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Abstract Amyotrophic lateral sclerosis (ALS) is a neu-

rodegenerative disease characterized by progressive limb

and/or bulbar muscular weakness and atrophy. Although

ALS-related alterations of motor and extra-motor neuronal

networks have repeatedly been reported, their temporal

dynamics during disease progression are not well under-

stood. Recently, we reported a decline of motor system

activity and a concurrent increase of hippocampal novelty-

evoked modulations across 3 months of ALS progression.

To address whether these functional changes are associated

with structural ones, the current study employed proba-

bilistic fiber tractography on diffusion tensor imaging

(DTI) data using a longitudinal design. Therein, motor

network integrity was assessed by DTI-based tracking of

the intracranial corticospinal tract, while connectivity

estimates of occipito-temporal tracts (between visual and

entorhinal, perirhinal or parahippocampal cortices) served

to assess structural changes that could be related to the

increased novelty-evoked hippocampal activity across time

described previously. Complementing these previous

functional observations, the current data revealed an ALS-

related decrease in corticospinal tract structural connec-

tivity compared to controls, while in contrast, visuo-

perirhinal connectivity was relatively increased in the

patient group. Importantly, beyond these between-group

differences, a rise in the patients’ occipito-temporal tract

strengths occurred across a 3-month interval, while at the

same time no changes in corticospinal tract connectivity

were observed. In line with previously identified functional

alterations, the dynamics of these structural changes sug-

gest that the affection of motor- and memory-related net-

works in ALS emerges at distinct disease stages: while

motor network degeneration starts primarily during early

(supposedly pre-symptomatic) phases, the hippocam-

pal/medial temporal lobe dysfunctions arise at later stages

of the disease.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative

disorder affecting both upper and lower motor neuron

functioning and entails a median survival time of only

3 years after symptom onset [1]. While primary motor

network degeneration is the pathogenic hallmark of the

disease, research during the past decades has revealed
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widespread neurodegenerative changes, also encompassing

extra-motor sites, predominantly within the frontal lobes

[2–7]. These findings led to the conclusion that ALS and

fronto-temporal dementia lie on a clinical, pathological,

and genetic continuum [8–10].

Beyond this mainly frontal involvement, however,

recent research also indicated that memory dysfunctions

[11–14] and concordant hippocampal neurodegeneration

[3–5, 7, 15, 16] are common during the course of ALS.

Based on these reports, we recently conducted a longi-

tudinal functional magnetic resonance imaging (fMRI)

study to investigate disease-related changes of hip-

pocampal and motor network functioning during pro-

gression of the disease [17]. In this study, we observed a

decline of motor-related activity in primary motor cortex

within only 3 months of ALS progression, while hip-

pocampal novelty-related activity, in contrast, increased at

the same time. These results indicated that hippocampal

and motor system lesions emerge at different disease

stages: while the decrease in motor activity seems to

mirror a breakdown of compensatory mechanisms, the

increase in hippocampal activity traditionally has been

interpreted in terms of a built-up of compensatory pro-

cesses following fresh lesions [18–20]. Recent results,

however, challenge this notion by demonstrating that

pharmacologically induced reduction of such excess hip-

pocampal activity improves cognitive functioning in mild

cognitive impairment, thereby suggesting that such

increased activations reflect a pathophysiological correlate

of the ongoing neurodegeneration rather than a compen-

satory mechanism [21].

In view of these functional changes, the present study

was designed to investigate structural changes comple-

mentary to our previous functional results. To this end,

probabilistic fiber tractography was performed on diffusion

tensor imaging (DTI) data acquired in two scanning ses-

sions separated by a 3-month interval from a comparable

ALS patient population. To assess structural integrity of the

motor network, DTI-based tracking of the corticospinal

tract was conducted between seed regions located in the

pontine pyramidal tract and primary motor cortex (Brod-

mann areas 4a and 4p). Moreover, we also aimed at

detecting structural changes related to the previously

reported increase in novelty-evoked hippocampal activity.

Hence, tractography was conducted between the visual

cortex and medial temporal lobe seed regions adjacent to

the hippocampal formation, namely the entorhinal,

perirhinal, and parahippocampal cortices. These areas were

chosen, because previous human and non-human primate

studies showed that the information flow between cortical

sites (such as the visual cortex), and the hippocampus is

relayed via these gateway structures [22–24].

Materials and methods

Subjects

Sixteen patients suffering from sporadic ALS (14 male,

mean age 62.1 ± 11.7 years, range 39.4–79.1) and sixteen

age- and gender-matched healthy controls (mean age

60.1 ± 12.3 years, range 42–79) were included in this

study. All patients met the criteria for probable or definitive

ALS as defined by the El Escorial diagnostic criteria [25]

and had either limb or bulbar onset. Patients were recruited

from the ALS outpatient clinics of the Departments of

Neurology at the Medical School Hannover and at the

University Hospital Magdeburg. Patients with other neu-

rological conditions, which could affect motor performance

or cognition, were excluded from participation. All patients

underwent clinical examination on the first day of the study

with active follow-up. In order to assess their disease state,

the revised ALS Functional Rating Scale score [ALSFRS-

R; 26] was obtained (1st session: mean of 41.0 ± 3.6,

range of 32–46; 2nd session: mean of 38.2 ± 4.6, range

26–44). The disease duration was defined as time in months

since symptom onset until the day of the experiment (1st

session: mean of 15.2 ± 10.9 months, range 3–46). Sub-

ject demographics and relevant clinical data are shown in

Table 1.

Ethical approval for all procedures was obtained prior to

the study (Vote number 11/06-75/11, Ethical committee of

the Medical Faculty of the Otto-von-Guericke University

Magdeburg), and all subjects gave written informed con-

sent before participation. All experimental procedures were

performed in accordance with the ethical standards laid

down in the 1964 Declaration of Helsinki and its later

amendments.

Neuropsychological assessment

For neuropsychological assessment a range of standardized

neuropsychological tests were conducted [for detailed

description of the employed test battery see 17]. Descrip-

tive analysis of the assessment results (based on the clas-

sification scheme introduced by Phukan et al. [13]) showed

that 12.5 % of the patients showed selective executive

dysfunctions (ALS-Ex, single domain), 19 % had execu-

tive dysfunctions paired with (short-term) memory, atten-

tion, or visuo-construction deficits (ALS-Ex, multi

domain), and another 12.5 % showed impaired attentional

performance (non-executive impairment, ALS-NECI).

More than half of the enrolled ALS patients (56 %) had no

signs of cognitive impairment. Beyond that, none of our 16

patients fulfilled the Neary criteria for fronto-temporal

dementia [27]. These results are well in line with previous
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findings from our group, showing that in some patients

ALS-related cognitive deficits may include memory dys-

functions, which, however, are distinct from those

observed in mild cognitive impairment [28].

DTI data acquisition

DTI data acquisition was conducted on a 3 Tesla Siemens

MAGNETOM Trio scanner (Siemens, Erlangen, Germany)

with an 8-channel-phased array head coil for signal

reception and Syngo VA35 software. For each participant,

data were acquired twice, in two sessions separated by a

3-month interval. DTI scans were obtained in an echo

planar spin echo sequence [29] using the following

parameters: 68 axial slices, TR 8200 ms, TE 89 ms, PAT-

modus: GRAPPA (acceleration factor 3, phase oversam-

pling of 25 %), slice thickness 2 mm, b value 1000 s/mm2

(and one additional b0 volume without diffusion gradients

applied), acquisition matrix: 128 9 128, and final voxel

size: 2 9 2 9 2 mm3. During each of 4 runs (each with 2

averages and frequency adjustment), one non-diffusion-

weighted volume (b0) and 12 diffusion-weighted volumes

(non-collinear diffusion gradient directions from Siemens

MDDW mode) were acquired.

Processing of DTI data and fiber tracking

All preprocessing steps were carried out using the Func-

tional MRI of the Brain Software Library (FSL v5.0: http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/) [30]. First, DTI data were

corrected for eddy-current artifacts and brain extracted. To

improve the signal-to-noise ratio, the b0 images from all 4

runs were linearly registered to the first one and subse-

quently averaged. The parameters from the linear regis-

tration were also applied to all 12 diffusion-weighted

volumes and gradient directions were aligned accordingly.

In order to align the data of both measurements from each

subject (separated by the 3-month interval) in an unbiased

way, a within-subject template representing the space mid-

way between both sessions was created. This template was

defined as the average of both b0 images that were linearly

registered to the spatial location mid-way between them.

Finally, linear and non-linear registrations of the original

b0 images of each session to their halfway template were

conducted and the resultant parameters were applied to the

corresponding gradient images. Tensor decomposition and

computation of fractional anisotropy (FA) and mean dif-

fusivity (MD) maps were carried out using FSL’s DTIfit

tool. To account for differences in the orientation of the

resulting images in comparison to the acquired data, sub-

sequent rotation of the corresponding b-vectors was

conducted.

Probabilistic fiber tractography was conducted for the

intracranial corticospinal tract between the pontine pyra-

midal tract and the primary motor cortex, and for three

tracts between the visual cortex (VC) and medial temporal

lobe (MTL) regions known to serve as gateway structures

to the hippocampus, i.e., the entorhinal (ERC), perirhinal

(PRC), and parahippocampal cortices (PHC). The pontine

seed regions of interest (ROIs) for corticospinal tract

tractography were defined separately for both brainstem

sides on the FMRIB58_FA template in MNI space

provided by FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FMRIB58_FA). These seed ROIs (manually outlined at

bilateral symmetrical locations in one transversal plane,

both of which consisted of 11 contiguous voxels) were

placed in the medial pons (representing the pontine pyra-

midal tract) and an additional filter ROI in the posterior

limb of the internal capsule (also delineated manually). As

seed ROI representing primary motor cortex, cortical areas

Table 1 Socio-demographic and clinical data of the study participants

Session ALS patients Controls p value

Sex – 14 male, 1 female 14 male, 1 female 1.0

Age S1 62.1 ± 11.7 years 60.1 ± 12.3 years 0.64

Years of education S1 14.1 ± 3.1 years 15.6 ± 1.6 years 0.11

Disease duration S1 15.2 ± 10.9 months – –

ALSFRS-R S1 41.0 ± 3.6 – –

S2 38.2 ± 4.6 – –

Onset type and side – 5 bulbar, 7 left-hemispheric limb,

4 right-hemispheric limb onset

– –

The table provides information about gender, age, and years of education for ALS patients and healthy controls. For between-group comparisons

two-sample t tests were calculated. Table’s rightmost column indicates the respective p values of these statistical evaluations demonstrating that

sex, age, and education did not differ significantly between groups. Below these data, ALSFRS-R scores (depicted separately for each scanning

session) as well as the type and side of the disease onset of the patient group are shown. All data (except gender) indicate the group mean and the

respective standard deviation

ALSFRS-R revised ALS functional rating scale, S1 1st session, S2 2nd session
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4a and 4p [31], as defined in the probabilistic cytoarchi-

tectonic maps provided by the SPM Anatomy Toolbox

[32], were thresholded at p = 0.8. Similarly, the map of

cortical area 17 (thresholded at p = 0.7) was used for

definition of the visual cortex [33]. The corresponding

entorhinal, perirhinal, and parahippocampal ROIs were

manually outlined on FSL’s T1-weighted volume in MNI

space (MNI152_T1) as previously described by Pruessner

and colleagues [34]. For the tracts between the visual

cortex and the hippocampal gateway regions (entorhinal,

perirhinal, and parahippocampal cortices), the entire con-

tralateral hemisphere served as exclusive filter ROI. All

ROIs were initially defined in MNI space (using the

FMRIB58_FA and MNI152_T1 templates) and subse-

quently transformed to the subject-specific inter-session

space prior to fiber tract reconstruction. To that end, we

performed linear and non-linear registration of the subject-

specific FA images (in subject-specific halfway inter-ses-

sion space) to the FMRIB58_FA template in standard MNI

space. Then the inversion of the resultant registration

parameters was applied to all ROIs. Finally, to retain only

white matter voxels, the ROIs were masked with the sub-

ject-specific FA image, thresholded at an FA-value of 0.2.

Fiber tract reconstruction was carried out using a

probabilistic approach based on a Monte Carlo simulation

algorithm that repeatedly searches for probable paths

using the diffusion tensor matrix [35]. An estimate of the

voxel-specific probability distribution of diffusion direc-

tions is used to calculate the probabilities of all allowable

propagation steps. During tracking, each step is selected

by drawing randomly from this distribution. The number

of paths linking two ROIs serves as an estimate of

structural connectivity strength between the two. For each

seed ROI, tractography was initiated 10,000 times per

voxel while counting incident paths for the relevant target

ROIs. To exclude implausible paths, anatomically defined

filter ROIs were employed. The proportion of plausible

paths connecting both ROIs, averaged across tractography

directions, served as an index of structural connectivity

(CI). More formally, the CI of two ROIs A and B was

defined as:

CI A $ Bð Þ ¼ n A ! Bð Þ
n A ! brainð Þ þ

n B ! Að Þ
n B ! brainð Þ

� ��
2 ð1Þ

with n(A?brain) being the total number of paths starting

from A, and n(A?B) being the number of plausible paths

starting from A that reach B. The proportion of plausible

paths from A to B among all paths starting from A,

n(A?B)/n(A?brain), was used instead of the raw path

count, n(A?B), in order to account for differences in

data quality and inter-individual variability in seed ROI

sizes.

Statistical analysis

Statistical analyses were conducted using SPSS 21 (IBM

SPSS Statistics, IBM Corporation, Chicago, USA). Sig-

nificance was assessed by means of repeated measures

analysis of variance (RANOVA) with the between-subject

factor group (patients vs. controls) and the within-subject

factors tract (pons$primary motor cortex, ERC$VC,

PHC$VC, PRC$VC), session (1st vs. 2nd) and hemi-

sphere (left vs. right). If necessary, violations of data

sphericity were corrected (Greenhouse–Geisser epsilon)

and respective data will be reported with the original

degrees of freedom, but with an adjusted level of signifi-

cance (p values), if exceeding a threshold of p = 0.05. In

addition, RANOVAs with the between-subject factor group

(patients vs. controls) and the within-subject factors session

(1st vs. 2nd) and hemisphere (left vs. right) were subse-

quently conducted separately for each tract. Finally, we

aimed to assess correlations between the patients’ clinical

state and their respective tract strengths. Due to the fact

that high correlations of CIs between all occipito-temporal

tracts as well as between the left and right corticospinal

tract were expected, we first conducted a factor analysis for

dimensionality reduction. This analysis revealed significant

correlations between CIs of all (bilateral) occipito-temporal

(minimum q = 0.570, all correlations significant with

p\ 0.01) as well as between both corticospinal tracts

(q = 0.510, p\ 0.05), whereas none of the comparisons

across occipito-temporal and corticospinal tract CIs were

significantly correlated (maximum q = -0.354). The fac-

tor analysis showed a KMO-Index of 0.692 and a highly

significant Bartlett test for sphericity (V2 = 114.05,

p\ 0.001). Two factors with eigenvalues[1 (before

rotation: 5.036 and 1.557; after rotation: 5.031 and 1.562)

explaining 82.42 % of the total variance (62.95/19.47 %

before and 62.89/19.53 % after rotation) were extracted,

with a minimum communality for all variables of 0.709.

Six (bilateral ERC, PHC and PRC) out of the eight vari-

ables loaded on factor 1 (MTL-factor) and two (left and

right corticospinal tract) on factor 2 (CST-factor), with the

lowest overall factor load on one of both factors of 0.835

before and of 0.838 after rotation. CIs from bilateral cor-

ticospinal as well as occipito-temporal tracts clustered and

were well separated from each other in the rotated com-

ponent diagram, each showing high load on only one and

low load on the other factor. Finally, after factor extraction,

correlations between the patients’ ALSFRS-R scores and

the extracted MTL-factor data and between their disease

duration and the extracted CST-factor values were assessed

by calculation of Spearman’s rank correlation coefficient q.
For fine-grained visualization of pathway-specific trac-

tography results, subject-specific CIs were also computed
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at the level of individual voxels. For this aim, the value of

each voxel (starting at zero) was incremented by one if it

was crossed by a plausible path (A?B). After this sum-

mation procedure, the resultant map was divided by the

total number of paths starting from the respective seed ROI

[n(A?brain)]. These single-subject maps were transferred

to MNI space by applying the (forward) normalization

parameters from the linear and non-linear registrations as

already described above and then averaged for both trac-

tography directions. The resultant normalized hit maps

were then averaged across sessions and groups. The group-

level maps of ALS patients (CIALS) and controls (CIcontrols)

were used to calculate between-group difference maps

(CIcontrols-CIALS) as presented in Fig. 2. In addition, ses-

sion-level hit maps for the patient group [1st session: CIALS
(S1); 2nd session: CIALS (S2)] were used to calculate

between-session difference maps [CIALS (S2)-CIALS (S1)]

as shown in Fig. 4.

Results

A RANOVA with the within-subject factors session (1st vs.

2nd), hemisphere and tract, and the between-subject factor

group (patients vs. controls) was performed on the partic-

ipants’ CI values. This analysis revealed significant main

effects for the factors tract [F(3,90) = 69.38, p\ 0.001]

and hemisphere [F(1,30) = 89.05, p\ 0.001], as well as

significant tract x group [F(3,90) = 6.15, p = 0.007],

session 9 group [F(1,30) = 4.34, p = 0.046], and tract 9

hemisphere [F(3,90) = 47.23, p\ 0.001] interactions,

while the other main effects and interaction terms failed to

reach significance. Subsequently, data were analyzed by

RANOVAs that were conducted separately for each of the

tracts (group mean CI values for each tract—averaged

across sessions—are shown in Fig. 1a).

Corticospinal tract structural connectivity

and correlation with clinical measures

For the corticospinal tract, ALS patients showed signifi-

cantly lower CIs than healthy controls [F(1,30) = 5.21,

p = 0.03], while no other main effects or interactions were

significant (see leftmost bar graph in Fig. 1a). These data

indicate that in ALS patients, fiber strengths within the

bilateral corticospinal tract are reduced relative to controls

(see Fig. 2a for graphical illustration of the correspondent

hit map differences between patients and controls),

whereas no further decline in the strength of the corti-

cospinal tracts could be observed across the 3-month

interval between sessions.

Beyond this general CI reduction in comparison to con-

trols, we aimed at identifying a potential relationship

between the patients’ corticospinal tract fiber-strength and

their disease state. Since previous studies demonstrated a

decline in motor-related activity at later disease stages—and

thus on relatively long-time scales compared to the onset of

the neurodegeneration [17, 36]—we aimed to assess corre-

lations between the patients’ CIs in the bilateral corti-

cospinal tracts and their respective disease durations. Due to

the high correlation of CIs between left and right corti-

cospinal as well as across all occipito-temporal tracts, we

first conducted a factor analysis on the DTI data for

dimensionality reduction (see ‘‘Materials and methods’’

section for detailed description of the factor analysis results).

One factor on which CIs of both corticospinal tracts showed

high-factor load (CST-factor) was extracted, and the resul-

tant values were then tested for correlation with the patients’

disease duration by calculation of Spearman’s rank corre-

lation coefficient. By this means, we observed a significant

negative correlation between the patients’ disease duration

and the CST-factor (q = -0.57, p = 0.010), indicating a

decline in the patients’ pyramidal tract strength with

increasing duration of the disease (see Fig. 1b).

Medial temporal lobe structural connectivity

and correlation with clinical measures

Beyond the corticospinal tract, we also analyzed CIs for the

paths between the visual cortex and medial temporal lobe

regions known as gateways to the hippocampus

(ERC$VC, PHC$VC, PRC$VC). These analyses

revealed a significant main effect of group for the con-

nection between perirhinal and visual cortex [PRC$VC:

F(1,30) = 5.69, p = 0.02], but not for the other tracts,

indicating an increased structural connectivity strength

between perirhinal and visual cortex in ALS patients rel-

ative to controls (see rightmost bar graph in Fig. 1a, as well

as Fig. 2b for the illustration of the correspondent hit map

differences between patients and controls). In addition, the

analyses also showed a significant interaction between the

factors group and session for the tract connecting the

perirhinal and visual cortex [F(1,30) = 5.03, p = 0.03] in

terms of an increased structural connectivity between ses-

sions in patients but not in controls, while for the other two

occipito-temporal tracts this interaction term just approa-

ched significance [PRC$VC: F(1,30) = 2.78, p = 0.11;

ERC$VC: F(1,30) = 3.60, p = 0.07]. For all of the

tracts, none of the other main effects or interactions

reached or approached significance (see Fig. 3a for ses-

sion-wise visualization of all three occipito-temporal

tracts).

To investigate whether these hippocampal gateway

regions might be affected as a whole (since for the tracts

between visual and perirhinal/entorhinal cortices the

interaction terms just approached the significance
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criterion), we conducted a supplementary analysis

(RANOVA with the factors group, hemisphere, and ses-

sion) on CIs that were averaged across all three occipito-

temporal tracts before statistical evaluation

[MTL$VC = (ERC$VC ? PHC$VC ? PRC$VC)/3;

see Fig. 3b]. This analysis revealed a significant session-

by-group interaction [F(1,30) = 4.65, p = 0.04] and a

main effect of hemisphere [F(1,30) = 132.64, p\ 0.001],

in the absence of other significant main effects or interac-

tions. For a more detailed analysis of the data for the tracts

between visual and parahippocampal cortices or between

visual cortex and all three medial temporal lobe regions

showing a significant session-by-group interaction, addi-

tional RANOVAs with the factors hemisphere and session

were conducted separately for each of the two groups. For

both datasets, these analyses showed a significant main

effect of session in patients [higher CI values for the 2nd

than for the 1st session; PHC$VC: F(1,15) = 5.56,

p = 0.032; MTL$VC: F(1,15) = 5.37, p = 0.035], but

not in controls [PHC$VC: F(1,15) = 0.57, p = 0.46;

MTL$VC: F(1,15) = 0.29, p = 0.60]. In summary, these

data show that CIs in the patients’ occipito-temporal tracts

increased within only 3 months of ALS progression (for

visualization of the patients’ respective hit map differences

across session for the tract between parahippocampal and

visual cortex see Fig. 4), beyond an already existent

increase in the patients’ CIs within the tract between

perirhinal and visual cortex relative to controls (see

Fig. 2b).

As for the corticospinal tract, we aimed to investigate if

disease-related changes in connectivity strengths between

the hippocampal gateway regions in the medial temporal

lobe and the visual cortex correlated with the patients’

clinical state. Due to the fact that an involvement of the

hippocampus has been suggested to arise at much later

disease stages than the motor system lesions [17] and might

thus be less related to the actual duration of the disease, we

instead aimed to assess putative correlations between the

a b

c

Fig. 1 Group comparison of connectivity indices (CIs) and correla-

tions with clinical measures. a Group comparisons of inter-session

averaged CIs for all investigated tracts (pons$M1, ERC$VC,

PHC$VC and PRC$VC). Mean CIs for both groups (red controls,

blue ALS patients) are separately depicted for each hemisphere

(L left, R right). Error bars represent the standard error of the mean.

Within the corticospinal tract, patients showed significantly lower CIs

than controls (p = 0.03). In contrast, CIs for the tract between

perirhinal and visual cortex were relatively increased in the patient

group (p = 0.02). b and c Correlations between the patients’ clinical

measures an their corticospinal (b) and occipito-temporal (c) tract

strengths. Due to the high correlation between CIs across the patients’

bilateral corticospinal as well as across all occipito-temporal tracts we

performed a dimensionality reduction on these data by factor analysis

(see ‘‘Materials and methods’’). Six (bilateral ERC, PHC and PRC)

out of the eight tracts’ CIs showed a high-factor load on one (MTL-

factor) and the remaining two tracts’ CIs (left and right corticospinal

tract) on a second factor (CST-factor), with both factors together

accounting for 82.42 % of the variance of the data. The resultant

CST- and MTL-factor values were subsequently submitted to

correlation analyses with the patients’ clinical measures (disease

durations or ALSFRS-R scores). We observed significant negative

correlations between b the patients’ bilateral corticospinal tract

strengths (indexed by the CST-factor) and their disease durations

(q = -0.57, p = 0.010) and between their c occipito-temporal tract

strengths (MTL-factor values) and ALSFRS-R scores (q = -0.48;

p = 0.032). ALSFRS-R revised ALS functional rating scale, CI

connectivity index, CST corticospinal tract, M1 primary motor cortex,

ERC entorhinal cortex, MTL medial temporal lobe, PHC parahip-

pocampal cortex, PRC perirhinal cortex, and VC visual cortex.

Asterisks (*) denote significant effects at a threshold of p\ 0.05
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a

b

Fig. 2 Visualization of hit map differences between patients and

controls for the bilateral corticospinal (pons$M1) and the bilateral

PRC$VC tract. The figure displays the relative hit map difference

values between patients and controls for a the bilateral corticospinal

and b the bilateral PRC$VC tract (see ‘‘Materials and methods’’ for

description of the calculation procedure for the hit map difference

values). Warm colors (yellow to red) indicate voxels with relatively

higher hit map values in controls, while cold colors (cyan to dark

blue) represent voxels showing relatively increased hit map values in

the patient group. Numbers above brain slices (1–3) refer to the

respective plane as depicted in the rightmost brain images. Note that

patients displayed lower hit map values in the bilateral corticospinal

tract compared to controls, while the opposed pattern could be

observed in the PRC$VC tract (higher hit map values in patients

than in controls). L left hemisphere, M1 primary motor cortex, PRC

perirhinal cortex, R right hemisphere, VC visual cortex

a b

Fig. 3 Session-wise visualization of CIs for the occipito-temporal

tracts (ERC$VC, PHC$VC and PRC$VC) and their mean

(MTL$VC). For both groups (red controls, blue ALS patients)

session-wise CI values and their inter-session differences are shown

(S1 1st session, S2 2nd session; S2-S1 = 2nd-1st session). a Separate
visualization of group and session-wise CIs for each of the three

occipito-temporal tracts: ERC$VC, PHC$VC and PRC$VC. Er-

ror bars represent the standard error of the mean. CIs of the

PHC$VC tract showed a significant group 9 session interaction

[F(1,30) = 5.03, p = 0.03], while this interaction term only

approached significance for the ERC$VC and PRC$VC tracts

[PRC$VC: F(1,30) = 2.78, p = 0.11; ERC$VC: F(1,30) = 3.60,

p = 0.07]. Note that the (almost) significant interactions are due an

increase of the CIs from the 1st to the 2nd session in patients, which

was absent in controls. b Mean CIs across all three occipito-temporal

tracts (MTL$VC). Bars represent mean CI values averaged across

all three occipito-temporal tracts: MTL$VC = (ERC$VC ?

PHC$VC ? PRC$VC)/3. Analysis of these mean occipito-temporal

CIs (MTL$VC) revealed a significant group-by-session interaction

[F(1,30) = 4.65, p = 0.04] due to a rise in the patients’ CIs from the

1st to the 2nd measurement, which was absent in controls. CI

connectivity index, M1 primary motor cortex, ERC entorhinal cortex,

PHC parahippocampal cortex, PRC perirhinal cortex, VC visual

cortex, and MTL medial temporal lobe. Asterisks (*) denote signif-

icant effects at a threshold of p\ 0.05
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patients’ ALSFRS-R scores and their occipito-temporal

tract strengths. The rationale was that the ALSFRS-R is a

compound score (including ratings beyond a mere affection

of the motor system), for some of whose sub-scales an

ALS-related decline has been shown to arise at later stages

of the disease [for a similar line of reasoning concerning

correlations with clinical measures see 3]. As for the cor-

ticospinal tract data, correlations between CIs of the

occipito-temporal tracts and the patients’ ALSFRS-R

scores were not directly calculated due to high correlations

across CIs of all occipito-temporal tracts. Instead we

employed the extracted MTL-factor from the factor anal-

ysis, on which CIs from all occipito-temporal showed a

high-factor load. Therein we observed a significant inverse

correlation between the patients’ ALSFRS-R scores and the

extracted MTL-factor values (q = -0.48; p = 0.032).

These data indicate that a rise in the occipito-temporal

tracts’ CIs occurs with increasing disability of the patients

(see Fig. 1c), providing additional evidence for the notion

that changes in structural connectivity of these projecting

tracts toward the medial temporal lobe might in fact

emerge at later disease stages than those within the corti-

cospinal tract.

Beyond the significant effects reported so far, we also

observed a main effect of hemisphere for all three occipito-

temporal tracts [PRC$VC: F(1,30) = 117.28, p\ 0.001;

ERC$VC: F(1,30) = 47.02, p\ 0.001; PHC$VC:

F(1,30) = 117.50, p\ 0.001; see also the results from the

mean medial temporal lobe data reported above], in the

absence of significant interactions for this within-subject

factor. These data show, that all investigated occipito-

temporal tracts displayed higher CIs within the right

compared to the left hemisphere, irrespective of the par-

ticular scanning session or group membership of the sub-

jects (see Fig. 1a).

Discussion

Complementing our previous fMRI findings [17], the cur-

rent results revealed an ALS-related decrease in corti-

cospinal tract structural connectivity compared to healthy

individuals, while the connectivity strength between

perirhinal and visual cortex, in contrast, was higher within

the patient group. Importantly, beyond these differences in

comparison to healthy controls we also observed an

increase in the patients’ occipito-temporal tract strengths

across the 3-month interval between measurements. These

results support the view that in ALS, lesions across dif-

ferent neural networks (as e.g., the occipito-temporal and

the motor system) develop at distinct stages of the disease.

In this regard, our findings provide additional evidence for

a stepwise progression of ALS-related brain changes across

different neural systems and suggest that the emergence

and/or detectability of structural (and functional) alter-

ations might be closely linked to distinct periods of the

disease.

Alterations of corticospinal tract structural

connectivity in ALS

In the current study, we observed a reduced structural

connectivity of the corticospinal tract in ALS patients in

comparison to healthy individuals. Beyond these changes,

however, our data did not reveal further longitudinal

(within-subject) structural connectivity changes in the

patients’ corticospinal tract across the 3-month interval

between measurements. Taken together, these data are in

good agreement with the majority of previous work con-

cerning motor network integrity in ALS. Multiple in vivo

investigations—using different MR imaging approaches—

consistently reported alterations (e.g., of MR signal

Fig. 4 Visualization of hit map differences between sessions for the

bilateral PHC$VC tract in ALS patients. The figure displays the

patients’ relative hit map difference values between sessions for the

bilateral PHC$VC tract (see ‘‘Materials and methods’’ for descrip-

tion of the calculation procedure for the inter-session difference

values). Warm colors (yellow to red) indicate voxels with relatively

higher hit map values in the 2nd session, while cold colors (cyan to

dark blue) represent voxels showing relatively increased hit map

values in the 1st session. Numbers above brain slices (1–3) refer to the

respective plane as depicted in the rightmost brain image. Note that in

ALS patients, parts of the bilateral PHC$VC tract show an increase

of hit map values during the 3-month interval (higher hit map values

during the 2nd than during the 1st session). L left hemisphere, PHC

parahippocampal cortex, R right hemisphere, S1 1st session, S2 2nd

session, and VC visual cortex
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intensities, gray and white matter volumes, diffusivity

measures, as well as the magnitude of functional activa-

tions) of the precentral gyrus and the adjacent corticospinal

tract in ALS [for review see 2,10,37]. While these data

have initially been interpreted to reflect the ongoing motor

system degeneration, this notion has been questioned in

view of more recent findings. First, it has been shown that

neurodegenerative processes occur long before clinical

signs become apparent [38, 39] and, consistently, a

decrease of corticospinal tract fractional anisotropy in pre-

symptomatic carriers of the pathogenic SOD1 mutation has

been observed [40]. Secondly, multiple fMRI investiga-

tions observed increased activations of motor and pre-

motor regions in ALS [e.g., 41–43], which initially have

been explained in terms of a functional adaptation or

compensatory recruitment as a result of motor system

degeneration. More recently, however, it has been shown

that such hyperactivity might be rather prototypical for

early-stage lesions [17–20], whereas this hyperactivity

gradually disappears with progression of the ALS-related

neurodegeneration [17, 44]. Beyond the interpretation of

this hyperactivity in terms of a compensatory resource

recruitment, recent evidence suggests it to reflect a patho-

physiological correlate of the ongoing neurodegeneration

by showing that a pharmacologically induced reduction of

such excess (hippocampal) activity may improve cognitive

functioning in mild cognitive impairment [21]. Although

the underlying pathophysiological mechanisms and the

functional implications of this hyperexcitability seen dur-

ing early-stage neurodegeneration are not yet understood,

the longitudinal pattern of an initial increase followed by a

subsequent decline in brain activity has repeatedly been

demonstrated and also seems to be valid for the course of

the progression of ALS.

Finally, the majority of longitudinal studies on structural

connectivity changes in ALS—though only a handful have

been conducted to date—found either no or only minor

progressive changes in the corticospinal tract with ongoing

clinical progression of the disease [3, 36, 45–50]. Alto-

gether, these findings suggest that the core corticospinal

tract degeneration emerges during early ALS stages (most

likely even before clinical signs become apparent), but they

do not seem to be subject of major changes during the later

course of the disease [for a similar line of reasoning see 3].

Our current results are fully compatible with this view, in

that we found a decreased structural connectivity of the

corticospinal tract in ALS patients, while they showed no

evidence for ongoing corticospinal tract degeneration

across the 3-month interval between measurements.

Accordingly, we observed a correlation between the

structural integrity of our patients’ corticospinal tracts

(indexed by the compound CST-factor data from our factor

analysis) and the patients’ disease duration, corroborating

the view that changes in corticospinal tract integrity occur

on a long-time scale (at least much longer than 3 months),

while at later stages the motor network changes are pre-

dominantly functional in nature [17, 43].

Alterations in medial temporal lobe structural

connectivity in ALS

In contrast to the decreased CIs in the patients’ corti-

cospinal tract, we observed an opposed pattern for the

structural connections between the visual cortex and

medial temporal lobe regions adjacent to the hippocampal

formation. On the one hand, our data revealed significantly

higher CIs in the tract between perirhinal and visual cor-

tices of the patients relative to controls, while on the other

hand our data showed that the patients’ CIs between

parahippocampal and visual cortex (but also the mean CIs

of all three investigated occipito-temporal tracts) increased

across the 3-month interval. At first glance, such an

enhanced structural connectivity—as a result of a pro-

gressive neurodegenerative disease like ALS—seems to be

counterintuitive. Nevertheless, our results fit well with

analogous findings reported recently for hyper-acute stages

of stroke or early-stage neurodegenerative diseases.

While, to our knowledge, no prior study observed signs

for an increased structural connectivity in neurodegenera-

tive diseases or brain injury by means of fiber tracking,

multiple investigations reported comparable changes of

scalar DTI measures like fractional anisotropy (FA) or

mean diffusivity (MD). As such, an increased FA, with a

concomitant decrease of MD, has repeatedly been reported

to occur during hyper-acute stages of stroke [51–53] or

semi-acute stages of mild traumatic brain injury [54–57].

Such FA increases have been linked to acute microstruc-

tural neurodegeneration in the absence of significant

damage to the gross structural coherence of the underlying

fiber architecture and considered to reflect an initial neu-

ronal damage [followed by a phase of inverse alterations,

i.e., decreased FA and increased MD; see 58, 59, 60].

Therein, several (sub-) cellular processes have been linked

to such changed DTI measures. For one, the acute increase

in FA has been associated with cytotoxic edema and a

subsequent increase in the tortuosity of the extracellular

space [61], a shift of water from the extracellular to the

more restricted intracellular space and resultant axonal

swelling [62–64], as well as a reduction of water inside the

myelin sheath [65].

Other—though in face of our current results rather

unlikely—causal mechanisms for an increased FA (as e.g.,

seen in studies on normal aging, mild cognitive impairment

or stroke) are a seemingly increased structural integrity

caused by a loss of crossing fibers [66–71], a reduction of

diffusion barriers due to changes of the neuronal micro-
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organization such as decreased dendritic arborization [72,

73] or a selective degeneration of local inhibitory

interneurons.

Taken together, these mechanistic accounts, in concert

with our previous functional results, suggest that the

patients’ increased occipito-temporal CIs observed in the

present study are the macroscopic representation of

microcellular alterations during early-stage

neurodegeneration.

Temporal evolution of (structural and functional)

brain changes in ALS

Apart from these considerations concerning the patho-

physiological foundations of the structural changes, our

current results [in conjunction with our previous fMRI

findings; 17] also need to be evaluated in light of their

putative temporal evolution with respect to ALS disease

progression. With this said, it is important to note that we

observed opposed patterns of functional and structural

changes within the hippocampal (increased structural

connectivity and increased fMRI activations) and the motor

system (decreased structural connectivity and initially

enlarged but subsequently declining fMRI activity). As

already delineated in the first section of the discussion, the

motor network changes seem to constitute late-stage neu-

rodegenerative alterations: while during early stages the

hemodynamic activations increase, they show a decline

with further progression of the disease. Concordantly, our

DTI results revealed a decreased corticospinal tract struc-

tural integrity in ALS patients relative to controls, indica-

tive of a rather late-stage neurodegenerative process. This

view is further supported by the fact that no further lon-

gitudinal reduction in the patients’ CIs could be detected

across the 3-month study-interval. Such steady-state

structural integrity of the corticospinal tract during ongoing

clinical ALS progression has repeatedly been described

and was interpreted as a sign of late-stage neurodegener-

ation [3, 36, 45–48].

Opposed to these motor system alterations, the patients’

increased CIs within the tracts between medial temporal

and visual cortices (relative to controls or within-subjects

across the 3-month interval) seem to reflect structural

changes as a result of rather early hippocampal lesions. As

outlined in the previous paragraph, the supposedly

increased structural connectivity (i.e., increased CIs) seems

to mirror acute neurodegenerative processes in terms of

microstructural damage in the absence of coarse changes to

the general fiber architecture. In line with this, we observed

a correlation between the patients’ occipito-temporal tract

strengths (by means of the compound MTL-factor data

from our factor analysis) and their ALSFRS-R scores (for

most patients these were still in a range of a minor

impairment), for which an ALS-related decline has been

shown to arise mainly at late disease stages [for a similar

line of reasoning see 3]. Taken together, these data suggest

that the non-invasively detectable (structural and func-

tional) neurodegenerative changes in ALS might follow a

non-linear course: while fresh lesions result in an increased

functional activity and a supposedly increased structural

connectivity (as detected in the medial temporal lobe of our

patients), both subsequently seem to decline (reflected by

the functional decline of motor activity in our previous

study), finally resulting in impaired functionality and

diminished structural integrity in late-stage ALS (as seen in

our current and most previous investigations on motor

network integrity in ALS).

Limitations and future directions

Concerning the variety of putative causal microstructural

changes discussed above (see subsection ‘‘Alterations in

medial temporal lobe structural connectivity in ALS’’), our

current design and employed methodology are not suited to

prove, which of them might be the most likely cause for the

increased CIs we observed by means of probabilistic fiber

tractography in the occipito-temporal tracts of our patients.

Beyond that, the data acquisition methodology employed

during the current study (i.e., an acquisition of only 12

diffusion gradient directions) has a limited capacity in

obtaining differential directionality information in order to

detect microstructural changes of smaller fiber bundles,

which are especially true for regions containing crossing

fibers [74, 75], although major differences in DTI param-

eters were shown to be detectable with comparable data [2,

50, 76]. In light of this, but also with regard to earlier

investigations on structural connectivity in neurodegener-

ative diseases, the development and application of more

sensitive diffusion imaging techniques, such as high

angular resolution diffusion imaging and neurite orienta-

tion dispersion and density imaging, is mandatory [77, 78].

In addition, as our patients were only scanned twice

within 3 months and pre-symptomatic mutation carriers

were not included in our study, the factual temporal evo-

lution of structural and functional changes remains elusive.

Employing novel imaging methodology in longitudinal

studies, beginning with pre-symptomatic carriers and sys-

tematic follow-up along the progression of the diseases, is

critical to advance our understanding of the origins and the

progression mechanisms, as well as to allow for valid

predictions concerning the development and courses of

these disorders. The importance of such longitudinal

designs becomes even more compelling, given that a

growing number of studies could demonstrate that the

structural and functional alterations during progressive

neurodegeneration seem to follow a non-linear course, with
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distinct patterns arising during different stages of the dis-

eases [3, 17, 36, 45–48].

Conclusions

The present longitudinal investigation revealed opposed

ALS-related structural alterations in the corticospinal and

occipito-temporal tracts by means of probabilistic fiber

tractography, thereby complementing our previous struc-

tural and fMRI results [17]. Our findings once more indi-

cate that ALS is a multisystem disorder, in which the

hippocampus and its’ structural connections also are

affected. In contrast to our previous functional results,

however, we did not observe dynamic motor system

changes across the 3-month interval, while structural con-

nectivity between the visual cortex and hippocampal

gateway regions in the medial temporal lobe appeared to

increase at the same time. The dynamics of these structural

changes thus again suggest that the affection of motor- and

memory-related networks in ALS emerges at different

stages of the disease. While the motor system lesions

develop rather early (supposedly during pre-symptomatic

stages), the hippocampal/medial temporal lobe dysfunc-

tions arise much later in the course of the disease. Insights

into such progression-related dynamics across different

functional systems (motor, memory, etc.) is essential for

our understanding of the origin and the progression of

ALS, thus highlighting the importance of further longitu-

dinal investigations to advance our knowledge of the bio-

logical grounds of this debilitating disease.
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