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A B S T R A C T   

Background: White matter (WM) impairment is a hallmark of amyotrophic lateral sclerosis (ALS). This study 
evaluated the capacity of mean apparent propagator magnetic resonance imaging (MAP-MRI) for detecting ALS- 
related WM alterations. 
Methods: Diffusion images were obtained from 52 ALS patients and 51 controls. MAP-derived indices [return-to- 
origin/-axis/-plane probability (RTOP/RTAP/RTPP) and non-Gaussianity (NG)/perpendicular/parallel NG 
(NG⊥/NG||)] were computed. Measures from diffusion tensor/kurtosis imaging (DTI/DKI) and neurite orienta-
tion dispersion and density imaging (NODDI) were also obtained. Voxel-wise analysis (VBA) was performed to 
determine differences in these parameters. Relationship between MAP parameters and disease severity (assessed 
by the revised ALS Functional Rating Scale (ALSFRS-R)) was evaluated by Pearson’s correlation analysis in a 
voxel-wise way. ALS patients were further divided into two subgroups: 29 with limb-only involvement and 23 
with both bulbar and limb involvement. Subgroup analysis was then conducted to investigate diffusion 
parameter differences related to bulbar impairment. 
Results: The VBA (with threshold of P < 0.05 after family-wise error correction (FWE)) showed that ALS patients 
had significantly decreased RTOP/RTAP/RTPP and NG/ NG⊥/NG|| in a set of WM areas, including the bilateral 
precentral gyrus, corona radiata, posterior limb of internal capsule, midbrain, middle corpus callosum, anterior 
corpus callosum, parahippocampal gyrus, and medulla. MAP-MRI had the capacity to capture WM damage in 
ALS, which was higher than DTI and similar to DKI/NODDI. RTOP/RTAP/NG/NG⊥/NG|| parameters, especially 
in the bilateral posterior limb of internal capsule and middle corpus callosum, were significantly correlated with 
ALSFRS-R (with threshold of FWE-corrected P < 0.05). The VBA (with FWE-corrected P < 0.05) revealed the 
significant RTAP reduction in subgroup with both bulbar and limb involvement, compared with those with limb- 
only involvement. 
Conclusions: Microstructural impairments in corticospinal tract and corpus callosum represent the consistent 
characteristic of ALS. MAP-MRI could provide alternative measures depicting ALS-related WM alterations, 
complementary to the common diffusion imaging methods.  

Abbreviations: WM, white matter; ALS, amyotrophic lateral sclerosis; MAP, mean apparent propagator; MRI, magnetic resonance imaging; DTI, diffusion tensor 
imaging; DKI, diffusion kurtosis imaging; NODDI, neurite orientation dispersion and density imaging; RTOP, return-to-origin probability; RTAP, return-to-axis 
probability; RTPP, return-to-plane probability; NG, non-Gaussianity; NG⊥, perpendicular NG; NG||, parallel NG; FA, fractional anisotropy; MD, mean diffusivity; RD, 
radial diffusivity; AD, axial diffusivity; MK, mean kurtosis; RK, radial kurtosis; AK, axial kurtosis; NDI, neurite density index; ODI, orientation dispersion index; ISO, 
isotropic compartment fraction; VBA, voxel-wise analysis; ALSFRS-R, revised ALS Functional Rating Scale; CST, corticospinal tract; PDF, probability density function; 
HCs, healthy controls. 
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a rare, progressive neurode-
generative disorder with unknown etiology and devastating effects that 
result in the loss of upper and lower motor neurons. Clinical manifes-
tations of ALS include motor dysfunction (e.g., muscle weakness, muscle 
atrophy, and dysphagia) and cognitive and behavioral impairment 
(Hardiman et al., 2017). ALS progresses rapidly, leading to respiratory 
failure and ultimately the death of ALS patients due within 3 to 5 years 
of symptom onset (Hardiman et al., 2011). Unfortunately, there is 
currently no effective treatment available for ALS. Of note, previous 
studies have demonstrated that the modifications of white matter (WM) 
microstructure and function (e.g., the increase in axonal initial segment 
diameter and axonal ribosome numbers and altered axonal excitability 
(Iwai et al., 2016; Sasaki and Maruyama, 1992; Verheijen et al., 2014)) 
are early events implicated in the pathogenesis of ALS. Therefore, 
investigating the WM alteration related to ALS might offer novel insights 
and therapeutic targets for ALS treatment. 

The impairment of WM integrity in ALS has been well documented. 
Neuropathological studies have identified ALS-related WM abnormal-
ities, including axonal loss and demyelination in the corticospinal tract 
(CST) and spinal cord (Matsusue et al., 2007) and the accumulation of 
phosphorylated 43-kDA TAR DNA-binding protein (pTDP-43) in the 
CST, corpus callosum, and cingulum (Fatima et al., 2015). Neuro-
imaging studies have also provided evidence of WM impairment in ALS. 
At the macroscopic level, a meta-analysis conducted on voxel-based 
morphometry studies found volume losses in several WM tracts in 
ALS, including the CST, subcortical arcuate fibers, interhemispheric fi-
bers, and projection fibers to the striatum and cortico-ponto-cerebellar 
tract (Chen et al., 2018). At the microscopic level, based on voxel- 
based analysis (VBA), diffusion tensor imaging (DTI) studies have re-
ported ALS-related WM damage (as reflected by decreased fractional 
anisotropy (FA)) in several regions, involving the CST, corpus callosum, 
cingulum, and superior longitudinal fasciculus (Prudlo et al., 2012; 
Zhang et al., 2018). Furthermore, DTI studies examining voxel-based 
connectivity index and FA metric have shown aberrant WM connectiv-
ity in ALS that involved the CST and motor network (Ciccarelli et al., 
2006; Verstraete et al., 2011). 

However, DTI assumes that water molecule diffusion in the brain 
follows Gaussian distribution, weakening its capability to detect diffu-
sion heterogeneity in brain tissue (Arab et al., 2018). Several additional 

diffusion magnetic resonance imaging (MRI) techniques, such as diffu-
sion kurtosis imaging (DKI) and neurite orientation and dispersion 
density imaging (NODDI), further elaborated ALS-related WM micro-
structure alterations. For instance, a prior DKI study in ALS found 
abnormal WM microstructures (as reflected by decreased mean kurtosis 
(MK) and radial kurtosis (RK)) in the CST pathway and middle corpus 
callosum (Huang et al., 2020). Moreover, recent NODDI studies have 
detected ALS-related WM damage (as reflected by decreased neurite 
density index (NDI)) in the bilateral CST, corpus callosum, and 
frontotemporal-related tracts (Broad et al., 2019; Wen et al., 2019). 

Quite recently, Özarslan et al. proposed an efficient, quantitative, 
and robust mathematical and physical framework, namely, mean 
apparent propagator (MAP) MRI, to model the three-dimensional q- 
space signal and transform it into diffusion propagators (Ozarslan et al., 
2013). By measuring the probability density function (PDF) of spin 
displacement, MAP-MRI could provide useful measures in complex tis-
sue microstructures (e.g., restrictions and multiple compartments) 
(Avram et al., 2016). In fact, it extends the diffusion signal analytically 
in the local DTI reference frame using a complete set of orthogonal basis 
functions (Ozarslan et al., 2013). It contributes to improve robustness to 
noise and immunity from signal confounds; and with scalar descriptors 
of the propagator, MAP-MRI can better quantify brain microstructural 
characteristics (Avram et al., 2016). The quantitative measures derived 
from MAP-MRI include zero-displacement probabilities, non- 
Gaussianity (NG), and propagator anisotropy, which are relevant to 
the tissue microstructural features such as cellularity and restrictions, 
diffusion heterogeneity, and the degree of anisotropy (Avram et al., 
2016). Several studies have already investigated the application value of 
MAP-MRI. MAP-MRI provides a more comprehensive and sensitive brain 
microstructure characterization in healthy subjects (Avram et al., 2016; 
Fick et al., 2016). In addition, MAP-MRI has been demonstrated to 
provide sensitive detection of microstructural alterations in the brain 
due to multiple pathological conditions such as stroke (Brusini et al., 
2016), Alzheimer’s disease (Fick et al., 2017), and epilepsy (Ma et al., 
2020). 

In this study, we investigated the ALS-related WM microstructure 
alterations using MAP-MRI for the first time. This study had the 
following aims: 1) to evaluate the feasibility of MAP-MRI for capturing 
disrupted WM microstructures in ALS patients; 2) to compare the 
capability of MAP-MRI with conventional DTI, DKI, and NODDI for the 
detection of ALS-related WM damage; and 3) to examine the potential of 
MAP-MRI measures for monitoring the disease severity of ALS. 

2. Methods 

2.1. Subjects 

The subjects in this study comprised a total of 103 patients, among 
which 52 had sporadic ALS and 51 were healthy controls (HCs). ALS was 
diagnosed using the El Escorial criteria [23], and the revised ALS 
Functional Rating Scale (ALSFRS-R) was used to assess the severity of 
disease. There were no significant differences in terms of age, gender, 
and education level between the ALS patient and control groups. 
Detailed clinical and demographic data are shown in Table 1. The 
following exclusion criteria were used: 1) other neuropsychiatric dis-
eases (e.g., Parkinson’s disease, Alzheimer’s disease, epilepsy, schizo-
phrenia, and depression); 2) taking psychotropic drugs; 3) suffering 
from other severe disorders (e.g., respiratory failure, cardiovascular 
diseases, malignant tumors); and 4) contraindications of MRI examina-
tion. This study was approved by the Research Ethics Committee of 
Fujian Medical University Union Hospital, and written informed consent 
was obtained from all subjects. 

2.2. MRI data acquisition 

Participants were scanned on a Siemens Prisma 3.0 T scanner with 

Table 1 
Demographic and clinical characteristics of the study subjects.   

Healthy 
controls 
(n = 51) 

ALS 
patients 
(n = 52) 

P 
value* 

Age (years) 52.8 ± 9.1 54.3 ±
10.7  

0.434 

Sex (female/male) 14/37 20/32  0.235 
Education (years) 8.4 ± 3.1 7.6 ± 4.2  0.280 
Site of onset (bulbar/limb) – 9/43  – 
Disease distribution clinically (bulbar and 

limb involvement/limb involvement 
only) 

– 23/29  – 

Diagnostic category (definite/probable/ 
possible) 

– 10/20/ 
22  

– 

ALSFRS-R score – 41.0 ±
6.0  

– 

Disease duration (months) – 15.5 ±
14.5  

– 

Progression rate – 0.58 ±
0.56  

– 

ALS, amyotrophic lateral sclerosis; ALSFRS-R, revised ALS Functional Rating 
Scale. The rate of disease progression was calculated using the equation: (48 - 
ALSFRS-R)/Disease duration. “-” denotes no data available. * indicates that the 
continuous and categorical variables were compared using a two-sample t test 
and chi-square test, respectively. 
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64-channel head coil. Diffusion images were acquired with a spin-echo 
echo-planar imaging sequence, using a full q-space Cartesian grid sam-
pling scheme, which has been applied in previous MAP-MRI studies 
(Jiang et al., 2021; Le et al., 2020; Mao et al., 2020). For each partici-
pant, 100 diffusion-weighted images were acquired at following b- 
values (direction number): 0 (2), 350 (6), 600 (12), 1000 (8), 1400 (6), 
1650 (24), 2000 (24), 2700 (12), and 3000 (6) s/mm2. The other sam-
pling parameters were as follows: repetition time = 4000 ms; echo time 
= 72 ms; diffusion time parameters (Δ = 35 ms and δ = 15.9 ms); field of 
view = 220 mm × 220 mm; matrix = 110 × 110; slice thickness = 2 mm; 
slice number = 72 axial slices (gap = 0); isotropic resolution = 2 mm3; 
slice acceleration factor = 2; inplane acceleration factor = 2; total 
scanning time = 429 s. The signal-to-noise ratio (SNR) of diffusion data, 
which was calculated according to reference (Kaufman et al., 1989), was 
16.7 ~ 57.2 for b-value of 0 ~ 3000 s/mm2. 

2.3. Diffusion data processing 

For each subject’s data, the quantitative metrics from DTI (FA, mean 
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD)), DKI 
(MK, axial kurtosis (AK), and RK), NODDI (NDI, orientation dispersion 
index (ODI), and isotropic component fraction (ISO)), and MAP (return- 
to-origin probability (RTOP), return-to-axis probability (RTAP), return- 
to-plane probability (RTPP), NG, perpendicular NG (NG⊥), and parallel 
NG (NG||)) models were simultaneously calculated using an in-house 
developed tool called NeuDiLab, which was based on Python 3.5 and 
open-resource projects previously validated (Mao et al., 2020). The 
processing pipeline included the following steps: 1) the skull was 
removed by BET from FSL (Jenkinson et al., 2012); 2) eddy current 
distortion and motion artifacts were corrected using the bneddy tool 
from DiffusionKit (Xie et al., 2016); 3) a 3D Gaussian filter was applied 
to diffusion data with a full width at half maximum (FWHM) at 3 mm to 

Fig. 1. White matter regions in the ALS group with significant decreases in FA, MK, NDI, NG, and RTOP and increases in MD and ODI. The spatial extent of WM area 
with altered diffusion measures is indicated by total voxel number. Left and right sides of the image respectively indicate the left and right hemisphere of brain. 
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increase SNR and reduce potential misregistration among diffusion data. 
The FWHM was set at 1.5 times of voxel size according to previous 
studies (Tabesh et al., 2011; Yan et al., 2014); 4) metrics of DTI, DKI, and 
MAP were estimated by algorithms from DIPY (Garyfallidis et al., 2014), 
and the NODDI model metrics were estimated by AMICO (Daducci et al., 
2015). DTI metrics were calculated only on data points with b-values ≤
1000 s/mm2; whereas, other diffusion metrics were calculated with all 
acquired b-values. 

2.4. Voxel-based analysis 

The VBA was conducted to investigate the alterations in the DTI, DKI, 
NODDI, and MAP metrics between patients and HCs by using SPM12 
(https://www.fil.ion.ucl.ac.uk/spm/), which implemented the general 
linear model. The normalization process adopted a two-step strategy 
based on b0 data: 1) A subject-specific template was first created by 
nonlinearly normalizing b0 data of all HCs to EPI MNI template in SPM, 
followed by average and Gaussian smoothing with FWHM = 6 mm; 2) b0 
data of all subjects were normalized to the subject-specific template and 
the resulting deformation fields were applied to their corresponding 
quantitative metrics of all diffusion models. Finally, Gaussian smoothing 
was applied with FWHM = 6 mm. Between-group differences in the 
diffusion metrics were then determined by a two-sample t-test with the 
statistical threshold set at P < 0.05 after family-wise error correction. 
The covariates were age, gender, and education level. The VBA pro-
cesses were confined to a WM mask, which was created by selecting a 
threshold of 0.2 on the averaged FA map of all subjects. 

2.5. Correlation analysis 

A Pearson’s correlation analysis was conducted among ALS patients 
to evaluate the relationship between disease severity as assessed by an 
ALSFRS-R score and MAP metrics in a voxel-wise way. The covariates 
were age, gender, and education level. The correlation analysis was 
confined to the WM areas in which the significant between-group dif-
ferences in diffusion metrics were found during VBA. The statistical 
threshold was set at a P value < 0.05 with family-wise error correction. 
Using the same procedures, the Pearson’s correlation analyses were also 
conducted to investigate the relationship between disease severity and 
other diffusion metrics (see Supplementary Fig. 1). 

2.6. Subgroup analysis 

The ALS patients were further divided into two subgroups according 
to the disease clinical distribution: 29 with limb-only involvement and 
23 with both bulbar and limb involvement. The scores on the three 
bulbar items in the ALSFRS-R (i.e. speech, sialorrhoea, and swallowing; 
a score of four per item indicating normal function) were used to define 
the presence of bulbar involvement. The VBA of DTI, DKI, NODDI, and 
MAP metrics between two subgroups were performed using the general 
linear model framework implemented in SPM12. The statistical 
threshold was set at P < 0.05 after family-wise error correction. The 
covariates were age, gender, and education level. 

3. Results 

Compared with HCs, ALS patients showed an extensive reduction of 
MAP metrics in a set of WM regions. The patients with ALS had 
decreased RTOP in the bilateral precentral gyrus, corona radiata, pos-
terior limb of internal capsule, midbrain, middle corpus callosum, 
anterior corpus callosum, parahippocampal gyrus, and medulla (Fig. 1 
and Table 2). In these WM areas, the MD/ODI increment or FA/MK/ 
NDI/NG reduction was also observed in the ALS group. In fact, VBA 
revealed the greatest differences in RTOP (2141 voxels), followed in 
order by NDI (1843 voxels), MK (1503 voxels), FA (610 voxels), MD 
(464 voxels), NG (442 voxels), and ODI (58 voxels). No significant ISO 

difference was found between two groups. 
In the between-group comparison on radially directional measure-

ments (Fig. 2 and Table 3), we found that RTAP reduction was the most 
extensive (1957 voxels), followed in order by NG⊥ decrease (1684 
voxels), RK decrease (1405 voxels), and RD increase (762 voxels) in ALS 
patients. The spatial distribution of WM areas with altered radially 
directional metrics was highly similar to those of areas with RTOP/NDI/ 
MK/FA/MD/NG/ODI changes. 

In the between-group comparison on the axially directional 

Table 2 
White matter regions with altered non-directional diffusion metrics in the ALS 
group.  

Regions Voxels MNI coordinates Peak T- 
value 

x y z 

FA reduction 
Bilateral precentral gyrus, corona 

radiata, and middle corpus 
callosum 

600 − 16 − 16 34  7.72 

Right middle occipital gyrus 10 32 − 74 0  5.68  

MD increment 
Left midbrain and parahippocampal 

gyrus 
137 − 10 − 18 − 16  − 6.55 

Right corona radiata and posterior 
limb of internal capsule 

116 22 − 18 32  − 5.45 

Left corona radiata and posterior limb 
of internal capsule 

90 − 24 − 16 22  − 5.61 

Bilateral anterior corpus callosum 31 0 28 2  − 5.53 
Right midbrain 27 14 − 14 − 16  − 5.38 
Bilateral middle corpus callosum 20 − 2 8 22  − 5.24 
Right parahippocampal gyrus 18 22 –32 − 6  − 5.04 
Right anterior cingulate gyrus 15 6 34 − 10  − 5.57 
Left anterior corpus callosum 10 − 8 24 16  − 5.21  

MK reduction 
Bilateral precentral gyrus, corona 

radiata, and middle corpus 
callosum 

1356 − 2 − 10 26  7.44 

Left midbrain and pons 57 − 12 − 18 − 20  6.49 
Right midbrain and parahippocampal 

gyrus 
52 12 − 16 − 20  6.00 

Left anterior corpus callosum 21 − 10 30 0  5.19 
Pons 17 − 4 − 28 − 42  5.68  

NDI reduction 
Bilateral precentral gyrus, corona 

radiata, posterior limb of internal 
capsule, and middle corpus 
callosum, and right anterior corpus 
callosum 

1678 − 26 –22 54  7.30 

Pons and medulla 98 4 − 26 − 44  6.33 
Left anterior corpus callosum 67 − 12 30 4  5.33  

ODI increment 
Right corona radiata 24 20 − 18 36  − 5.83 
Left corona radiata 22 − 18 − 18 34  − 5.76 
Left middle corpus callosum 12 − 6 − 12 28  − 5.66  

NG reduction 
Left precentral gyrus and corona 

radiata 
249 − 10 − 26 66  6.43 

Right corona radiata 112 18 − 16 32  6.02 
Right precentral gyrus 81 26 − 24 62  6.05  

RTOP reduction 
Bilateral precentral gyrus, corona 

radiata, and middle corpus 
callosum, and right posterior limb 
of internal capsule, midbrain, and 
parahippocampal gyrus 

1949 4 − 4 24  7.06 

Left posterior limb of internal 
capsule, midbrain, and 
parahippocampal gyrus 

113 − 14 − 18 − 18  6.06 

Medulla 35 0 − 42 − 64  6.39 
Right anterior corpus callosum 31 10 32 − 2  5.12 
Left anterior corpus callosum 13 − 10 32 0  5.01  
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measurements (Fig. 3 and Table 4), we found that WM areas with NG|| 
reduction (148 voxels) were more extensive than those with AK decrease 
(73 voxels) or RTPP decrease (52 voxels) in the ALS group. The spatial 
distribution of WM areas with altered axially directional metrics was 
similar to those of areas with RTOP/NDI/MK/FA/MD/NG/ODI changes, 
but their spatial extent was dramatically reduced. No significant AD 
difference was found between two groups. 

Figure 4 shows the results of voxel-wise correlation analysis among 
the patients. The areas in which RTOP was positively correlated with 
ALSFRS-R score included 509 voxels in WM and involved the left pre-
central gyrus, left corona radiata, and bilateral posterior limb of internal 
capsule and middle corpus callosum. The WM areas in which RTAP was 
correlated with ALSFRS-R score showed highly similar spatial distribu-
tion and were less extensive (384 voxels). There was no WM area whose 
RTPP value was found to be significantly correlated with ALSFRS-R 
score. The NG⊥ in the bilateral posterior limb of internal capsule and 
middle corpus callosum (513 voxels) was positively correlated with 
ALSFRS-R score, whereas the WM areas in which NG/NG|| (91 and 31 
voxels, respectively) was correlated with ALSFRS-R score were much 
less extensive. In addition, in several WM areas, FA, MK, RK, and NDI 
were found to be positively correlated with ALSFRS-R score, while MD 
and RD were observed to be negatively correlated with ALSFRS-R score 
(Supplementary Fig. 1). These WM areas primarily involved bilateral 
corona radiata, posterior limb of internal capsule, and midbrain (Sup-
plementary Fig. 1). 

In the subgroup analysis using the VBA, the significant RTAP 
reduction was found in left posterior limb of internal capsule in the ALS 
patients with both bulbar and limb involvement, compared with those 
with limb-only involvement (Fig. 5). No significant differences in the 
other DTI, DKI, NODDI, and MAP metrics were found between the two 
ALS subgroups, after family-wise error correction for multiple 
comparisons. 

4. Discussion 

In this study, we explored the performance of MAP-MRI in detecting 
ALS-related WM alterations and compared it with other diffusion models 

such as conventional DTI, DKI, and NODDI. Our main findings can be 
summarized as follows. First, ALS patients showed extensive alteration 
of non-directional MAP metrics (as reflected by decreased RTOP and 
NG) in a set of WM areas involving several motor-related brain regions 
(including the bilateral precentral gyrus, corona radiata, posterior limb 
of internal capsule, midbrain, medulla, and middle corpus callosum) and 
cognition-related regions (including the anterior corpus callosum and 
parahippocampal gyrus). Second, WM regions with decreased radially 
directional MAP metrics showed a similar distribution to that with RTOP 
and NG changes; the spatial distribution of WM regions with decreased 
axially directional MAP metrics was also similar to the distribution of 
RTOP and NG changes, but the spatial extent was dramatically reduced. 
Third, MAP-MRI showed the robust capacity to capture WM damage, 
which was higher than that of the conventional DTI and similar to that of 
other advanced diffusion models (such as DKI and NODDI), regardless of 
the directional or non-directional metrics used. Fourth, voxel-wise cor-
relation analysis showed that MAP metrics were correlated with disease 
severity (as represented by ALSFRS-R score) with various degrees. Fifth, 
the significant WM abnormality related to bulbar impairment was only 
detected by MAP measure (i.e. RTAP). Taken together, MAP-MRI can 
offer complementary information for ALS-related WM damage to other 
diffusion models, which might provide novel insights on the pathogen-
esis of ALS. 

The specific neuropathological substrate that underlies ALS-related 
WM damage is linked to multiple factors such as axon and myelin. As 
previous pathological studies have found, ALS is a progressive axonop-
athy. Distal axonal degeneration is found at the very early stage of ALS, 
prior to symptom onset (Fischer et al., 2004; Moloney et al., 2014). 
Several ALS genes (e.g., dynactin 1 and tublin 4A) encode cytoskeletal 
proteins important for the maintenance of axonal transport and integrity 
(Pensato et al., 2015; Puls et al., 2003); mutations in these genes might 
contribute to the axonal disruption. On the other hand, glial cells (e.g., 
astrocytes and oligodendrocytes) are critical for preserving axonal 
integrity (Edgar and Nave, 2009). For instance, astrocytes participate in 
the differentiation and maturation of oligodendrocytes (Li et al., 2016); 
oligodendrocytes generate and maintain the myelin sheath around the 
axon, ensuring the conduction of action potentials (Philips and 

Fig. 2. White matter regions in the ALS group with significant increase in RD and decreases in RK, NG⊥, and RTAP. The spatial extent of WM area with altered 
diffusion measures is indicated by total voxel number. Left and right sides of the image respectively indicate the left and right hemisphere of brain. 
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Rothstein, 2014). Astrocyte and oligodendrocyte dysfunction in ALS has 
been well documented (Philips and Rothstein, 2014), which might lead 
to the axonal demyelination that has been described in ALS (Hayashi 
et al., 1986; Smith, 1960). Our study determined that ALS patients had 
abnormalities in directional MAP metrics, which was in accordance with 
neuropathological findings. Directional diffusion metrics, including 
parallel indices such as AD, AK, RTPP, and NG|| and perpendicular 
metrics such as RD, RK, RTAP, and NG⊥, respectively reflected the 
presence of restrictive barriers or heterogeneous diffusion in the axial 
and radial orientation, which are associated with axonal integrity and 
myelination (Andica et al., 2019; Avram et al., 2016). Changes in 
directional MAP metrics induced by ALS could therefore provide 
distinctive WM biomarkers for axonal loss and demyelination. 

We observed impaired WM microstructures (as reflected by 
decreased RTOP and NG) in the ALS group in several brain areas, 
including motor as well as cognitive regions. WM damage in motor re-
gions in ALS primarily involved the CST pathway (including the bilateral 
precentral gyrus, corona radiata, posterior limb of internal capsule, 
midbrain, and medulla) and middle corpus callosum, which was in line 
with previous diffusion and structural MRI studies (Huang et al., 2020; 
Ishaque et al., 2019; Wen et al., 2019; Yamauchi et al., 1995; Zhang 
et al., 2018). The CST transmits motor impulses from the motor and 

premotor cortices to the spinal cord, thereby mediating voluntary distal 
movements (Welniarz et al., 2017); and the middle corpus callosum 
connects homologous cortical regions relevant for motor function such 
as precentral frontal regions and parietal lobes (Catani and Thiebaut de 
Schotten, 2008), which are involved in the control and coordination of 
bilateral movements (Richmond and Fling, 2019). WM damage in these 
motor regions might cause the delay or disruption of motor impulse 
conduction, which is a potential mechanism of motor dysfunction in 
ALS. Additionally, in accordance with previous studies (Abrahams et al., 
2005; Chapman et al., 2014), we also observed WM microstructural 
alterations in several cognition-related regions such as the anterior 
corpus callosum and parahippocampal gyrus. The anterior corpus cal-
losum aids in the inter-hemispheric integration of cognitive information 
by connecting the prefrontal and orbitofrontal areas (Catani and Thie-
baut de Schotten, 2008); the parahippocampal gyrus is part of a large 
network connecting frontal, parietal, and temporal cortices, which is 
closely linked to many cognitive processes (e.g., visuospatial processing 
and episodic memory) (Aminoff et al., 2013). Thus, it is speculated that 
WM abnormalities in these cognition-related regions might be specif-
ically associated with the presence of well-described cognitive impair-
ments in ALS (Hardiman et al., 2017). A future study which directly 
examine the association between ALS-related WM impairment and 
cognitive dysfunction is recommended to verify this speculation. 

In keeping with previous studies (Bao et al., 2018; Schuster et al., 
2016), our findings revealed that DTI could detect ALS-related WM 
microstructure alterations, particularly RD (which is considered as the 
most sensitive DTI metric and reflects WM demyelination). Further-
more, our results agreed with preceding DKI research in ALS (Huang 
et al., 2020), which has demonstrated that DKI (as a mathematical 
extension of DTI quantifying non-Gaussian diffusion) provides a better 
characterization of WM abnormalities in ALS, relative to DTI. Consistent 
with prior NODDI studies in ALS (Broad et al., 2019; Wen et al., 2019), 
our results also suggested that NODDI can offer higher sensitivity and 
greater tissue specificity than DTI in detecting WM abnormalities. More 
importantly, compared with conventional DTI and other advanced 
diffusion models (DKI/NODDI), our findings revealed that MAP-MRI 
could provide additional indicators to effectively depict ALS-related 
WM alterations. Owing to the inherent limitation of DTI on the 
assumption of Gaussian spin displacement distribution, its ability to 
describe intricate tissue microanatomy is weakened, while MAP-MRI 
efficiently measures the PDF of spin displacements and quantifies use-
ful metrics of this PDF, thereby facilitating the indication of multiple- 
compartmental and restricted diffusion in complex tissue microstruc-
tures (Avram et al., 2016). Thus, it was not unexpected that the sensi-
tivity of MAP was higher than that of DTI. Furthermore, in comparison 
with DKI, MAP-MRI might offer sensitive indicators to comprehensively 
characterize WM pathological alterations such as axonal loss and 
demyelination. For instance, axonal loss in ALS has been validated, but 
that was rarely captured by the parallel diffusion metric (AK) derived 
from DKI; while ALS patients showed a more extensive distribution of 
WM regions with altered axial MAP metrics (i.e., NG|| and RTPP), 
indicating that axial MAP metrics may detect axonal damage with 
higher capability. In addition, it seemed that MAP-MRI detected a 
broader range of ALS-related WM damage than NODDI, suggesting that 
at least MAP-MRI might have the potential similar to the NODDI in 
clinical application. 

In consistence with previous report that the extent of WM impair-
ment is associated with clinical involvement in ALS (Broad et al., 2019), 
we found the more widespread RTAP reduction in the subgroup with 
both limb and bulbar involvement compared to those with limb 
involvement alone. Thus, our findings also suggested the potential of 
MAP measurements for assessing the effect of ALS disease heterogeneity 
on WM microstructures. On the other hand, no significant difference 
related to bulbar impairment was observed in other diffusion parameters 
(e.g. NODDI metrics), which didn’t keep in line with previous studies 
(Broad et al., 2019). This discrepancy may be due to the differences in 

Table 3 
White matter regions with altered radially directional diffusion metrics in the 
ALS group.  

Regions Voxels MNI coordinates Peak T- 
value 

x y z 

RD increment 
Right precentral gyrus and corona 

radiata 
279 20 − 18 34 − 7.07 

Left precentral gyrus and corona 
radiata 

195 − 16 − 16 36 − 6.77 

Left midbrain and parahippocampal 
gyrus 

88 − 14 − 16 − 14 − 6.19 

Bilateral anterior cingulate gyrus and 
anterior corpus callosum 

78 8 36 − 6 − 5.49 

Right midbrain 42 16 − 14 − 14 − 5.73 
Right posterior limb of internal 

capsule 
26 22 − 12 2 − 5.82 

Bilateral middle corpus callosum 26 − 4 6 24 − 5.36 
Left parahippocampal gyrus 18 –22 –32 − 6 − 5.27 
Left posterior limb of internal capsule 10 –22 − 16 2 − 5.39  

RK reduction 
Bilateral precentral gyrus, corona 

radiata, and middle corpus 
callosum 

1328 − 4 − 10 26 7.73 

Medulla 61 0 − 40 − 62 7.39 
Pons 16 − 4 − 28 − 42 5.57  

NG⊥ reduction 
Left precentral gyrus, and bilateral 

corona radiata, posterior limb of 
internal capsule, and middle corpus 
callosum 

1440 − 2 − 10 26 6.98 

Right precentral gyrus and corona 
radiata 

140 28 − 20 54 6.20 

Right anterior corpus callosum 43 10 32 − 4 5.71 
Left anterior corpus callosum 36 − 8 30 2 5.53 
Right anterior corpus callosum 15 12 22 14 5.21 
Right midbrain 10 20 − 16 − 10 5.67  

RTAP reduction 
Bilateral precentral gyrus, corona 

radiata, and middle corpus 
callosum 

1711 − 16 − 16 34 7.65 

Right midbrain, parahippocampal 
gyrus, and posterior limb of 
internal capsule 

121 24 − 14 6 6.32 

Left midbrain and posterior limb of 
internal capsule 

68 –22 − 16 4 5.97 

Medulla 39 0 − 40 − 62 6.75 
Right anterior corpus callosum 18 10 32 − 2 5.12  
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the sample collection and MRI data acquisition and processing between 
the current and previous diffusion studies. 

This study had several limitations. First, due to the limited sample 
size, further research with a larger set of subjects is necessary to validate 
our results. Second, the cognitive function in ALS patients was not 
evaluated, hindering identification of the relationship between distinc-
tive cognitive dysfunctions and the impaired integrity of specific WM 

regions. Third, in the acquisition protocol for MAP-MRI, the future 
studies could evaluate a better distribution of the gradient sampling, 
since the higher b-values are likely to indicate lower SNR which was not 
compensated by the denser sampling in this study. Fourth, in consider-
ation of clinical feasibility (e.g. the relatively short period for MRI 
scanning), the diffusion acquisition protocol employed in this study was 
primarily designed towards the application of MAP-MRI, but was not the 
most optimal for other diffusion models (e.g. NODDI (Zhang et al., 
2012)). The risk for performance underestimation of these diffusion 
models should be evaluated in the future study. Fifth, VBA method was 
applied in this study. Whereas, another method, called tract-based 
spatial statistics (TBSS), could be considered for voxel-wise group 
comparison of diffusion parametric maps especially when only white 
matter is included in the analysis, since its improved sensitivity and 
objectivity of the comparison and the obviation of spatial smoothing for 
diffusion data (Smith et al., 2006). Sixth, in data processing step, we 
applied Gaussian filter to improve fitting result of diffusion model, but it 
may also introduce slight smoothing effect. The advanced filters that can 
preserve more image details could be recommended in the future study 
(Glasser et al., 2013). Finally, as a limitation of cross-sectional study 
design, we did not perform the longitudinal investigation about how 
MAP-MRI metrics change over time. 

In conclusion, our findings suggested that WM microstructural 
impairment, especially in the CST pathway and corpus callosum, rep-
resents the consistent characteristic of ALS and may be responsible for 
the disease progression. MAP-MRI could provide alternative measures 
depicting ALS-related WM alterations, complementary to the common 
diffusion imaging methods. 

Fig. 3. White matter regions in the ALS group with significant decreases in AK, NG||, and RTPP. The spatial extent of WM area with altered diffusion measures is 
indicated by total voxel number. Left and right sides of the image respectively indicate the left and right hemisphere of brain. 

Table 4 
White matter regions with altered axially directional diffusion metrics in the ALS 
group.  

Regions Voxels MNI coordinates Peak T- 
value 

x y z 

AK reduction 
Right precentral gyrus 34 26 − 24 62  5.39 
Right precentral gyrus 14 10 –22 56  5.19 
Right precentral gyrus 13 44 − 10 40  5.57 
Right midbrain 12 8 − 14 − 20  5.15  

NG|| reduction 
Left precentral gyrus 46 − 12 − 26 66  6.24 
Right precentral gyrus 35 28 − 24 62  5.97 
Left precentral gyrus 34 − 26 − 24 58  5.90 
Left middle corpus callosum 17 − 18 − 20 32  5.43 
Right middle corpus callosum 16 18 − 16 32  5.51  

RTPP reduction 
Left midbrain and 

parahippocampal gyrus 
39 − 14 − 12 − 16  5.65 

Right midbrain 13 8 − 14 − 18  5.19  
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Fig. 4. The correlation between mean apparent propagator metrics and ALS disease severity indicated by ALSFRS-R score. The spatial extent of WM area in which 
MAP metrics are correlated with ALSFRS-R score is indicated by total voxel number. Left and right sides of the image respectively indicate the left and right 
hemisphere of brain. 

Fig. 5. White matter regions with the significant RTAP difference between two ALS subgroups stratified according to the presence or absence of bulbar involvement. 
The spatial extent of WM area is indicated by total voxel number. Left and right sides of the image respectively indicate the left and right hemisphere of brain. 

H.-J. Chen et al.                                                                                                                                                                                                                                 



NeuroImage: Clinical 32 (2021) 102863

9

Funding 

This work was supported by grants from the National Natural Science 
Foundation of China (No. 82071900, 81671271 and 81974199), Fujian 
Province Natural Science Foundation (No. 2021J01754), and Fujian 
Province Joint Funds for the Innovation of Science and Technology (No. 
2019Y9067). 

CRediT authorship contribution statement 

Hua-Jun Chen: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Project administra-
tion, Supervision, Validation, Writing – original draft, Writing – review 
& editing. Chuanyin Zhan: Data curation, Formal analysis, Funding 
acquisition, Writing – original draft, Writing – review & editing. Li-Min 
Cai: Data curation, Formal analysis, Investigation, Writing – review & 
editing. Jia-Hui Lin: Data curation, Formal analysis, Investigation, 
Writing – review & editing. Min-Xiong Zhou: Data curation, Formal 
analysis, Writing – original draft, Writing – review & editing. Zhang-Yu 
Zou: Data curation, Formal analysis, Writing – review & editing. Xu- 
Feng Yao: Data curation, Formal analysis. Yan-Juan Lin: Conceptual-
ization, Data curation, Formal analysis, Investigation, Supervision, 
Writing – original draft, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank all the participants who contributed 
to this study. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nicl.2021.102863. 

References 

Abrahams, S., Goldstein, L.H., Suckling, J., Ng, V., Simmons, A., Chitnis, X., Atkins, L., 
Williams, S.C.R., Leigh, P.N., 2005. Frontotemporal white matter changes in 
amyotrophic lateral sclerosis. J. Neurol. 252 (3), 321–331. 

Aminoff, E.M., Kveraga, K., Bar, M., 2013. The role of the parahippocampal cortex in 
cognition. Trends Cogn. Sci. 17 (8), 379–390. 

Andica, C., Kamagata, K., Hatano, T., Saito, Y., Ogaki, K., Hattori, N., Aoki, S., 2019. MR 
biomarkers of degenerative brain disorders derived from diffusion imaging. J. Magn. 
Reson. Imaging 52 (6), 1620–1636. 

Arab, A., Wojna-Pelczar, A., Khairnar, A., Szabó, N., Ruda-Kucerova, J., 2018. Principles 
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