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A B S T R A C T   

Amyotrophic lateral sclerosis (ALS) is characterized by transactive response DNA-binding protein 43 (TDP-43) 
pathology, progressive loss of motor neurons and muscle dysfunction. Symptom onset can be insidious and 
diagnosis challenging. Conventional neuroimaging is used to exclude ALS mimics, however more advanced 
neuroimaging techniques may facilitate an earlier diagnosis. Here, we investigate the potential for neurite 
orientation dispersion and density imaging and diffusion tensor imaging (DTI) to detect microstructural changes 
in an experimental model of ALS with neuronal doxycycline (Dox)-suppressible overexpression of human TDP-43 
(hTDP-43). In vivo diffusion-weighted imaging (DWI) was acquired 1- and 3- weeks following the initiation of 
hTDP-43 expression (post-Dox) to investigate whether neurite density imaging (NDI) and orientation dispersion 
imaging (ODI) are affected early in this preclinical model of ALS and if so, how these metrics compare to those 
derived from the diffusion tensor. Tract-based spatial statistics at 1-week post-Dox, i.e. very early in the disease 
stage, demonstrated increased NDI in TDP-43 mice but no change in ODI or DTI metrics. At 3-weeks post-Dox, a 
reduced pattern of increased NDI was observed along with widespread increases in ODI, and decreased fractional 
anisotropy (FA), apparent diffusion coefficient (ADC) and axial diffusivity (AD). A hypothesis driven analysis of 
the bilateral corticospinal tracts demonstrated that at 1-week post-Dox, ODI was significantly increased caudally 
but decreased in the motor cortex of TDP-43 mice. Decreased cortical ODI had normalized by 3-weeks post-Dox 
and only significant increases were observed. A similar, but inverse pattern in FA was also observed. Together, 
these results suggest a non-monotonic relationship between DWI metrics and pathophysiological progression 
with TDP-43 mice exhibiting significantly altered diffusion metrics consistent with early inflammation followed 
by progressive axonal degeneration. Importantly, significant group-wise changes were observed in the earliest 
stages of disease when subtle pathology may be more elusive to traditional structural imaging techniques.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is the most common form of 
motor neuron disease. It is characterized by transactive response DNA- 
binding protein 43 (TDP-43) pathology and progressive loss of upper 
and lower motor neurons resulting in muscle dysfunction and then 

paralysis (Kiernan et al., 2011). Symptom onset is often insidious and 
with no pathognomonic test for ALS, and a broad spectrum of mimicking 
disorders, diagnosis remains challenging (Chio, 1999; Palese et al., 
2019). A review of 21 retrospective studies published between 1990 and 
2020 found a typical diagnostic delay of 10–16 months following 
symptom presentation with misdiagnosis occurring in 13–68.4% of 
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cases (Richards et al., 2020). 
Prompt diagnosis reduces the potential for unnecessary and often 

invasive procedures, inappropriate or adverse therapeutic avenues, and 
reduces the associated psychological impact to patients. It also expedites 
appropriate and supportive interventions, and earlier enrolment into 
clinical trials of potential disease modifying therapies allowing for both 
timely initiation of treatment, and extended monitoring of outcomes 
(Richards et al., 2020). A diagnosis of ALS is made on the widely- 
accepted El-Escorial revised criteria, which requires both the presence 
of upper and lower motor neuron degeneration and the progressive 
spread of symptoms (Brooks et al., 2000). While conventional neuro-
imaging is currently used to exclude ALS mimics, more advanced neu-
roimaging techniques may also facilitate a timelier diagnosis (Kiernan 
et al., 2011). 

Diffusion-weighted imaging (DWI) is one neuroimaging technique 
that may provide sensitive and specific insights into ALS disease pro-
gression and in particular, the tissue microstructure. To date, the ma-
jority of research investigating DWI in ALS, like other 
neurodegenerative diseases, has employed diffusion tensor imaging 
(DTI) (Hobbs et al., 2012; Jack et al., 2015; Kamagata et al., 2021; 
Kassubek and Muller, 2020; Müller et al., 2016; Wright et al., 2017a; 
Wright et al., 2017b; Zamani et al., 2021), however its utility as a 
diagnostic marker is limited, largely stemming from the non-specificity 
of these metrics to disease pathology (Kamagata et al., 2021; Wright 
et al., 2017a). DTI determines a single tensor in each voxel and as such, 
isn’t able to distinguish those voxels with a single degenerating fibre 
bundle (i.e. decreased FA) from those with two or more healthy, but 
obliquely orientated, fibre bundles (and hence also low FA). Further, as 
the diffusion tensor models a single tissue type per voxel, DTI metrics are 
confounded by the presence of extracellular free water in the voxel. 

In contrast to DTI, neurite orientation dispersion and density imag-
ing (NODDI) models three different tissue compartments per voxel: 
intracellular water from within neurites; extra-cellular water from 
around neurites; and cerebrospinal fluid (Zhang et al., 2012). In doing 
so, NODDI aims to improve the specificity of DWI by estimating the 
density of neurites and their dispersion or fanning. A number of studies 
have investigated NODDI-derived metrics in neurodegenerative disease 
(Kamiya et al., 2020). In a recent cross-sectional study of ALS, neurite 
density index (NDI) was found to be significantly reduced in the bilateral 
corticospinal tracts and transcallosal fibres connecting the primary 
motor cortices (Broad et al., 2019). These patients also demonstrated 
reduced neurite orientation dispersion index (ODI) in the precentral 
gyrus, a finding which correlated with disease duration. Further, when 
compared to the DTI-derived metric fractional anisotropy (FA), neurite 
density changes were more widespread, suggesting that in addition to 
providing greater specificity, NODDI may also be more sensitive in 
detecting ALS-related white matter pathology (Broad et al., 2019). 
While promising, additional studies are needed to validate these find-
ings and determine how NODDI metrics change over time (Kamiya et al., 
2020). 

Employing multimodal MRI, we recently demonstrated progressive 
neurodegeneration in an experimental model of ALS with neuronal 
doxycycline (Dox)-suppressible overexpression of human TDP-43 
(hTDP-43) (Zamani et al., 2022). These mice underwent in vivo MRI at 
1- and 3- weeks following the initiation of hTDP-43 expression, 
including multi-shell DWI which was analyzed using multi-tissue con-
strained spherical deconvolution. We revisit that data here, employing 
both DTI and NODDI models to investigate whether neurite density and 
dispersion are affected in this preclinical model of ALS and if so, how 
these metrics compare to those derived from the diffusion tensor. 

2. Materials and methods 

2.1. Study approval 

Animal breeding was approved by the University of Queensland 

Animal Ethics Committee (QBI/040/18). All experimental procedures 
were approved by the Alfred Research Alliance Animal Ethics Commit-
tee (E/1997/2020/M) and conducted in accordance with the Australian 
Code of Practice for the Care and Use of Animals for Scientific Purposes. 

2.2. Subjects 

This study included data from 12 adult (10–12 weeks) male mice 
used in a previous study (Zamani et al., 2022). Of these, 7 were NEFH+/ 
NLS+ (rNLS8) double transgenic mice with Dox-suppressible expression 
of hTDP-43ΔNLS (referred to as ‘TDP-43 mice’ throughout) and the 
remaining 5 NEFH-/NLS + single transgenic littermates were used as 
controls (Jackson Laboratories NEFH-tTA line 8, stock #025397 and 
tetO-TARDBP* line 4, stock #014650). The breeding strategy and 
phenotype of these mice have been described in detail previously 
(Walker et al., 2015; Wright et al., 2021a). Mice used in the current 
study were maintained on a pure C57Bl/6JAusb background following 
~ 10 generations of backcrossing. Mice were housed in groups under a 
12 h/12 h light/dark cycle with ad libitum access to food and water. All 
mice were maintained on a diet containing 200 mg/kg Dox (Diet SF11- 
059, Specialty Feeds) until the start of the experimental paradigm at 
which time they were switched to standard chow for the duration of the 
study. 

2.3. DWI acquisition and analysis 

At 1- and 3- weeks following the cessation of Dox feed, mice un-
derwent in vivo MRI including DWI. Imaging was performed with a 9.4 T 
Bruker MRI fitted with a BGA12S HP gradient set with a maximum 
strength of 660 mT/m. Anesthesia was initiated with 4% isoflurane 
mixed with 100% oxygen and maintained throughout the course of 
scanning with 1–3% isoflurane. Anaesthetized mice were positioned 
prone on a cradle with the head fixed in position using ear and bite bars. 
A hot water system was used to maintain body temperature at 36.5 ◦C 
with depth of anesthesia monitored by measuring respiration rate (SA 
Instruments, Inc). Imaging was performed with actively decoupled 
surface receive and volume transmit coils. 

The shim was optimized using Bruker’s MAPSHIM protocol 
(Kanayama et al., 1996) and a DWI was acquired in the axial plane using 
a 2D DTI-EPI sequence. Two diffusion shells with b-values of 1500 and 
3000 s/mm2 were acquired in 81 directions. Other parameters included: 
repetition time = 3600 ms; echo time = 25 ms; number of segments = 1; 
field of view = 16 × 16 mm2; matrix size = 64 × 64; 30 slices with 
thickness = 0.25 mm; δ = 3.5 ms; and Δ = 12 ms. Two b0 images were 
also acquired and the total acquisition time was <10 min. 

DWI pre-processing and atlas construction was performed as 
described previously using MRtrix3 (Tournier et al., 2019) and FSL’s 
eddy (Andersson and Sotiropoulos, 2016; Zamani et al., 2022). Pre- 
processed images were resized to 125 × 125 × 125 μm3 using cubic 
interpolation and tensor fitting performed using MRtrix3. The NODDI 
model was fit to the same pre-processed data using software distributed 
by the developers (https://www.nitrc.org/projects/noddi_toolbox) and 
implemented in MATLAB (R2021a, MathWorks, Natick, Massachusetts). 
DTI and NODDI metrics were registered to atlas space using MRtrix3 and 
analyzed using tract-based spatial statistics (TBSS) (Smith et al., 2006). 

A tract-of-interest analysis was also performed on the bilateral cor-
ticospinal tracts. The corticospinal tracts were segmented by identifying 
tractography streamlines connecting a seed region placed in the motor 
cortex and a target region in the pons as described previously (Wright 
et al., 2017b). DTI and NODDI metrics were sampled at 20 equidistant 
positions along each individual streamline for both left and right tracts 
(p1, p2, …, p20). The mean of all streamline measurements was then 
calculated for each position using MATLAB. Measurements were 
expressed relative to the mean control value at 1 week post-Dox for each 
corresponding position. 
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2.4. Statistical analyses 

TBSS analyses were performed using the FSL function randomise. 
Five thousand permutations were run with threshold-free cluster 
enhancement (Smith and Nichols, 2009) and results were fully corrected 
for multiple comparisons. Left and right corticospinal tract analyses of 
diffusion metrics were tested using a general linear model with time as 
repeated measure (1 and 3 weeks post-Dox) and genotype (TDP-43, 
control) and position (p1 to p20) as factors. Where multivariate tests for 
time × genotype × position or time × genotype were significant, post- 
hoc comparisons were performed with Bonferroni correction. All sta-
tistical testing of the corticospinal tracts was performed using IBM SPSS 
Statistics for Macintosh, Version 27.0 with significance set at p < 0.05. 

3. Results 

3.1. TBSS identified acute increases in intracellular water signal of TDP- 
43 mice at 1 week post-Dox 

One week after the cessation of Dox feed, TBSS analysis demon-
strated increased NDI in TDP-43 mice when compared to their littermate 
controls (Fig. 1). Affected regions included the prelimbic cortex, medial 
orbital cortex, frontal association cortex, primary and secondary motor 
cortices, primary somatosensory cortex, forceps minor of the corpus 
callosum, caudate putamen and external capsule. No significant de-
creases were observed and there were no significant differences in 
neurite orientation dispersion or any of the DTI metrics. 

3.2. TDP-43 mice exhibit significantly increased intracellular water signal 
and orientation dispersion at 3 weeks post-Dox 

TDP-43 mice also exhibited increased NDI three weeks after the 
cessation of Dox feed, although not to the extent observed at the earlier 
1-week time point (Fig. 2A). In contrast to 1-week post-Dox, TDP-43 
mice also demonstrated widespread increases in ODI (Fig. 2B). Affected 

regions included the fimbria and white matter corresponding to the 
corticospinal tracts including the internal capsule, cerebral peduncle, 
substantia nigra and pontine nuclei. 

3.3. Altered DTI metrics in TDP-43 mice three weeks after the cessation of 
Dox feed 

TBSS analyses revealed decreased FA (Fig. 3A and D), apparent 
diffusion coefficient (ADC, Fig. 3B and E) and axial diffusivity (AD, 
Fig. 3C and F) in TDP-43 mice when compared to littermate controls at 3 
weeks post-Dox. Changes in FA were the most widespread of the DTI 
metrics and included many structures that also exhibited increased ODI 
– particularly those associated with the corticospinal tracts, the internal 
capsule, cerebral peduncle, substantia nigra and pontine nuclei. In 
contrast to the NODDI metrics (Fig. 2B), FA was also reduced in central 
brain structures corresponding to the thalamic nucleus but was not 
significantly different in the fimbria. 

Brain regions with significantly decreased ADC appeared to correlate 
with those regions with increased NDI. In particular, the prelimbic 
cortex, medial orbital cortex, frontal association cortex, and primary and 
secondary motor cortex ADC values were all significantly different be-
tween TDP-43 and littermate control mice. Changes in AD were limited 
to anterior brain regions including the primary somatosensory cortex, 
primary motor cortex, and prelimbic cortex. 

3.4. TBSS identified longitudinal changes in TDP-43 mice 

We compared DTI and NODDI metrics from TDP-43 mice at 1- and 3- 
weeks post-Dox using TBSS to determine how these metrics changed 
with disease progression. Compared to 1 week post-Dox, TDP-43 mice 
had significantly increased ODI (Fig. 4A and B) and decreased FA 
(Fig. 4C and D) at 3 weeks post-Dox. Significant differences were 
observed in anterior brain regions corresponding to the primary and 
secondary motor cortices and the prelimbic cortex. No other significant 
differences were detected. 

Fig. 1. NODDI revealed early white matter alterations in TDP-43 mice. A) Coronal slices showing significantly increased intra-cellular water signal (NDI) from within 
the neurites of TDP-43 mice compared to their littermate controls at 1-week post-Dox. Significant voxels are shown overlaid on the study template FA image. B) 
Obliquely orientated volume renderings of significant voxels shown inside a glass brain. Color bars show FWE-corrected p-value. 
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3.5. TDP-43 mice exhibit altered diffusion metrics in the corticospinal 
tracts 

In addition to exploratory whole brain analyses, we also performed a 
hypothesis driven analysis of both NODDI and DTI metrics in the 
bilateral corticospinal tracts. ALS is defined by progressive degeneration 
of the corticospinal tracts (Raffelt et al., 2012; Raffelt et al., 2015; Sach 

et al., 2004; Wright et al., 2017b) and here we found significant dif-
ferences in a number of diffusion metrics (Fig. 5). In the right hemi-
sphere, there was a significant 3-way interaction for ODI (F19,200 =

1.752, p = 0.031, Wilks’ Λ = 0.857) with TDP-43 mice having signifi-
cantly increased ODI 1 week after the cessation of Dox feed at cortico-
spinal tract position p9 (p < 0.001) and significantly decreased ODI at 
positions p19 (p = 0.031) and p20 (p < 0.001). At 3 weeks post-Dox, 

Fig. 2. Three weeks after the cessation of Dox feed, TDP-43 mice exhibited significantly increased white matter neurite density and dispersion. A) TBSS analysis 
revealed significantly increased NDI in TDP-43 mice when compared to littermate controls. B) TDP-43 mice also exhibited increased neurite orientation dispersion 
(ODI) 3 weeks after the cessation of Dox feed. Results are shown overlaid on the study template FA image. C) Obliquely orientated volume renderings of significant 
increased intra-cellular water signal and D) increased neurite orientation dispersion. Color bars show FWE-corrected p-value. 
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significant decreases in ODI were not detected and only significantly 
increased ODI was observed. Affected corticospinal tract positions 
included p1 (p = 0.037), p8 (p = 0.004), p9 (p = 0.001), p10 (p = 0.005) 
and p17 (p = 0.002). Although not reaching significance, analysis of NDI 
values revealed a trend (F1,200 = 3.763, p = 0.054, Wilks’ Λ = 0.982) for 
time × genotype interaction with TDP-43 mice showing increased NDI 1 

week after the cessation of Dox feed (p = 0.007). 
FA also exhibited a significant 3-way interaction (F19,200 = 1.948, p 

= 0.013, Wilks’ Λ = 0.848) with TDP-43 mice having significantly 
decreased FA 1 week after the cessation of Dox feed at p8 (p = 0.049) 
and p9 (p = 0.001) and significantly increased FA at p18 (p = 0.005), 
p19 (p = 0.008) and p20 (p = 0.006). At 3 weeks post-Dox, significant 

Fig. 3. DTI also reveals microstructural white matter changes in TDP-43 mice three weeks after the cessation of Dox feed. A) TBSS analysis revealed significantly 
decreased FA in the white matter of TDP-43 mice when compared to their littermate controls. B) TDP-43 mice also demonstrated significantly reduced ADC and C) 
AD. Significant voxels are shown overlaid on the study template FA image. Obliquely orientated volume renderings of significantly decreased D) FA, E) ADC and F) 
AD. Color bars show FWE-corrected p-value. 

A. Zamani et al.                                                                                                                                                                                                                                 



NeuroImage: Clinical 34 (2022) 103016

6

increases in FA were not detected and significantly decreased FA was 
observed at p1 (p < 0.001), p2 (p = 0.018), p8 (p < 0.001) and p9 (p =
0.001). Both AD and radial diffusivity (RD) were significant for time ×
genotype (F1,200 = 7.643, p = 0.006, Wilks’ Λ = 0.963 and F1,200 =

6.886, p = 0.009, Wilks’ Λ = 0.967, respectively) with TDP-43 mice 
having significantly decreased AD at 3 weeks (p < 0.001) and signifi-
cantly decreased RD (p = 0.002) at 1 week post-Dox. 

In the left hemisphere, fewer, but consistent differences were 

Fig. 4. DWI reveals progressive white matter changes in TDP-43 mice. A) Coronal slices showing TBSS results overlaid on the FA study template image. Increased 
neurite orientation dispersion (ODI) with B) volume render at right. C) Decreased FA in TDP-43 mice at 3 weeks compared to 1 week post-Dox with D) volume render 
at right. Color bars show FWE-corrected p-value. 

Fig. 5. Altered DWI metrics in the right corticospinal tract of TDP-43 mice. A) Inset shows obliquely orientated glass brain with the segmented and sampled cor-
ticospinal tract streamlines. Diffusion metrics were sampled at 20 equidistant positions, from p1 (pons) through to p20 (cortex). Values are expressed relative to the 
mean value of control mice at the corresponding position at 1-week post-Dox. At 1-week post-Dox, ODI was significantly increased at position p9 but significantly 
decreased in the motor cortex (positions p19 and p20) of TDP-43 mice. By 3-weeks post-Dox, these cortical decreases had resolved with significantly increased ODI 
evident at p1, p8-10 and p17. B) Changes in FA were similar but inversed, with significantly decreased FA observed in TDP-43 mice at p8 and p9, and increased FA 
observed from positions p18-p20. At 3-weeks post-Dox, FA values were significantly reduced at p1, p2, p8 and p9. There were significant interactions between time 
and genotype for C) AD and D) RD, with TDP-43 mice demonstrating significantly reduced AD at 3-weeks post-Dox and significantly decreased RD at 1-week post- 
Dox. * Bonferroni corrected p < 0.05 at 1-week post-Dox, † Bonferroni corrected p < 0.05 at 3 weeks post-Dox. Position of symbol indicates a significant increase 
(above) or decrease (below) relative to control mice at 1-week post-Dox. Error bars show +/- SEM. 
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observed. There were significant interactions between time and geno-
type for ODI (F1,200 = 4.327, p = 0.039, Wilks’ Λ = 0.979), FA (F1,200 =

8.385, p = 0.004, Wilks’ Λ = 0.960) and AD (F1,200 = 5.210, p = 0.024, 
Wilks’ Λ = 0.975) with post-hoc comparisons demonstrating signifi-
cantly decreased AD in TDP-43 mice 3 weeks after the cessation of Dox 
(p < 0.001). 

4. Discussion 

Despite considerable clinical need, there is currently no recognized 
diagnostic or prognostic biomarker for ALS. While structural neuro-
imaging is currently used to exclude ALS mimics, more advanced neu-
roimaging techniques that interrogate the tissue microstructure may 
offer greater sensitivity, leading to improved diagnosis and, or, prog-
nosis. However, it has remained unclear how early in disease progres-
sion imaging changes may occur in the presence of TDP-43 pathology. 
We recently demonstrated that the DWI-derived fixel metric, fibre den-
sity and cross-section, is altered in a transgenic mouse model of ALS that 
recapitulates TDP-43-related disease. Here, we revisit this data to 
investigate the potential of NODDI and DTI to also provide insights into 
ALS disease progression. 

There are numerous mouse models of ALS which only variably 
recapitulate the human disease features (Todd and Petrucelli, 2022). 
Here, we have chosen the ALS mouse model which best addresses our 
key questions. The rNLS8 model successfully recapitulates both the 
characteristic cytoplasmic phosphorylated TDP-43 pathology of ALS in 
the brain and spinal cord with concurrent brain and muscle atrophy 
leading to progressive fatal motor decline (Tsitkanou et al., 2022; 
Walker et al., 2015; Wright et al., 2021a). Diffusion images were ac-
quired at 1- and 3- weeks after the cessation of Dox-feed, which switches 
on hTDP-43 expression. At 1-week post-Dox, mice have expression of 
hTDP-43 however cortical thickness, as measured on stained brain 
sections, remains unaffected (Walker et al., 2015). At around 2-weeks 
post-Dox, mice show motor impairments, including tremor, and phos-
phorylated aggregates of hTDP-43, a hallmark of disease pathology. As 
the time off Dox increases, so too does symptom severity, with cortical 
atrophy, astrogliosis, muscle neuromuscular junction denervation and 
worsening motor performance observed before the disease end stage at 
approximately 10 weeks off Dox (Walker et al., 2015; Wright et al., 
2021a). As such, the chosen two imaging timepoints are immediately 
prior to and after the onset of observable motor phenotypes described 
previously (Walker et al., 2015; Wright et al., 2021a). 

Using TBSS, an exploratory analysis method, we found that only NDI 
was significantly different between TDP-43 mice and their littermate 
controls. NDI has been suggested to be more sensitive to white matter 
pathology than DTI metrics and our results here are consistent with this 
(Broad et al., 2019; Slattery et al., 2017; Wen et al., 2019). Increased 
NDI was identified in anterior brain regions including the frontal asso-
ciation cortex, primary motor cortices and somatosensory cortex, the 
caudate putamen and external capsule. Although NDI is largely reported 
to be decreased in neurodegenerative disease, including in ALS (Broad 
et al., 2019; Kamiya et al., 2020), Colgan et al. (2016) reported 
increased NDI that correlated with hyperphosphorylated tau burden in 
the cortex and hippocampus of a mouse model of tau pathology (Colgan 
et al., 2016). More recently, Colon-Perez et al. (2019) also demonstrated 
increased NDI in the white matter and hippocampus of 8-month-old 
TgCRND8 mice – a mouse model of Alzheimer’s disease with high 
levels of amyloidosis (Colon-Perez et al., 2019). Interestingly, while 
decreased NDI has been observed in Alzheimer’s disease patients, 
increased NDI has been observed in cognitively unimpaired individuals 
with greater amyloid burden but low CSF phosphorylated tau, suggest-
ing a non-monotonic relationship between NDI and pathophysiological 
progression (Vogt et al., 2021) – i.e. increased NDI in early disease, 
followed by decreased NDI in later disease stages. 

Increased NDI one week after the cessation of Dox may also reflect 
axonal inflammation and the compression of the extracellular space 

(Wright et al., 2021c) – a hypothesis supported by our analysis of the 
corticospinal tracts. We found that while TBSS did not detect any sig-
nificant differences in ODI or DTI metrics at 1 week post-Dox, tract-of- 
interest analyses highlighted bi-directional changes in FA and ODI, and 
decreased RD at this time. Interestingly, increased FA and decreased ODI 
was observed anteriorly in the motor cortex, while decreased FA and 
increased ODI were found caudally nearer the pons, potentially high-
lighting a different underlying pathology in each region. Astrogliosis in 
response to injury induced inflammation has been associated with 
increased FA in the grey matter (Budde et al., 2011), while decreased FA 
is widely considered to be a marker of neurodegeneration (Budde et al., 
2011; Wright et al., 2021b; Wright et al., 2017a; Zamani et al., 2021) 
and a result consistently observed in DTI studies of ALS (Cardenas- 
Blanco et al., 2016; Chiò et al., 2014; Kassubek and Muller, 2020; Müller 
et al., 2016; Sach et al., 2004; Smith et al., 2006), including in ALS 
model mice (Gatto et al., 2019; Müller et al., 2019; Underwood et al., 
2011). Hence, one plausible interpretation for the observed changes is 
that inflammation precedes axonal degeneration and that in these mice, 
corticospinal tract degeneration occurs in a caudal to rostral direction. 

When imaged again at 3-weeks post-Dox, our tract-of-interest anal-
ysis demonstrated that elevated FA and decreased ODI in the rostral 
corticospinal tract had returned to control levels, and only significant 
increases in ODI and decreases in FA, were detected – consistent with 
progressive neurodegeneration. At 3 weeks off Dox, TDP-43 mice exhibit 
greater muscle deficits and worsening ALS phenotype (Walker et al., 
2015). Exploratory analyses with TBSS also demonstrated that NDI had 
largely resolved by this time with significant increases that were largely 
restricted to anterior brain regions. In contrast, regions of increased ODI 
and decreased FA were more widespread, including large sections of the 
corticospinal tracts, consistent with earlier studies in the SOD1G93A 

mouse model of ALS (Gatto et al., 2019; Gatto et al., 2018). 
These findings are also consistent with the results of our initial fixel- 

based analysis of these datasets (Zamani et al., 2022). The term fixel 
refers to an individual fibre bundle within a voxel. In contrast to the 
diffusion tensor, which describes just a single fibre bundle per voxel, 
fixel-based analyses can describe, and permit testing of, multiple fibre 
bundles per voxel. In this earlier work, we undertook connectivity-based 
fixel enhanced and hypothesis driven analyses of fibre density and cross 
section (FDC), considered a measure of the overall white matter integ-
rity. Results of these analyses also suggested inflammation at 1 week, i.e. 
increased FDC, followed by decreased FDC at 3 weeks post-Dox – 
consistent with neurodegeneration of fibre bundles controlling move-
ment, including primary motor areas and the corticospinal tract. 

Here, we also performed direct comparisons of week 1 and week 3 
time points with TBSS and found significant increases in ODI and de-
creases in FA in TDP-43 mice over time. These changes were found 
anteriorly, in primary and secondary motor cortices and the prelimbic 
cortex. These findings suggest that despite the widespread neuronal 
hTDP-43 expression in this mouse model, the motor cortex is uniquely 
vulnerable. A recent study by Müller and colleagues also reported lon-
gitudinal reductions in FA in the primary and secondary motor cortices 
of TDP-43G298S mice, but in contrast to our results here, not in the cor-
ticospinal tract (Müller et al., 2019). This is likely due to the compara-
tively slower disease progression in TDP-43G298S mice which exhibit 
very late and asymmetric denervation with no evidence of spinal cord 
(L4-L5) motor neuron loss even at 2 years of age (Ebstein et al., 2019). In 
contrast, the mice used here exhibit significant denervation of the 
tibialis anterior muscle at 4 weeks off Dox and by 8 weeks off Dox have 
lost approximately half their lumbar spinal cord motor neurons (Walker 
et al., 2015). 

Corticospinal tract degeneration is ubiquitous in ALS and in addition 
to the observed increase in ODI and decrease in FA, hypothesis driven 
tract-of-interest analysis also demonstrated significantly decreased AD 
in TDP-43 mice when compared to littermate controls. Together, these 
results likely reflect axonal degeneration as demonstrated in a DTI and 
transmission electron microscopy study of SOD1G93A mouse motor tracts 
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(Underwood et al., 2011). The longitudinal design of this study pre-
cluded a post-mortem analysis and moving forward, additional studies 
with post-mortem analyses across multiple time points and at later 
stages of disease are warranted to better understand both the observed 
non-monotonic relationship between ALS disease progression and 
diffusion outcomes, as well as the spatial pattern of these changes. 

In conclusion, we demonstrate that both NODDI and DTI can detect 
significant group-wise changes in the rNLS8 TDP-43 mouse model of 
ALS, including the earliest stages of disease when emerging pathology 
may be more elusive to traditional structural imaging techniques. 
Employing both exploratory and hypothesis driven analysis methods, we 
show that when compared to their littermate controls, TDP-43 mice 
exhibit significantly altered diffusion metrics consistent with early 
inflammation in the cortex and progressive axonal degeneration. These 
results are consistent with an early-stage ALS-like phenotype. 
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