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• We  compare  cortical  communication  between  individuals  with  and  without  ALS.
• We  measure  directed  functional  connectivity  between  frontal  and  parietal  regions.
• Feedback  connectivity  is  not  significantly  different  between  groups.
• Feedforward  connectivity  is  significantly  higher  in  individuals  with  ALS.
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a  b  s  t  r  a  c  t

Amyotrophic  lateral  sclerosis  (ALS)  is  a  disorder  associated  primarily  with  the  degeneration  of  the  motor
system.  More  recently,  functional  connectivity  studies  have  demonstrated  potentially  adaptive  changes
in ALS  brain  organization,  but disease-related  changes  in  cortical  communication  remain  unknown.  We
recruited  individuals  with  ALS  and  age-matched  controls  to  operate  a  brain–computer  interface  while
electroencephalography  was  recorded  over  three  sessions.  Using  normalized  symbolic  transfer  entropy,
we measured  directed  functional  connectivity  from  frontal  to  parietal  (feedback  connectivity)  and  pari-
etal  to  frontal  (feedforward  connectivity)  regions.  Feedback  connectivity  was  not  significantly  different
between  groups,  but  feedforward  connectivity  was  significantly  higher  in individuals  with  ALS.  This  result
was consistent  across  a  broad  electroencephalographic  spectrum  (4–35  Hz),  and  in  theta,  alpha  and  beta
frequency  bands.  Feedback  connectivity  has  been  associated  with  conscious  state  and  was  found  to  be
independent  of  ALS  symptom  severity  in  this  study,  which  may  have  significant  implications  for  the
detection  of  consciousness  in  individuals  with  advanced  ALS.  We  suggest  that  increases  in  feedforward
connectivity  represent  a compensatory  response  to the  ALS-related  loss  of  input  such  that  sensory  stimuli
have  sufficient  strength  to cross  the  threshold  necessary  for conscious  processing  in  the global  neuronal
workspace.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset, progres-
sive disorder that is characterized by the degeneration of upper
and lower motor neurons as well as the corticospinal tract [25].
ALS has traditionally been associated almost exclusively with
neurodegeneration of the motor system. More recently, grow-
ing evidence of changes in executive function, behavior, language
and other higher cognitive domains suggests that ALS is a mul-
tisystem disease that also affects cortical processing [1,27]. This
concept has been supported by diffusion tensor imaging (DTI)
and magnetic resonance imaging (MRI) studies that have demon-
strated a widespread pattern of structural alterations in the corpus
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callosum, frontal, temporal and parietal lobes of patients with ALS
[2,3,8–10,14,16,19,31,32,40].

The functional correlates of these structural changes have been
less extensively studied, and the effect of ALS on extramotor brain
networks is largely unknown [38]. To date, neurophysiological
studies of ALS have demonstrated patterns of functional adaptation
and cortical plasticity such as abnormal recruitment and function-
ing of primary and nonprimary motor areas [20–22,33,39].

To gain further insight into how ALS alters exchange of infor-
mation between two brain regions, we used symbolic transfer
entropy to measure the directed functional brain connectivity
between the frontal and parietal regions of individuals with ALS.
Patterns of frontoparietal information exchange have been asso-
ciated with states of consciousness [7,23,41], and the ability to
process external stimuli [6,12,30]. Alterations in these patterns
may  reflect either an underlying source of the changes in execu-
tive function, behavior and language in individuals with ALS, or a
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compensatory mechanism to maintain such cognitive processes
[1,27]. Studies examining functional cortical changes in ALS have
also been limited to the resting state or the performance of a motor
task, which may  not be representative of the changes associated
with cognitive processing. In this study, participants performed the
cognitive task of operating a brain-computer interface [15], a task
that also reflects the priorities of communication and the mainte-
nance of relationships in individuals living with ALS [5] and thus
may  be useful in developing a clinically-relevant model of corti-
cal changes in ALS for translational research [24]. The goal of the
present study was to test the hypothesis that ALS is associated with
alterations in frontoparietal communication that can be assessed
with electroencephalography during a cognitive task.

2. Methods

2.1. Participants

This study was approved by the University of Michigan Medical
School Institutional Review Board. Written consent was obtained
from all participants who had sufficient motor ability to provide it;
those who did not provided oral consent. Two groups of individuals
participated in this study: the first consisted of individuals with a
clinical diagnosis of ALS, recruited from the University of Michigan
Motor Neuron Disease Clinic; the second consisted of individuals
without ALS, who were age-matched to the ALS participants. Nei-
ther group underwent neuropsychological testing as part of this
study.

2.2. Cognitive task

All participants engaged in the cognitive task of spelling a 23-
character sentence using a P300-based brain-computer interface
(BCI) [15]. Participants were seated approximately 1 m from a com-
puter monitor that displayed a 6 × 6 grid of letters and commands.
Rows and columns of the grid flashed in a seemingly random man-
ner, while participants counted the flashes of the desired letter or
command. After a specified number of flashes, the BCI selected a let-
ter by classifying the participant’s EEG patterns and presented it on
the screen. Participants were asked to correct any errors that were
made during the task, until the sentence was completed correctly
or until the maximum time of 10 minutes had elapsed. The task
was repeated over three sessions occurring on three different days,
with a new sentence being presented to the participant each time.

2.3. Data acquisition and processing

EEG was collected from a 16-channel electrode cap embedded
with tin electrodes (Electro-Cap International, Inc., Eaton, OH). All
channels were referenced to the right mastoid and grounded to
the left mastoid. Impedance for each channel was  reduced below
10.0 k� before testing began. Signals were collected using a g.tec
(Guger Technologies, Graz, Austria) 16-channel biosignal amplifier
at a rate of 256 Hz, and bandpass filtered offline between 4 Hz and
35 Hz. Independent component analysis (ICA) was used to filter
EOG artifact from all EEG channels. Subsequently, only electrodes
from the frontal and parietal regions (F3, Fz, F4, P3, Pz, P4, PO7 and
PO8) were used for analysis.

Twenty non-overlapping 10-second sequences of EEG recorded
from these electrodes were randomly selected for the analysis of
each session

2.4. EEG data analysis

2.4.1. Directed functional connectivity analysis
To assess alterations in cortical connectivity in individuals with

ALS, we measured directed functional connectivity between the

frontal and parietal regions of the brain. We  quantified the degree
of dependence of frontal regions on parietal regions and vice versa
using normalized symbolic transfer entropy (nSTE), a nonlinear
and model-free metric based on information theory [34,36]. Briefly,
using nSTE, signal S1 is said to be causally related to signal S2 if the
inclusion of S1 results in a better prediction of the future of S2 than
signal S2 alone.

Let X(t) and Y(t), 0 ≤ t ≤ T represent the average EEG signal over
the source and target regions of the brain, where T is the duration of
the signal. At time t0, let XP and YP represent the EEG signal when
0 ≤ t ≤ t0 - in other words, the signal past–and let XF and YF rep-
resent the EEG signal when t00 ≤ t ≤ T - in other words, the signal
future. Transfer entropy from X to Y(TEX→Y), defined in Eq. (1), is
the amount of mutual information between XP and YF when YP is
known:

TEX→Y = 1(YF ; XP |YP) = H(YF |YP) − H(YF |XP, YP) (1)

where H(X) is the entropy of signal X. In other words, TEX→Y repre-
sents the amount of information added by the past of source signal
X when modeling the information between the past and future of
target signal Y.

Symbolic transfer entropy (STE) is a more robust variation of
transfer entropy, which avoids the need to subjectively select bin
size in the probability calculation of mutual information [36,37].
In STE, each element in vectors XP, YP, XF and YF is replaced by the
integer value of its relative rank in the vector. For example, Y(t)
is transformed to Y′(t) by replacing each element with its rank in
ascending order yj ∈ [1, 2, . . .,  T] for j = 1, 2, . . . T . Y′(t) is then used
in Eq. (2) to calculate STEX→Y.

Bias removal was accomplished by removing from STEX→Y an
estimate of the STE if no causal relationship existed between source
and target signals [18]. Practically, this was  accomplished by revers-
ing the first and second half of XP, resulting in XP

Shuff which retained
the same signal characteristics as XP but was completely discon-
nected from XF and YF. STE with the shuffled source signal was
calculated as in Eq. (2):

STEShuff
X→Y = H(YF |YP) − H(YF |XP

Shuff, YP) (2)

Subtracting STEShuff
X→Y from STEX→Y resulted in an unbiased esti-

mate of STE. Finally, we  normalize the unbiased STE by dividing it
by the entropy within the target signal, resulting in nSTEX→Y.

sSTEX→Y = STEX→Y − STEShuff
X→Y

H(YF |YP)
∈ [0,  1] (3)

Intuitively, nSTEX→Y represents the fraction of information in YF

not explained by its own  past (YP) and explained by the past of the
source signal XP.

If X represents a parietal EEG signal and Y represents a frontal
EEG signal, we  can calculate three values: (1) nSTEX→Y, herein
referred to as feedforward connectivity; (2) nSTEY→X herein referred
to as feedback connectivity; and (3) asymmetry,  A, as defined in Eq.
(4):

A = nSTEY→X − nSTEX→Y

nSTEY→X + nSTEX→Y
(4)

If A is positive, feedback connectivity is dominant; if it is nega-
tive, feedforward connectivity is dominant. We  evaluated average
frontoparietal feedback and feedforward connectivity by calcu-
lating nSTEX→Y and nSTEY→X for each participant: nSTEY→X =

1
nf ·np

∑nf ,np

(i,j)=1nSTEi→j, where nf = 3 and np = 5.

For each participant, EEG collected from each of the three
sessions was  subdivided into four EEG datasets according to
frequency: (1) total (4 Hz–35 Hz); (2) � (4 Hz–8 Hz); (3) ˛
(8 Hz–13 Hz); 4)  ̌ (13 Hz–30 Hz), yielding a total of 12 datasets per
participant. ı frequencies were not included to minimize eye-blink
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artifact. nSTEX→Y , nSTEY→X and Ā were calculated for each dataset
and averaged across sessions.

2.4.2. Determining appropriate embedding parameters
To calculate nSTE, three embedding parameters are required:

embedding dimension (dE), time delay (�) and prediction time (ı).
In this study, we selected the parameter set that yielded maximum
nSTEY→X by fixing the embedding dimension at dE = 3 and optimi-
zing ı (from 1 to 100) and � (from 1 to 30). This same parameter
set was then used to calculate nSTEX→Y .

2.4.3. EEG spectral and coherence analysis
For each session, a Fast Fourier Transform (FFT) was performed

and each frequency bin was normalized to total power. The resul-
tant power spectral densities were subdivided into three frequency
bands (�: 4–8 Hz; ˛: 8–13 Hz; ˇ: 13–30 Hz) for statistical analysis.

The total EEG spectrum and each frequency band were further
analyzed by calculating the average magnitude-squared coherence
(C̄xy) between all frontal and parietal channels for each session, for
each participant.

2.4.4. Statistical analysis
Feedforward connectivity, feedback connectivity and asymme-

try results were analyzed using linear mixed models implemented
in SAS (SAS Institute, Inc., Cary, NC, USA). The first model included
diagnosis of ALS, participant age, task accuracy and session as fixed
effects; participant as a random effect; and session as a repeated
measures factor. The second model was limited to participants
with ALS and included participant age, task accuracy, session and
ALSFRS-R score as fixed effects; participant as a random effect; and
session as a repeated measures factor.

Differences in the power spectral densities between individuals
with ALS and age-matched controls were analyzed separately for
each frequency band using a linear mixed model with diagnosis
of ALS and session as fixed effects; participant as a random effect;
and session as a repeated measures factor. Results were considered
statistically significant at p < 0.05.

3. Results

Eleven individuals with a clinical diagnosis of ALS (7 male;
62 ± 9 years; Amyotrophic Lateral Sclerosis Functional Rating Scale
Revised (ALSFRS-R) score: 28 ± 7) and 9 individuals without ALS (7
male; 61 ± 10 years) participated in this study. Participant charac-
teristics and task performance information are shown in Table 1.
There was no significant difference in accuracy of performance
(p = 0.33) or self-reported concentration on the task (p = 0.39)
between individuals with ALS and the controls.

3.1. Directed functional connectivity patterns are altered
between individuals with ALS and age-matched controls

Feedforward connectivity, feedback connectivity and asym-
metry were calculated using the total EEG spectrum for all 20
participants, over all three sessions. As shown in Fig. 1a, feedback
connectivity was not significantly different between individuals
with ALS and age-matched controls (p = 0.15); however, individuals
with ALS demonstrated significantly greater feedforward connec-
tivity (p = 0.004) and significantly lower asymmetry (p = 0.004)
in comparison to the age-matched controls. This pattern of sig-
nificantly altered cortical connectivity was consistently observed
across �,  ̨ and  ̌ frequency bands. Magnitude-squared coherence
was not significantly different in the full EEG spectrum between
individuals with ALS (C̄xy = 0.58 ± 0.15) and controls (C̄xy = 0.49 ±
0.10), nor in any of the three frequency bands. Trial, age and

Table 1
Participant characteristics and task performance.

Participant Sex Age Condition ALSFRS-R Task accuracy (%)

Session1 Session 2 Session 3

1 M 45 ALS 41 97 96 96
2  M 58 ALS 24 63 87 87
3  F 55 ALS 28 87 90 87
4  F 68 ALS 37 92 90 85
5  M 62 ALS 38 93 100 100
6  M 78 ALS 29 96 54 41
7  M 55 ALS 26 85 74 74
8  F 63 ALS 20 96 93 76
9  F 61 ALS 25 85 53 58

10  M 66 ALS 18 38 87 83
11  M 70 ALS 25 72 19 46
12  F 66 Control N/A 59 77 50
13  M 57 Control N/A 79 78 90
14  M 70 Control N/A 87 77 92
15  M 79 Control N/A 93 79 83
16  M 57 Control N/A 79 78 82
17  F 65 Control N/A 95 87 96
18  M 56 Control N/A 96 96 96
19  M 46 Control N/A 96 74 65
20  M 57 Control N/A 100 96 100

ALS: amyotrophic lateral sclerosis; ALSFRS-R: Amyotrophic Lateral Sclerosis Func-
tional Rating Scale; N/A: not applicable; M:  male; F: female.

task accuracy did not have a significant effect on feedforward
connectivity, feedback connectivity or asymmetry. The increase in
feedforward connectivity was  also independent of ALSFRS-R scores
(p = 0.86).

3.2. The difference in directed functional connectivity is not
attributable to spectral differences in the electroencephalogram

We  assessed whether changes in directed functional connectiv-
ity between individuals with ALS and age-matched controls were
associated with differences in the background EEG spectrum. No
changes of the background EEG could be detected between indi-
viduals with ALS and age-matched controls (Fig. 1b). These results
suggest that the differences in cortical communication observed in
individuals with ALS reflect a functional change in the underlying
brain dynamics, rather than a change in the level of activation of
the EEG.

4. Discussion

This is the first study to demonstrate that patterns of cortical
communication are significantly altered in individuals with ALS
during the performance of a cognitive task. Past results are con-
sistent with previous studies that have used whole brain analysis
of functional connectivity to gain a better understanding of the
disease mechanisms of ALS. These studies have demonstrated a
variety of patterns of adaptation of the ALS brain: resting-state
functional MRI  (fMRI) studies have demonstrated both decreased
and increased functional connectivity in default-mode and sensor-
imotor networks in ALS [14,26]. Others have shown that ALS
results in increased functional connectivity within regions of
decreased structural connectivity, spanning sensorimotor, premo-
tor, prefrontal and thalamic regions [14], and decreased functional
connectivity within the right frontoparietal network [38]. However,
functional connectivity alone reveals statistical covariation of the
activity in two cortical regions, which does not necessarily imply
that there is information transfer or causal influence between them.
Furthermore, changes in functional connectivity between two brain
regions can be observed in the absence of a change in the under-
lying brain network (e.g. in the case of increase in signal-to-noise
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Fig. 1. (a) Directed functional connectivity measures between individuals with ALS and age-matched controls. Average and standard deviation across three sessions are
presented for each participant. (b) Relative power spectral densities in frequency bands �: 4–8 Hz; ˛: 8–13 Hz; ˇ: 13–30 Hz for each participant. No significant differences
are  observed between individuals ALS and age-matched controls.

ratio, or increased amplitude of neuronal fluctuations), limiting the
conclusions that can be drawn [17].

The current study advances the field by showing alterations of
cortical communication, i.e. an exchange of information, within
the functional organization of the ALS brain. Using nSTE with
appropriate bias removal, we were able to discern patterns of
directed influence between frontal and parietal brain regions, and
demonstrated unchanged feedback communication but increased
feedforward communication in individuals with ALS compared to
controls. The increase in feedforward connectivity accounts for the
decreased asymmetry (the ratio of feedback to feedforward con-
nectivity) in individuals with ALS.

Previous research has suggested that feedforward commu-
nication represents incoming sensory data, while feedback
communication plays a modulating role in the selection and con-
textual interpretation of information [28,29,35]. Impaired feedback
communication has been observed in individuals with diminished
states of consciousness, such as those under general anesthesia
[23] and those in vegetative state [7]. The similar level of feed-
back communication between individuals with ALS and controls is
an expected result, as the individuals with ALS who  participated in
this study did not experience impaired or heightened states of con-
sciousness relative to healthy individuals. Our results demonstrate
that the magnitude of overall feedback communication is indepen-
dent of ALSFRS-R score, which may  have significant implications for
the detection of consciousness in individuals with such advanced
ALS that no motor behavior is under their voluntary control.

This study does not address the underlying neural mechanisms
that cause the observed augmentation in feedforward communica-
tion in individuals with ALS. It is not clear whether these changes
are reflective of pathology, compensation or epiphenomenon. We
interpret our results in light of the global neuronal workspace
framework recently proposed by Dehaene and colleagues. This
model posits the existence of workspace neurons that are dis-
tributed throughout the whole cortex, but with higher density
in the parietal, frontal, and cingulate cortices [11,12]. Conscious
processing of an external stimulus requires that two conditions
are met: there must be neural activity within the sensory cor-
tex of the respective modality and there must be entry into the
global neuronal workspace, leading to long-range communication

between the distributed workspace neurons. Without entry into
and the coherent activity of this global workspace network, stimuli
cannot be consciously processed by the subject [4,13]. It is hypoth-
esized that entry into the global workspace is regulated in part by a
threshold phenomenon, and activity above a specific threshold can
enter the workspace in a bottom-up manner. Individuals with ALS
likely have diminished levels of input into the global workspace as
a result of the loss of motor-related phenomenon, such as feedback
from movement and proprioception, and thus may  be susceptible
to diminished levels of conscious processing of external stimuli.
In the present study, no significant difference was  found in cogni-
tive task performance accuracy between individuals with ALS and
age-matched controls, suggesting that both groups had equivalent
conscious processing of the visual stimuli associated with the task.
We hypothesize that the observed increase in feedforward commu-
nication compensates for ALS-related loss of input into the global
workspace such that sensory stimuli are represented with sufficient
strength to cross the threshold necessary for conscious processing.

An alternate explanation to the observed augmentation of feed-
forward communication may  be drawn from the conclusions of
a study by Douaud and colleagues demonstrating increases in
functional connectivity in individuals with ALS [14]. Based upon
studies that have revealed an abrupt increase in cortical hyper-
excitability in the months prior to ALS symptom onset [42], and
reduced attenuation to transcranial double magnetic stimulation
in individuals with ALS [43], Douaud suggests that increases in
functional connectivity may  arise as a result of a loss of cortical
inhibitory neural influence in ALS. It is possible that the increased
feedforward communication observed in this study is similarly
reflective of ALS pathogenesis, as opposed to a compensatory
response. However, if this were indeed the underlying mecha-
nism of increased feedforward communication, one would expect
to see a corresponding increase in feedback communication due
to the global and direction-independent nature of the inhibitory
loss, which was not observed in this study. The preferential
increase in parietal-to-frontal feedforward communication sup-
ports the hypothesis that changes in both functional connectivity
and directed functional connectivity are reflective of adaptive and
compensatory mechanisms in the ALS brain, as opposed to global
pathogenesis.
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The results of this study need to be interpreted in light of sev-
eral important limitations. Data were collected from a small subject
sample, using a low spatial resolution of 16 EEG channels that
did not cover all frontal and parietal regions. EEG from posterior
regions, which could yield important information about the effects
of the visual stimuli associated with the BCI task, was not consid-
ered. Finally, while our analysis applied surrogate data tests, nSTE
is still susceptible to the general limitations of quantitative EEG
analysis (e.g. volume conduction, EEG reference).

In conclusion, this study used a measure of directed functional
connectivity to investigate changes in cortical communication
associated with ALS. These data provide the most detailed account
to date of how information exchange between the frontal and
parietal regions of the brain is altered as a result of this degener-
ative condition. The results demonstrate a significant preferential
increase in feedforward communication, which may  reflect com-
pensatory mechanisms that the ALS brain uses to maintain
unimpaired conscious processing of external stimuli.
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