistically significant longitudinal changes in
diffusion metrics, in any of the tracts, in the 13 control partici-
pants scanned at one year (Supplementary Fig. 5).

We did not find significant changes in diffusion metrics from
the initial visit to the six-month follow-up visit for either ALS or
control participants. For the ALS participants, we noted a trend
for decreased FA in the lateral CST (p= 0.06) and the posterior
column (p= 0.08) at six months.

Longitudinal data: tract-specific dMRI along the cord. Seg-
mental analysis of the group difference in 1-year longitudinal
change (i.e., change in ALS vs. change in control) showed sig-
nificant group differences in change in RD and change in MD
from C4 to C6 (both increased in ALS participants). Significant
differences were noted for the combined descending tracts and
the lateral CST (Fig. 8), but not for the other tracts studied. The
increase in these metrics over time was ~10% in the ALS parti-
cipants in the levels where significant group differences in long-
itudinal change were noted.

Finally, we analyzed the baseline cross-sectional difference in
FA along the lateral CST for only the 11 ALS participants we
followed up at 1 year (Supplementary Fig. 6). Despite represent-
ing a smaller sample size than the full ALS cohort, and hence
one with less statistical power, this subgroup analysis still

0.05

0.25

0.20

0.15

0.10

0.00

C2

C3

C4

C5

C6

P-value heat map

Whole cord CSA

Position along tract (C2-C6)

C
ro

ss
-s

ec
tio

na
l A

re
a 

(m
m

2
)

9

10

11

12

13

14

15

16

17

18

Control
ALS

Position along tract (C2-C6)

C
ro

ss
-s

ec
tio

na
l A

re
a 

(m
m

)

45

50

55

60

65

Control
ALS

White matter CSA Gray matter CSA

C2

C3

C4

C5

C6

C2

C3

C4

C5

C6

Position along tract (C2-C6)

C
ro

ss
-s

ec
tio

na
l A

re
a 

(m
m

2
)

45

50

55

60

65

70

75

80

85

Control
ALS

C2 C3 C4 C5 C6 C2 C3 C4 C5 C6 C2 C3 C4 C5 C6

A C E

B D F

2

Fig. 4 Cross-sectional differences in CSA along the cord. Graphical representation of cross-sectional differences in CSA between ALS (n= 20) and
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demonstrated a statistically significant reduction in FA from C2
to C3 compared with control subjects.

Longitudinal data: cord CSA. We did not identify statistically
significant change in spinal cord CSA (whole cord, white matter,
or gray matter), along or averaged across the cord, at 6 or
12 months.

Longitudinal data: correlations with functional status. We did
not find a significant correlation between the change in any of the
diffusion metrics or CSA (whole cord, white matter, or gray
matter), and the change in ALSFRS-R spinal sub-score over a 1-
year period.

Discussion
In this study, we present findings of tractography along the cord
and extracted diffusion metrics along spinal pathways to analyze
their continuous variation from C2 to C6 in people with ALS and

an equivalent number of healthy control participants at enroll-
ment and longitudinally over 1 year. This tractography-based
approach facilitates between-subject statistical analysis tailored to
the specific anatomy of each participant14, potentially resulting in
more accurate inter-group comparison. The streamline
tractography-based method, combined with VCM, allowed us to
study the continuous association between disease status and dif-
fusion properties along the cord, contrary to prior parametric
approaches, which focused only on the mean whole cord data
from each discrete spinal level. Our data also demonstrate that
analysis of individual fiber tracts increases the sensitivity of dif-
fusion metrics to disease-related changes, strengthening the
potential of spinal cord diffusion magnetic resonance imaging
(dMRI) as a biomarker of disease progression. We found the
greatest differentiation from controls in the lateral CST and spinal
lemniscus.

Among diffusion metrics, FA was the most sensitive as a cross-
sectional biomarker, whereas RD and MD were sensitive to
longitudinal change. The lack of significant longitudinal change
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in FA agrees with the report by Mendili et al.10 (cross-sectional
results are not reported in their work). Compared with FA, MD
in CST has shown a stronger trend in longitudinal change as per
their report, similar to the higher sensitivity of MD and RD we
observed. However, no significant longitudinal changes in any of
the diffusion metrics were reported in their work.

Our ALS cohort has a relatively slow progression of clinical
functional loss. With regard to other clinical characteristics, such
as age (mean 57.5 years), site of onset (majority limb onset), and
gender (slight majority male), our cohort is typical of the ALS

population. The sole atypical feature, slow progression, in fact
highlights the value of our findings. Despite a small sample size of
largely slow progressors, we observed a statistically significant
longitudinal change in RD and MD in numerous analyses of ALS
subjects, with our tract-specific approach. This suggests that our
method will be highly sensitive to change in a more typical cohort
and possibly over a shorter period of observation.

Segmentation analyses in our cross-sectional study demon-
strate that, as expected from the principal clinical and pathologic
features of ALS, focusing on descending tracts enhances our
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ability to differentiate ALS from controls. In addition, apparent
involvement of the spinal lemniscus and longitudinal changes
seen in this tract and the posterior columns suggest some
involvement of sensory pathways, particularly as ALS progresses.

This is consistent with the observation that the post-central gyrus
is affected as TDP-43 pathology spreads in ALS15. Our observa-
tions of reduced FA in ascending tracts is also consistent
with findings by Iglesias et al.16 and Cohen-Adad et al.17 of
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impairment of sensory pathways in ALS, and with prior work
indicating abnormal somatosensory-evoked potentials in ALS18.
The involvement of sensory pathways in ALS was also suggested
in autopsy19 and electrodiagnostic studies20.

We observed a consistent spatial decrease in FA (negative slope
across the spine, Fig. 2a) and increase in RD (positive slope in
Supplementary Fig. 2a) from C2 to C6 in healthy controls.
Rasoanandrianina et al.11 noted a similar trend, with higher FA
and lower RD at the C2 level compared with the C5 level. This
may reflect gray matter expansion and/or crossing fiber config-
urations due to fascicles leaving and entering the cord in the
cervical enlargement.

In addition, we show a striking difference in cord CSA between
individuals with ALS and healthy control participants. The
combined analysis of FA and CSA shows the potential for mul-
timodal spinal cord investigations to increase the sensitivity of
imaging data.

In our longitudinal study, we found consistent changes in RD
and MD, and a parallel trend in AD that did not reach statistical
significance, in the whole cord aand in individual tracts, in ALS
subjects. This is particularly notable in light of the slow pro-
gression of functional loss and the limited sample size of our
cohort.

Given the strong differences in FA in the cross-sectional data, it
may be surprising that RD and MD appear more sensitive to
longitudinal change over 1 year’s observation. This may be due to
the reduced variance and hence higher statistical power, of RD
and MD compared with FA. Alternatively, RD and MD may be
more sensitive to specific pathophysiological changes at a later
stage of the disease. Increased RD and MD may represent the
enlargement of extracellular spaces due to axon loss, which can
promote water diffusion, as pointed out by Agosta et al.9, based
on their observation of increased MD in a cohort of 17 subjects.
Notably, the rate of functional decline in our cohort was slower
than has been reported previously in ALS21, with several parti-
cipants demonstrating little or no progression over the course of
the study. This may also contribute to the fact that only a trend
toward reduction in FA was noted in our longitudinal data.

In addition to its potential utility as a biomarker in ALS, tract-
specific imaging provides the potential for advancing our
understanding of the pathology of ALS longitudinally and in vivo.
The demonstration of cross-sectional differences in FA beyond
the lateral CST and the longitudinal changes in RD and MD in
afferent pathways that were not seen in healthy control partici-
pants, raise important questions. As noted above, previous
pathological, neurophysiological, and imaging data demonstrate
convergent evidence of degeneration beyond the primary motor
pathways in ALS. Specifically, there is established evidence to
suggest involvement of large myelinated fibers, the posterior
columns, and primary sensory cortex20. Our findings add to
emerging evidence of involvement of sensory pathways, both
posterior columns and spinal lemniscus, in ALS, providing fur-
ther support to the hypothesis that ALS pathology spreads from
primary motor systems to become a widespread disorder of the
central and peripheral nervous systems.

The higher mean FA and CSA in the C2–C6 region of the
bulbar-onset ALS participants, compared with the limb-onset
participants, may reflect less involvement of the spinal cord in
bulbar-onset disease, although mean FA and CSA of bulbar-
onset participants are still lower than those of controls. Simi-
larly, the lower mean FA and CSA in the C2–C3 region of the
upper-limb onset participants, compared with lower-limb onset
participants, may reflect more severe involvement in both the
long tracts and the segmental fascicles in these participants.
However, we note that these analyses were done with a limited
number of participants in each subgroup (10 upper limb, 5

lower limb, and 5 bulbar). Further studies with more partici-
pants are therefore required to confirm these preliminary
results.

Although we acquired high-quality data corrected for multiple
artifacts, with relatively high in-plane axial resolution of 1.12 ×
1.12 mm2, the process of segregation of fiber tracts remains
challenging. This is primarily because the fiber tracts are in fact
not as discrete as they appear in anatomic atlases and axons from
functionally different tracts may actually overlap. This overlap
between the tracts makes it difficult to assess that the changes
observed in some pathways are, in fact, unique to that particular
pathway. To address this issue, we visually checked all the seg-
mentations and excluded those voxels in segmentations which
had a confidence value of <0.1 (our findings are not sensitive to
this threshold, as long as the same threshold within a recom-
mended range of [0.0–0.2] is used for all the subjects). This
overlap is not a meaningful issue in the posterior columns, as
there is no contamination by adjacent fiber pathways, and is
minimal in the lateral CST and spinal lemniscus due to the
relatively higher volume of these tracts. However, we excluded the
data from rubrospinal tract, due to its possible contamination by
the data from lateral CST.

Our study, like others, is limited by relatively small participant
numbers and high dropout over the course of 1 year. This
remains a shortcoming of ALS-imaging studies with relatively
long periods of follow-up.

Our cross-sectional findings, as noted by others, may have
value as a prognostic biomarker. For imaging to be useful as a
biomarker of disease progression, robust changes that pre-date
changes in functional status will need to be demonstrated. Our
longitudinal data demonstrate only a trend at 6 months and a
statistically significant change over a 12-month period. However,
it is worth noting that this was identified in a small longitudinal
cohort of 11 participants with unusually slowly progressive dis-
ease, as judged by an ALSFRS-R slope of 0.40 points/month
compared with the reported average change of 0.9 to 1 points/
month21. This suggests that diffusion metrics may have the
potential to provide robust biomarkers of progression in a cohort
of the size typical in a phase 2 clinical trial.

Future work in this area should include a longitudinal assess-
ment in a larger and phenotypically broader ALS cohort,
including people with a more typical rate of disease progression.
The imaging metrics described here may also prove useful in
providing supportive evidence of CST degeneration in lower
motor neuron-predominant ALS to differentiate it from motor
neuropathies that can mimic ALS. We also anticipate future
studies correlating diffusion metrics in afferent pathways with
clinical and neurophysiological markers of sensory dysfunction,
so as to better and more fully characterize the pathophysiology of
ALS. Finally, our observation that FA at C2 predicts study
withdrawal due to disease progression indicates that diffusion
metrics at this level merit further evaluation as possible prog-
nostic biomarkers in ALS.

Methods
Study participants and design. People who met revised El Escorial Criteria22 for
clinically possible, probable, or definite ALS were recruited from the ALS Asso-
ciation Certified Treatment Centers of Excellence at the University of Minnesota
and Hennepin County Medical Center. Healthy control volunteers were recruited
from the general public and selected to match ALS participants’ age range and sex
frequency. Exclusion criteria included the presence of neurologic illnesses other
than ALS, the inability to tolerate MRI scanning, and the failure to meet MRI safety
criteria. Participants were enrolled after providing written informed consent using
procedures approved by the Institutional Review Board: Human Subjects Com-
mittee of the University of Minnesota. All participants underwent imaging at time
of enrollment, in compliance with all the ethical regulations, and were asked to
return for follow-up visits at 6 and 12 months after enrollment. We recently
reported magnetic resonance spectroscopy brain findings in this cohort23,24.
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Clinical assessments. Each participant underwent a neuromuscular examination
by a neuromuscular neurologist (D.W., G.M., and G.G.) at enrollment and at the
12-month follow-up. Functional impairment in ALS participants was measured at
enrollment, 6-month, and 12-month visits using the ALSFRS-R25. Clinical staging
was done using an algorithm developed by King’s College London (stage 1
mild–stage 4 advanced)26. Cognitive and behavioral status was assessed in all
participants at all visits using the Edinburgh Cognitive Behavioral ALS Screen
(ECAS)27. Scores on the total ECAS and its ALS-specific component were recorded.
A UMN burden score was derived based on the neuromuscular examination as
previously described23 and ranged from 0 to 6, with a higher score indicating
greater UMN burden. Current riluzole use was also documented. Disease duration
was calculated as the time since the date of first reported symptoms to the date of
the MRI exam. All clinical assessments were performed within 1 week of the
MRI exam.

MRI data collection. dMRI data were acquired using 3T Siemens Trio and Prisma
scanners at the Center for Magnetic Resonance Research at the University of
Minnesota. Vertebral levels C2–C7 were scanned (we later excluded the C7 level
from the analysis, due to partial coverage in some subjects). The data were obtained
using the RESOLVE sequence28, with diffusion gradients along 30 directions and a
b-value of 650 s/mm2. Six additional volumes without diffusion encoding were
equally interleaved in the dataset yielding a total of 36 volumes. We obtained
30 slices with thickness 3.3 mm and voxel size 1.12 × 1.12 mm2 (FoV= 118 × 62).
Two sets of data were collected during each session, with reversed phase encoding
directions (anterior to posterior and posterior to anterior). They were subsequently
combined to correct for distortions and to increase signal to noise ratio29.

MRI data processing. The data were corrected for distortions due to eddy cur-
rents, susceptibility-induced off-resonance artifacts, and subject motion29,30. We
excluded the C7 level from the analysis, due to partial coverage in some subjects
and increased distortions in this region located at the edge of the field of view. We
also manually checked and adjusted all datasets to ensure proper correspondence
and alignment of the C2–C6 levels across all subjects. A DTI model was subse-
quently fitted to the corrected data using FSL30, and streamlines (i.e., approximate
white matter fiber tracts represented by three-dimensional line segments) were
extracted using a deterministic tractography algorithm available in the diffusion
toolkit31. The DTI metrics FA, RD, MD, and AD were extracted from each location
along each streamline. A sliding mean window with a width of five points (~6 mm),
two points superior and two points inferior to the current point, was used to
estimate the feature at each location on each streamline, and to mitigate the effects
of noise. Segmentation of the spinal cord into white matter and gray matter, and
into individual pathways (e.g., lateral CST) within the white matter32, was done
using a probabilistic method from the SCT33. The mean of each diffusion metric,
from all tractography streamlines passing through each segmented pathway, was
computed at each location along the cord, yielding a spatially continuous one-
dimensional characterization of the microstructure of each spinal pathway

(e.g., one FA vector from C2 to C6 for the lateral CST). Similarly, the CSA of the
whole cord was computed at each location.

Figure 9a summarizes the data processing steps. Figure 9b shows representative
results of the extracted whole-cord streamlines, and cord segmentations. We first
segmented the cord into white and gray matter, and then into ascending and
descending pathways within the white matter. The descending pathways included
in the analysis are the corticospinal (lateral and ventral), rubrospinal,
reticulospinal, lateral vestibulospinal, and tectospinal tracts. The ascending
pathways included are the posterior column, ventral spinocerebellar tract, and the
spinal lemniscus. We analyzed each of the above-mentioned individual tracts
independently, averaging data from left and right sides for all the tracts, and
performed collective analyses of descending and ascending tracts. To address
possible overlap between fiber tracts we visually checked all the segmentations and
excluded those voxels in segmentations, which had a confidence value of <0.1.

Statistical analysis of single-modality cross-sectional data. We used a VCM13,
which was introduced for the functional analysis of diffusion tensor tract statistics,
for the analysis of our cross-sectional data. The multivariate VCM is given by

Yi;j sð Þ ¼ xTi Bj sð Þ þ ηi;j sð Þ þ εi;j sð Þ ð1Þ

where Yi;j sð Þ is the jth imaging metric (e.g., FA, CSA) of the ith subject at position s
along the cord; xi is a vector of person-level characteristics and contained disease
status, age, and scanner type (Trio, Prisma); Bj sð Þ is the varying coefficient vector
(one coefficient per covariate); ηi;j sð Þ characterizes the individual curve variations
(i.e., subject- and location-specific variations), and ϵi;j sð Þ is the measurement error.
T denotes a vector transpose.

The VCM characterizes the associations between diffusion metrics (across tract
positions, s) of each pathway, and covariates of interest: disease status, age, and the
scanner used. The varying coefficients were estimated using a weighted least-squares
method. A local test statistic (refer Eq. (9) in ref. 13) was defined to assess whether the
local varying coefficient for disease status, at each position along the cord, deviates
significantly from zero. The null hypothesis was that local varying coefficients are zero
(i.e., there exists no inter-group difference in the imaging metrics of the ALS and
control participants at each position along the cord). The local significance (p-value)
at each spatial location, between C2 and C6, is reported. The p-values were corrected
for multiple testing along the cord13. The p-value calculation is done with a wild
bootstrap method, by checking whether the local test statistic at each tract location is
greater than the maximum of the test statistics at all grid points along the tract (i.e.,
the number of multiple tests), for all the bootstrap samples, which corrects for
multiple testing along the cord13.

Statistical analysis of multimodal cross-sectional data. We also conducted a
multimodal analysis for the combined effect of FA and CSA. The model used for
this multimodal analysis is same as in Eq. (1), with two imaging metrics as
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variables, given by

Yi;FA Sð Þ
Yi;CSA Sð Þ

 !
¼ χTi BFA Sð Þ

χTi BCSA Sð Þ

 !
þ ηi;FA Sð Þ

ηi;CSA Sð Þ

 !
þ εi;FA Sð Þ

εi;CSA Sð Þ

 !
: ð2Þ

In this case, the null hypothesis was that both FA and CSA varying coefficients
for disease status (components of the vectors BFA and BCSA corresponding to the
disease covariate) are zero, representing the absence of inter-group differences in
either of these metrics.

Analysis based on site of onset. To study whether the site of onset has any
influence on the spinal cord, we divided the ALS cohort into three subgroups based
on the site of onset: upper-limb onset (ten participants), lower limb onset (five
participants), and bulbar onset (five participants). We then analyzed the FA and
CSA of each subgroup. FA along the lateral CST and CSA of the whole cord is
reported. We also report the mean FA and CSA of these subgroups, and compare
them with those of the control group (20 participants).

Statistical analysis of single-modality longitudinal data. To investigate whe-
ther there were longitudinal changes from initial to one year follow-up scans, we
first conducted an analysis of the within-person means across all slices, C2 to C6,
and streamlines for each pathway. Using each person’s mean at baseline and
mean at follow-up, we used two-sample two-tailed paired t-tests for each of the
ALS and control groups. We also tested the longitudinal change in ALS parti-
cipants against the longitudinal change in control participants from the within
slice across-streamline means along the spinal cord, using the VCM. This is done
by replacing the imaging metric in Eq. (1) with the change in imaging metric,
defined as the difference in the metric between initial and 1-year follow-up data.

Correlations with functional status. We studied correlations of mean FA and of
mean CSA, averaged over C2–C6 slices and averaged over C2 slices, with ALSFRS-
R of the 20 ALS participants at initial visit. As corticobulbar projections are not in
the spinal cord, we recomputed ALSFRS-R to exclude questions relating to bulbar
function (i.e., including only questions 4–12). We also studied correlations between
the within-person change in these metrics and the within-person change in
ALSFRS-R sub-score (questions 4–12) over a 1-year period. To study a possible
correlation between FA and CSA at C2–C3 level with the respiratory function (as
one of the muscle innervated by this area is the diaphragm), we also analyzed the
correlation of these metrics with respiratory function measured with questions
10–12 of ALSFRS-R.

Statistics and reproducibility. The statistical analysis is conducted as described in
the previous subsections. Sample size and other statistical parameters are detailed
in Table 1. The information to reproduce the experiments and results is provided
in the Reporting Summary.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Deidentified data will be made available on request for the purposes of reproducing the
results presented, subject to institutional approval. Source data used to generate the
charts presented in the manuscript is found in Supplementary Data 1.

Code availability
The code used to produce the results reported in this article is available at https://www.
cmrr.umn.edu/downloads/alstract/.
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