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Abstract: This study aimed: (1) to evaluate the hand motor fatigability in people with spinal cord
injury (SCI) and compare it with measurements obtained form an able-bodied population; (2) to
compare the hand motor fatigability in people with tetraplegia and in people with paraplegia;
and (3) to analyse if motor fatigability is different in people with SCI with and without clinical
significant perceived fatigability. Materials and Methods: 96 participants with SCI (40 cervical and
56 thoracolumbar) and 63 able-bodied controls performed a simple hand isometric task to assess
motor fatigability. The Fatigue Severity Scale was used for perceived fatigability evaluation. Results:
The main results of this study can be summarized as follows: (1) the waning in muscle force (motor
fatigability) during a fatiguing task is similar in controls and participants with SCI; (2) the motor
fatigability is influenced by the maximal muscle force (measured at the beginning of the task); and
(3) the perceived fatigability and the motor fatigability are largely independent in the individuals
with SCI. Conclusion: Our findings suggest that the capability to maintain a prolonged effort is
preserved in SCI, and this capacity depends on the residual maximal muscle force in people with SCI.

Keywords: fatigue; isometric contractions; spinal cord injury; fatigue severity scale; human

1. Introduction

Spinal Cord Injury (SCI) has a great impact on quality of life [1,2], and fatigue is a
common secondary symptom [3–6] that affects 30–50% people living with SCI. A limited
number of specific approaches are available for treating fatigue and, moreover, these are often
under-mentioned and/or underestimated in medical interviews with people with SCI [5,7–9].

Fatigue can be generally defined as a subjective lack of physical and/or mental energy
that is perceived by the individual to interfere with usual and desired activities (or work
capacity) [10,11]. The level of fatigability experienced by an individual can be estimated
(perceived fatigability) or measured directly (objective fatigability) [12]. In this paper, we
will refer to “motor fatigability” as a measure of “objective fatigability” (i.e., magnitude of
the change in a performance metric after completing a prescribed task), and to “perceived
fatigability” as a subjective estimate of past or future work capacity [12]. These measure-
ments are not independent as objective fatigability determines and are determined by the
perceived fatigability [11].

Attempts to delimit fatigue typically define its acute expression as a change in perfor-
mance of a task over time, due to both physiological and psychological factors [13]. Fatigue
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may also be classified as acute or chronic (duration >6 months) [14], generally, acute muscle
fatigue is triggered by overstrain in healthy subjects and is mediated by the nervous system,
metabolic and muscular factors [15–19], and a typical expression of motor fatigue is the
reduction in the maximal voluntary contraction (MVC) muscle force, which recovers after
some rest [15–19].

On the other hand, chronic fatigue lacks an identifiable triggering event and is persis-
tent, and this expression of fatigue is more characteristic in pathologies. Muscle fatigue
is also usually classified as central or peripheral fatigue depending on the part of the
nervous system principally involved. Muscle fatigue is considered to be “central” when it
is generated proximal to the neuromuscular junction and as peripheral fatigue when it is
generated distally (also defined as muscular intrinsic fatigue) [14,17,20].

In pathologies, fatigue can be associated to several factors, such as anxiety, stress,
depression, pain and medication [3,9,20–25]. All these factors may be simultaneously
present in people with SCI [3,20–25]. Muscle fatigue may also arise after SCI because the
central nervous system fails to adequately drive the spinal motoneurons [19,22,23].

The main aim of this study was to measure the motor fatigability of hand muscles (we
will refer to this as hand motor fatigability) in people with SCI. The motor fatigability was
measured evaluating the temporal course of a sustained isometric task [26] and compared
it with measurements obtained form an able-bodied population. Moreover, as elevated
perceived fatigability has been reported in people with SCI [3–6,22,27–30], we analysed
if motor fatigability is related to the perceived fatigability (measured using the Fatigue
Severity Scale (FSS) [6]). We compared the hand motor fatigability in people with tetraplegia
and in people with paraplegia (in which the hand should be not affected) [31]. In this
way, we can investigate how hand motor connections are important to determine motor
fatigability in people with SCI.

2. Methods
2.1. Participants

The individuals included in this study were patients with SCI and able-bodied controls
recruited at the “National Hospital for Paraplegics” located in Toledo (Spain). Able-bodied
controls were hospital workers and family members or friends of people with SCI. The able-
bodied controls were used to compare their motor performance with the SCI individual
performance. All subjects gave their informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee of Toledo Area, Spain (Project
identification code: 87-2015).

Patients’ inclusion criteria were: (1) age > 18 years old; (2) diagnosis of SCI below C1
neurological level without any other severe medical condition; (3) time since injury of more
than one month; (4) ability to perform the isometric task proposed, at least with one hand;
(5) ability to complete the FSS; and (6) capability to consent participation. Criteria 1, 4 and
6 were also required to participate as able-bodied controls.

2.2. Demographic and Clinical Data

Demographic data concerning sex and age were collected for all participants.
In the SCI group, we used the international standards for neurological classification of

spinal cord injury (ISNCSCI) to collect the clinical data, such as the etiology of the lesion
and time since the SCI lesion; the ASIA impairment scale [32] (AIS: A to E); complete or
incomplete loss of motor function; and motor score for upper and lower extremities (UEMS
and LEMS, respectively score for each one from 0 to 50). The participants were grouped
into SCI modalities depending on the neurological level of SCI (cervical or thoracolumbar).

The fatiguing task (see below) was performed with the dominant hand; however, in
some people with cervical SCI, this was not the case (due to the cervical neurological lesion,
this subgroup of participants preferred to use the non-dominant hand). Thus, we obtained
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a motor score of the upper extremity the participant used to perform the task (preferred
hand) with a possible score from 0 to 25.

Moreover, we collected info about pain with a numeric rating scale (NRS) [33], spastic-
ity with Modified Ashworth Scale (MAS) [34] and depressive mood with a binary assessed
(yes or not) from the SCI group. These data were collected for two reasons: (1) they are part
of the SCI syndromes; and (2) these symptoms and the medication used to treat them may
affect fatigue.

The FSS, registered before the participants with SCI performed the hand task, was used
for perceived fatigability evaluation. This is the most widely used questionnaire to assess fa-
tigue severity in neurological disorders, both in clinical practice and research [2,4,5,24,25,35–37].
It was valid for people with SCI [6]. The FSS was administered to all participants and
the full nine item completion was required. The items are scored on a 7-point scale, with
1 = strongly disagree and 7 = strongly agree. The criteria used to determine clinically
significant fatigue (CSF) was to obtain a score (considering the mean scores from the nine
items) greater than or equal to 4 in the FSS [7]. FSS results were obtained from all the
participants with SCI.

2.3. Motor Performance: Hand Function and Motor Fatigability

After the clinical evaluation and the demographic interview, we performed the hand
motor task to evaluate the motor fatigability. An objective evaluation of motor fatigability
(muscle fatigue) was performed by testing the decrease in hand MVC force over 2 min
(Figure 1). The participants were sitting comfortably with the elbow flexed at 90–100◦, with
the wrist and forearm secured in a fixation system.
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Figure 1. (A). The fixation system and hand preparation to execute the isometric task with an
adapted dynamometer. (B). An example of a two-minute isometric task register. The isometric task
is evaluated with the modulus of maximal voluntary contractions (MVCMOD) in 20 s periods (B1,
B2, B3, B4, B5 and B6). The force measured in Newton (N) decreases along the 2 min and is at the
maximum at the beginning of the task (MVCPEAK).

Participants applied pressure over a thin metal plate located on the force sensor from
Biometrics DataLink (Biometrics Ltd., Gwent, UK), and both were attached to the fixation
system. The task was performed using the preferred hand. In most of the participants,
the preferred hand was the dominant hand; however, in some people with cervical SCI,
this was not the case. Participants executed a continuous index finger isometric maximal
voluntary contraction (MVC) against the force sensor placed flat on the fixation system.
The force direction was “towards” flexion of the first metacarpophalangeal joint. The
dynamometer recorded (at 100 Hz) the isometric force exerted during the MVC, during the
task. The instructions given to participants before the task was “to press the index finger
against the force sensor as hard as you can”, and they also received verbal encouragement
during task execution.
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The variables used to describe the motor performance were the maximal voluntary
contraction force peak (MVCPEAK), the modulus of the maximal voluntary contraction
(MVCMOD) and the fatigability of the modulus of the maximal voluntary contraction
(MVCMODF). These variables were analysed at the beginning and during the task execution.

The MVCPEAK was defined as the highest peak strength (Newton, N) obtained at any
time during the 2 min isometric task. Moreover, the whole force recording (2 min) was
analysed by dividing it in 20 s’ consecutive blocks (six blocks in total, namely B1–B6). For
each block, the MVCMOD force was quantified, and the data were expressed as Newton per
seconds (N·s). Thus, for each variable, we obtained six time points that were included in the
statistical analysis to evaluate the temporal decay of the force, i.e., the decay in MVCMOD [38].

Using the same data, we also obtained a simplified variable. Thus, we evaluated
the decay over the 2 min as a marker of the fatigability by computing the ratio of the
motor output in the last 20 s (MVCMOD calculated in B6) compared with the first 20 s
(MVCMOD calculated in B1 of the task. We will refer to this variable as MVCMOD fatigability
(MVCMODF = MVCMODB6/MVCMODB1 × 100). Therefore, a lower MVCMODF indicates
higher hand fatigability. These scores are essentially similar to the MVCMOD, and we
computed it to express motor fatigability in a single parameter.

2.4. Statistics

Parametric univariate tests (t test) and nonparametric univariate tests (Mann–Whitney U
test and chi-squared test) were used to compare demographic variables and the clinical data
between thoracolumbar and cervical participants with SCI and traumatic and non-traumatic
SCI. Sex and age were also compared between participants with SCI and able-bodied.

Hand motor fatigability (MVCMODF) and the hand muscle force (MVCMOD and
MVCPEAK) during the isometric task between the participants with cervical SCI, thora-
columbar SCI and the control participants were compared to one-way ANOVA. In the case
of significant effects, we used Tukey’s test for post hoc analysis.

In people with SCI, MVCMODF, MVCMOD and MVCPEAK were also compared after
categorizing participants with SCI depending on the presence or not of CSF (FSS ≥ 4).
One-way ANOVA was used for this comparison. In addition, we analysed the data using
the Bayesian ANOVA methodology to describe how large is the evidence in favour of an
effect (both for null and alternative hypothesis).

A repeated-measure ANOVA design was used with the raw data and MVCMOD
normalized data (data were normalized to the first 20 s, with MVCMODB1) with BLOCK
(B1, B2, B3, B4, B5 and B6) as within-subject’s factors and GROUP (Control, Thoracolumbar
or Cervical) as between-subject factors. During ANOVA execution, the degrees of freedom
were corrected with Greenhouse–Geisser Coefficients if sphericity could not be assumed.

In addition, we analysed the data also using the Bayesian Repeated Measures ANOVA
to describe how large is the evidence in favour of an effect (both for null and alternative
hypothesis). All statistical analyses were performed with the software JASP. The results
were considered statistically significant at p < 0.05 and the Bayes Factor was described
and interpreted according to the article [39]. The “U” in the Bayes factor for post hoc
comparisons denotes that it is uncorrected, and the posterior odds have been corrected for
multiple testing by fixing to 0.5 the prior probability that the null hypothesis holds across
the post hoc tests [40].

3. Results
3.1. Demographic and Clinical Variables

A total of 96 participants with SCI (37 females; mean age 47.32 ± 17.61 years, range
18–84 years) and 63 able-bodied controls (36 females; mean age 47.7 ± 17.6 years, range
21–77 years) were included in the study. SCI group included more males than females
compared to the control group (61.45% vs. 42.85%, p = 0.021); age did not differ significantly
between SCI and controls p = 0.904)
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Clinical and demographic data from the participants with cervical SCI (n = 40) and
thoracolumbar SCI (n = 56) are reported in Table 1. There were no substantial differences
between traumatic and non-traumatic SCI regarding AIS, neurological level, time since
injury, UEMS, LEMS, pain, depressive mood, spasticity and sex. The mean age of non-
traumatic SCI was eleven years higher than traumatic (unpaired t test, p = 0.003).

Table 1. Demographic characteristics of spinal cord injury participants according to the lesion level:
cervical or thoracolumbar.

Variable Thoracolumbar Cervical p Value

N 56 40 -

Demographic

AGE (mean ± SD years) 47.43 ± 17.56 47.18 ± 17.89 0.945 **
SEX (Male/Female) 33/23 26/14 0.547 *

Clinical Data

SCI etiology (Traumatic/non-Traumatic) 34/22 30/10 0.143 *
TIME SINCE INJURY (mean ± SD months) 27.37 ± 82.07 18.30 ± 39.45 0.519 **

AIS (A/B/C/D) 30/2/15/9 3/5/17/15 <0.001 ***

UEMS (median, 95% CI) 50.00 39.50
(36.15–41.54)

LEMS (median, 95% CI) 6.00
(10.00–18.57)

31.50
(20.99–31.91) 0.001 ***

UEMS_preferred_hand (median, 95% CI) 25.00 22.00
(20.72–22.67)

MAS (median, 95% CI) 1.00
(0.60–1.13)

1.25
(0.94–1.53) 0.038 ***

FSS (mean ± SD) 2.92 ± 1.54 3.34 ± 1.40 0.117 ***
CSF 14 (25.00%) 12 (30.00%) 0.587 *

PAIN-NRS (median, 95% CI) 3.00
(2.29–4.03)

2.50
(2.31–4.64) 0.741 ***

DEPRESSIVE MOOD 11 (19.64%) 4 (10.00%) 0.200 *

N: number of participants; SD: standard deviation; CI: confidence interval; SCI: spinal cord injury; AIS: American
spinal injury association (ASIA) impairment scale; UEMS: upper extremity motor score; LEMS: lower extremity
motor score; MAS: modified Ashworth scale; FSS: fatigue severity scale; CFS: clinically significant fatigue (FSS > 4);
NRS: numeric rating scale. * = Chi-square test; ** = t test; *** = Mann–Whitney U test.

The mean FSS was 3.1 ± 1.5 and CSF was present in 27.1% of the participants with
SCI. The mean FSS was similar in the cervical SCI and the thoracolumbar SCI individuals,
and also no significant difference was found when comparing the presence of CSF in both
groups (Table 1).

3.2. Motor Performance: Hand Function and Motor Fatigability

As expected, ANOVA (F2,156 = 41.38, p < 0.001) revealed that the highest scores of mus-
cle force (MVCPEAK) achieved (at any point along the 2 min isometric task, usually at the
beginning) was lower in participants with cervical SCI than participants with thoracolum-
bar SCI and able-bodied participants (Tukey’s test post hoc: cervical SCI vs. thoracolumbar
SCI p < 0.001; cervical SCI vs. control p < 0.001). Participants with thoracolumbar SCI had
lower MVCPEAK than controls; however, the differences did not reach significance (Tukey’s
test post hoc: control vs. thoracolumbar SCI p = 0.076; Figure 2A).
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Figure 2. The highest maximal voluntary contractions and motor performance decrease induced
by the isometric task. (A). The highest scores of force performed during the 120 s of isometric
task (MVCPEAK) for each group (cervical, thoracolumnar and controls) measured in Newton (N).
(B). Reduction of muscle force along the 120 s task for each group (cervical, thoracolumnar and
controls) measured in Newton·seconds (N·s). The unit in the y-axis represents to the modulus of
maximal voluntary contractions MVCMOD, and x-axis represents 120 s task in 6 sequential 20 s
periods (B1, B2, B3, B4, B5 and B6). (C). Normalized Figure 2B respect to the maximal MVCMOD for
each group. Asterisks denote statistical significance *** p value < 0.001; * p < 0.05.
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Bayesian statistics confirmed these observations. The Bayesian ANOVA revealed that
groups (cervical SCI, thoracolumbar SCI and controls) had an effect on MVCPEAK with
strong evidence (BF10 > 100). The post hoc analysis shows strong evidence (BF10,U > 100)
that MVCPEAK differed between cervical SCI and thoracolumbar SCI and between cervical
SCI and controls. On the other hand, MVCPEAK was different between the control and
thoracolumbar SCI with anecdotal evidence (BF10,U = 1.204)

The MVCMOD in the first 20 sec of the task was different between the groups (ANOVA:
F2,156 = 44.13, p < 0.001). MVCMOD was lower in participants with cervical SCI than in
participants with thoracolumbar SCI (Tukey’s test post hoc: cervical SCI vs. thoracolumbar
SCI, p < 0.001) and weaker than in able-bodied controls (Table 2, Tukey’s test post hoc:
cervical SCI vs. controls p < 0.001, thoracolumbar SCI vs. controls p = 0.017). Bayesian
statistics confirmed these observations. The Bayesian ANOVA revealed that groups (cervi-
cal SCI, thoracolumbar SCI and controls) influenced the MVCMOD with strong evidence
(BF10 > 100). Post hoc analysis shows strong evidence (BF10,U > 100) that MVCMOD differed
between cervical SCI and thoracolumbar SCI and between cervical SCI and controls. The
MVCMOD was different between the control and thoracolumbar with moderate evidence
(BF10,U = 3.621).

Table 2. Isometric Fatiguing Task (first 20 s) performed by control subjects and Thoracolumbar and
Cervical SCI individuals.

Controls Thoracolumbar Cervical p value

MVCPEAK 28.44 ± 10.28 N 24.56 ± 10.70 N 11.04 ± 6.58 N <0.001
MVCMOD 20.11 ± 7.13 N·s 16.53 ± 8.07 N·s 6.90 ± 4.91 N·s <0.001

MVCMODF 65.97 ± 19.40% 64.67 ± 20.71% 63.71 ± 23.00% 0.862 *
MVCPEAK: maximal voluntary contraction force peak; MVCMOD: modulus of the maximal voluntary contraction;
MVCMODF: fatigability of the modulus of the maximal voluntary contraction or fatigue state. * Very strong
evidence supporting alternative hypothesis. MVCPEAK and MVCMOD were similar in participants with SCI with
and without CSF (ANOVA: F1,94 = 0.640, p = 0.426; F1,94 = 0. 192, p = 0.663) with anecdotal evidence confirmed by
Bayesian ANOVA (BF10 = 0.313; BF10 = 0.258).

Along the 2 min task, muscle force (i.e., raw MVCMOD at the six sequential 20 s
periods) decayed progressively (repeated measures ANOVA, TIME: F2.1,333,5 = 140.09,
p < 0.001). At all time points, the control group produced larger amounts of force than
thoracolumbar SCI group, and these group produced more force than cervical SCI group
(GROUP: F2,156 = 46.76, p < 0.001). The way the force dropped with time was different
for the three groups (TIMExGROUP: F10,780 = 10.04 p < 0.001). All these effects had the
evidence confirmed by Bayesian Repeated Measures ANOVA (TIMExGROUP: BFIncl > 100;
TIME: BFIncl > 100; TIME: BFIncl > 100). These findings are shown in Figure 2B.

However, most of the differences observed among groups can be explained by the
different initial MVCPEAK and MVCMOD, and thus we performed a second analysis with nor-
malized data (expressing force relative to the maximum acquired along the task). MVCMOD
progressively decayed up to about 65% of first 20 sec values (repeated measures ANOVA,
TIME: F2.15,336.5 = 154.3, p < 0.001) with strong evidence (Bayesian Repeated Measures
ANOVA, TIME: BFIncl > 100).

Remarkably, the profile of this reduction (hand motor fatigability) did not differ in the
three groups (repeated measures ANOVA, GROUP: F2,156 = 0.002 p = 0.998; TIMExGROUP:
F10,780 = 0.349 p = 0.967). The main effect of GROUP (Bayesian Repeated Measures ANOVA:
Group, BFIncl = 0.166) indicates anecdotal evidence that the normalized MVCMOD is the
same between groups. On the other hand, the effect of interaction (TIMExGROUP) pro-
vides extremely strong evidence (Bayesian Repeated Measures ANOVA: TIMExGROUP,
BFIncl < 0.001) that the normalized MVCMOD along the task is the not different among
groups. These findings are shown in Figure 2C.

MVCMODF (the change from Block1 to Block6) was similar in the three groups
(cervical = 63.71 ± 23.0%; thoracolumbar = 64.67 ± 20.71%; controls = 65.97 ± 19.40%,
ANOVA: F2,156 = 0.148, p = 0.862) with strong evidence confirmed by Bayesian ANOVA
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(BF10 = 0.024). Moreover, MVCMODF was similar in participants with SCI with and without
CSF (ANOVA: F1,94 = 0.074, p = 0.787) with anecdotal evidence observed using Bayesian
ANOVA (BF10 = 0.245).

4. Discussion

The SCI cohort we studied had similar characteristics and perceived fatigability to
that reported elsewhere. Our data confirm that people with SCI have elevated levels of
perceived fatigue and that they may have frequently clinically significant fatigue (one third
of our cohort) [20–25]. Moreover, our data suggest that there is no difference between
perceived fatigue of tetraplegic and paraplegic people with SCI. In people with cervical
SCI, the upper extremity muscles are, at least partially, disconnected from the brain (both
efferent and afferent connections), and the spinal motor neurons can be damaged.

The physiological consequence is that the maximal strength (measured at the begin-
ning of the task we studied) is lower. This agrees with a previous study that reported
that maximal voluntary contractions of the flexor carpi radialis showed significantly lower
muscle activation in people with SCI compared with in the controls only at the beginning
of the task [41]. Our data suggests that muscle force is less in people with cervical SCI
(expected) but also slightly less in people with thoracolumbar SCI (not expected). We
demonstrated a reduction of the hand motor strength (the maximal strength measured at
the beginning of the task is lower compared to controls) in paraplegic individuals.

We observed similar reduction of the hand motor strength in paraplegic individuals
also in other cohort studies (unpublished data). As far as people with thoracolumbar
SCI are concerned, that MVCMOD is reduced (without evidence of parallel reduction of
MVCPEAK) compared to the controls may have two possible, not alternative, explanations:
(1) MVCPEAK is also slightly reduced, and modulus calculation increases the statistics
sensitivity; (2) the MVCPEAK is similar; however, fatigue occurs faster. This latter explana-
tion would suggest that 2 min of MVC may fatigue only the fast and stronger muscular
fibers that are activated at the beginning of the effort. This potential mechanism would be
different in people with cervical SCI in which lower muscle activation seems to be more
evident at the beginning of the task [41].

On the other hand, we compared the hand motor fatigability in people with tetraplegia
and in people with paraplegia [31]. In this way, we can attempt to understand how hand
motor connections are important to determine motor fatigability in people with SCI. The
brain-to-muscle and muscle-to-brain connections are anatomically and functional impaired
in people with cervical SCI and only functionally impaired in people with thoracolumbar
SCI (data presented here and unpublished data); thus, we expected an incremented hand
motor fatigability compared to controls (e.g., more motor fatigability in SCI than in controls
and more motor fatigability in cervical than in thoracolumbar SCI).

We confirmed that the exerted forced decay (hand motor fatigability) during an
isometric task executed at maximal strength. Our findings provide strong evidence that the
force decay during isometric task is similar between participants with SCI and controls [41].
Moreover, we cannot find a difference between cervical and thoracolumbar SCI groups.
Similar hand motor fatigability in controls and people with SCI, during a fatiguing task,
has been previously reported [42]. Altogether, this data suggests that partial disconnection
from the brain (of both efferent and afferent connections) has a greater impact on the muscle
strength but not on the motor fatigability.

The participants with SCI that were able to exert stronger force at the beginning of
the task were more prone to become fatigued at the end of the task. On the other hand,
we found similar results also in the control population, suggesting that motivation and
probably the individual intrinsic capability to exert a stronger force may be more important
than the motor system damage.

Moreover, this suggests that SCI does not affect large and small motor units (MU) in a
different way (at least in our sample). If a large MU would be the most affected, the drop in
muscle force would be likely shallowed along the 2 min task, which was not the case. If a
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smaller MU would be the most affected, high levels of muscle force would be less affected;
however, the drop in force would be fast, which was not the case in either.

The sustained isometric task we used to test hand motor fatigability (objective mea-
surements of muscle fatigue) does not allow directly providing information about the origin
of fatigue (e.g., central or peripheral). Of course, both central and peripheral fatigue will
determine the decay of the motor performance. Our data may suggest possible mechanisms
to allow participants with SCI, regardless of their severity and neurological level, to keep
up with able-bodied controls in their profile of muscle force decay when performing an
intense motor task.

For example, it is likely that the weaker the central drive, the lower requirements at
peripheral level and, therefore, a lower development of peripheral fatigue [41]. Lin et al.
reported that, in individuals with incomplete SCI, the deficit in the motor brain-to-spine
connection (central motor drive) is an important source of muscle weakness and fatigue in
the muscle below the level of injury [41]. If so, within our experiment, even in the presence
of reduced peripheral fatigue, we should have observed a difference in force decay in
individuals with reduced central motor drive (e.g., people with cervical SCI) that we could
not observe.

This difference can be explained by the different motor tasks used. Lin et al. used
a repetitive model of isometric contraction, while we used a unique prolonged isometric
contraction. It is possible that a single activation of the central motor drive could not
produce as much central motor fatigue as a repetitive model (and probably even less
peripheral fatigue). Supporting this explanation, fatigue of the motor system is known to
be task-dependent [43,44]. For instance, in healthy humans, fatigue produce by maximal
isometric contractions appears to have a different impact on excitability of the spinal cord
and intracortical M1 circuits compared with maximal rate repetitive movements [19,45],
with the latter exerting different effects on muscle force or central drive to the muscle when
performed without resistance [46].

The muscle of SCI individuals has different contractility properties [47–49]. Can the
contractility properties contribute to the lack of motor fatigue after an isometric motor task
in people with cervical SCI? In physiological conditions, muscle contractility properties (e.g.,
slowing) contributes to muscle tension maintenance when motor unit firing rates decay
during fatiguing contraction [15]. The muscle slowing in people with cervical SCI may
contribute to compensate for the reduced motor central drive. We did not directly evaluate
the contractility properties in our sample; therefore, we cannot discard this possibility.

Whatever the explanation, we hypothesize that the reduced motor output may pre-
vent an excessive fatigability of motor system in SCI individuals [42]. Moreover, motor
fatigability was similar in people with SCI with and without clinically significant perceived
fatigability. We must consider that FSS is a scale used for a gross evaluation of fatigue in
daily life, and thus its relationship with the hand motor functions may be tiny, even in
people with cervical SCI.

Study Limitations

This study was strengthened by a large sample of participants with SCI patients
with a broad spectrum of disability levels and backgrounds. However, the cervical and
thoracolumbar SCI groups were not similar in respect to severity. Patients were taking
different medications that may have affected our findings.

5. Conclusions

The main results of this study can be summarized as follows: (1) motor fatigabil-
ity induced by an isometric task is similar in able-bodied people and people with SCI;
(2) motor fatigability is influenced by the maximal force (measured at the beginning of the
task); and (3) the perceived fatigability and the motor fatigability are largely independent
in people with SCI.
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Furthermore, as many factors contribute to fatigue, future studies will be conducted to clarify
which are the most relevant ones and, if possible, to determine which factors are modifiable.

Author Contributions: Conceptualization, A.O.-F., J.A.-C. and A.O.; methodology, J.A.-C., P.A. and
A.O.; formal analysis, A.O.-F., V.S.-L. and A.O.; investigation, A.O.-F., L.M.-M., Y.A.P.-B. and C.R.-G.;
resources, V.S.-L. and A.O.; data curation, A.O.-F.; writing—original draft preparation, A.O.-F. and
A.O.; writing—review and editing, A.O.-F., V.S.-L., J.A.-C., L.M.-M., Y.A.P.-B., C.R.-G., P.A. and A.O.;
supervision, J.A.-C. and A.O.; project administration, A.O.-F., V.S.-L. and A.O.; funding acquisition,
A.O. All authors have read and agreed to the published version of the manuscript.

Funding: Project ICI20/00075, funded by Instituto de Salud Carlos III (ISCIII) and cofounded by the
European Union.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Toledo Area, Spain; Project
identification code: 87-2015.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: We would like to thank Cecilia Albo for the useful help.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wyndaele, M.; Wyndaele, J.J. Incidence, prevalence and epidemiology of spinal cord injury: What learns a worldwide literature

survey? Spinal Cord 2006, 44, 523–529. [CrossRef] [PubMed]
2. Jensen, M.P.; Molton, I.R.; Groah, S.L.; Campbell, M.L.; Charlifue, S.; Chiodo, A.; Forchheimer, M.; Krause, J.S.; Tate, D. Secondary

health conditions in individuals aging with SCI: Terminology, concepts and analytic approaches. Spinal Cord 2012, 50, 373–378.
[CrossRef] [PubMed]

3. Craig, A.; Tran, Y.; Wijesuriya, N.; Middleton, J. Fatigue and tiredness in people with spinal cord injury. J. Psychosom. Res. 2012,
73, 205–210. [CrossRef] [PubMed]

4. McKinley, W.O.; Jackson, A.B.; Cardenas, D.D.; De Vivo, M.J. Long-term medical complications after traumatic spinal cord injury:
A regional model systems analysis. Arch. Phys. Med. Rehabil. 1999, 80, 1402–1410. [CrossRef]

5. Anton, H.A.; Miller, W.C.; Townson, A.F. Measuring fatigue in persons with spinal cord injury. Arch. Phys. Med. Rehabil. 2008,
89, 538–542. [CrossRef]

6. Fawkes-Kirby, T.M.; Wheeler, M.A.; Anton, H.A.; Miller, W.C.; Townson, A.F.; Weeks, C.A. Clinical correlates of fatigue in spinal
cord injury. Spinal Cord 2008, 46, 21–25. [CrossRef]

7. Lee, A.K.; Miller, W.C.; Townson, A.F.; Anton, H.A.; the F2N2 Research Group. Medication use is associated with fatigue in a
sample of community-living individuals who have a spinal cord injury: A chart review. Spinal Cord 2010, 48, 429–433. [CrossRef]

8. Anton, H.A.; Miller, W.C.; Townson, A.F.; Imam, B.; Silverberg, N.; Forwell, S. The course of fatigue after acute spinal cord injury.
Spinal Cord 2016, 55, 94–97. [CrossRef]

9. Figuérez, A.O.; Coy, J.A.; Fernández-Canosa, S.; León, V.S.; Molina, M.I.L.; Oliviero, A. Factors associated with fatigue in people
with spinal cord injury: A systematic review and meta-analysis. Arch. Phys. Med. Rehabil. 2022, in press. [CrossRef] [PubMed]

10. Multiple Sclerosis Council for Clinical Practice Guidelines. Fatigue and Multiple Sclerosis: Evidence-Based Management Strategies for
Fatigue in Multiple Sclerosis; Paralyzed Veterans of America: Washington, DC, USA, 1998.

11. Enoka, R.M.; Duchateau, J. Translating Fatigue to Human Performance. Med. Sci. Sports Exerc. 2016, 48, 2228–2238. [CrossRef]
12. Enoka, R.M.; Almuklass, A.M.; Alenazy, M.; Alvarez, E.; Duchateau, J. Distinguishing between Fatigue and Fatigability in

Multiple Sclerosis. Neurorehabilit. Neural Repair 2021, 35, 960–973. [CrossRef] [PubMed]
13. Craig, A.; Tran, Y.; Wijesuriya, N.; Boord, P. A controlled investigation into the psychological determinants of fatigue. Biol. Psychol.

2006, 72, 78–87. [CrossRef] [PubMed]
14. Finsterer, J.; Mahjoub, S.Z. Fatigue in healthy and diseased individuals. Am. J. Hosp. Palliat. Med. 2014, 31, 562–575. [CrossRef]
15. Bigland-Ritchie, B.; Woods, J.J. Changes in muscle contractile properties and neural control during human muscular fatigue.

Muscle Nerve 1984, 7, 691–699. [CrossRef] [PubMed]
16. Barry, B.K.; Enoka, R.M. The neurobiology of muscle fatigue: 15 years later. Integr. Comp. Biol. 2007, 47, 465–473. [CrossRef]

[PubMed]
17. Gandevia, S.C. Spinal and supraspinal factors in human muscle fatigue. Physiol. Rev. 2001, 81, 1725–1789. [CrossRef]
18. Di Lazzaro, V.; Oliviero, A.; Tonali, P.A.; Mazzone, P.; Insola, A.; Pilato, F.; Saturno, E.; Dileone, M.; Rothwell, J.C. Direct

demonstration of reduction of the output of the human motor cortex induced by a fatiguing muscle contraction. Exp. Brain Res.
2003, 149, 535–538. [CrossRef]

http://doi.org/10.1038/sj.sc.3101893
http://www.ncbi.nlm.nih.gov/pubmed/16389270
http://doi.org/10.1038/sc.2011.150
http://www.ncbi.nlm.nih.gov/pubmed/22143678
http://doi.org/10.1016/j.jpsychores.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22850261
http://doi.org/10.1016/S0003-9993(99)90251-4
http://doi.org/10.1016/j.apmr.2007.11.009
http://doi.org/10.1038/sj.sc.3102053
http://doi.org/10.1038/sc.2009.145
http://doi.org/10.1038/sc.2016.102
http://doi.org/10.1016/j.apmr.2022.07.017
http://www.ncbi.nlm.nih.gov/pubmed/35964699
http://doi.org/10.1249/MSS.0000000000000929
http://doi.org/10.1177/15459683211046257
http://www.ncbi.nlm.nih.gov/pubmed/34583577
http://doi.org/10.1016/j.biopsycho.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16137817
http://doi.org/10.1177/1049909113494748
http://doi.org/10.1002/mus.880070902
http://www.ncbi.nlm.nih.gov/pubmed/6100456
http://doi.org/10.1093/icb/icm047
http://www.ncbi.nlm.nih.gov/pubmed/21672855
http://doi.org/10.1152/physrev.2001.81.4.1725
http://doi.org/10.1007/s00221-003-1408-6


J. Clin. Med. 2022, 11, 5108 11 of 12

19. Arias, P.; Robles-García, V.; Corral-Bergantiños, Y.; Madrid, A.; Espinosa, N.; Valls-Solé, J.; Grieve, K.L.; Oliviero, A.; Cudeiro, J.
Central fatigue induced by short-lasting finger tapping and isometric tasks: A study of silent periods evoked at spinal and
supraspinal levels. Neuroscience 2015, 305, 316–327. [CrossRef]

20. Barat, M.; Dehail, P.; de Seze, M. Fatigue after spinal cord injury. Ann. Readapt. Med. Phys. 2006, 49, 277–282. [CrossRef]
21. Hammell, K.W.; Miller, W.C.; Forwell, S.J.; Forman, B.E.; Jacobsen, B.A. Fatigue and spinal cord injury: A qualitative analysis.

Spinal Cord 2009, 47, 44–49. [CrossRef]
22. Freixes, O.; Rivas, M.E.; Agrati, P.E.; Bochkezanian, V.; Waldman, S.V.; Olmos, L.E. Fatigue level in spinal cord injury AIS D

community ambulatory subjects. Spinal Cord 2012, 50, 422–425. [CrossRef] [PubMed]
23. Saunders, L.L.; Krause, J.S. Behavioral factors related to fatigue among persons with spinal cord injury. Arch. Phys. Med. Rehabil.

2012, 93, 313–318. [CrossRef] [PubMed]
24. Craig, A.; Tran, Y.; Siddall, P.; Wijesuriya, N.; Lovas, J.; Bartrop, R.; Middleton, J. Developing a model of associations between

chronic pain, depressive mood, chronic fatigue, and self-efficacy in people with spinal cord injury. J. Pain 2013, 14, 911–920.
[CrossRef] [PubMed]

25. Cudeiro-Blanco, J.; Onate-Figuérez, A.; Soto-León, V.; Avendaño-Coy, J.; Mordillo-Mateos, L.; Brocalero-Camacho, A.; Esclarin-
Ruz, A.; Rotondi, M.; Aguilar, J.; Arias, P.; et al. Prevalence of Fatigue and Associated Factors in a Spinal Cord Injury Population:
Data from an Internet-Based and Face-to-Face Surveys. J. Neurotrauma 2017, 34, 2335–2341. [CrossRef]

26. Kluger, B.M.; Krupp, L.B.; Enoka, R.M. Fatigue and fatigability in neurologic illnesses: Proposal for a unified taxonomy. Neurology
2013, 80, 409–416. [CrossRef]

27. Alschuler, K.N.; Jensen, M.P.; Sullivan-Singh, S.J.; Borson, S.; Smith, A.E.; Molton, I.R. The association of age, pain, and fatigue
with physical functioning and depressive symptoms in persons with spinal cord injury. J. Spinal Cord Med. 2013, 36, 483–491.
[CrossRef]

28. Tawashy, A.E.; Eng, J.J.; Lin, K.H.; Tang, P.F.; Hung, C. Physical activity is related to lower levels of pain, fatigue and depression
in individuals with spinal-cord injury: A correlational study. Spinal Cord 2009, 47, 301–306. [CrossRef]

29. Jensen, M.P.; Kuehn, C.M.; Amtmann, D.; Cardenas, D.D. Symptom burden in persons with spinal cord injury. Arch. Phys. Med.
Rehabil. 2007, 88, 638–645. [CrossRef]

30. Wijesuriya, N.; Tran, Y.; Middleton, J.; Craig, A. Impact of fatigue on the health-related quality of life in persons with spinal cord
injury. Arch. Phys. Med. Rehabil. 2012, 93, 319–324. [CrossRef]

31. Michaelis, L. International inquiry on neurological terminology and prognosis in paraplegia and tetraplegia. Spinal Cord 1969,
7, 1–5. [CrossRef]

32. Maynard, F.M.; Bracken, M.B.; Creasey, G.; Ditunno, J.F.; Donovan, W.H.; Ducker, T.B.; Garber, S.L.; Marino, R.J.; Stover, S.L.;
Tator, C.H.; et al. International Standards for Neurological and Functional Classification of Spinal Cord Injury. American Spinal
Injury Association. Spinal Cord 1997, 35, 266–274. [CrossRef] [PubMed]

33. Williamson, A.; Hoggart, B. Pain: A review of three commonly used pain rating scales. J. Clin. Nurs. 2005, 14, 798–804. [CrossRef]
[PubMed]

34. Bohannon, R.W.; Smith, M.B. Interrater reliability of a modified Ashworth scale of muscle spasticity. Phys. Ther. 1987, 67, 206–207.
[CrossRef] [PubMed]

35. Kuppuswamy, A.; Rothwell, J.; Ward, N. A model of poststroke fatigue based on sensorimotor deficits. Curr. Opin. Neurol. 2015,
28, 582–586. [CrossRef]

36. Mordillo-Mateos, L.; Soto-Leon, V.; Torres-Pareja, M.; Peinado-Palomino, D.; Mendoza-Laiz, N.; Alonso-Bonilla, C.; Dileone, M.;
Rotondi, M.; Aguilar, J.; Oliviero, A. Fatigue in Multiple Sclerosis: General and Perceived Fatigue Does Not Depend on
Corticospinal Tract Dysfunction. Front. Neurol. 2019, 10, 339. [CrossRef]

37. Siciliano, M.; Trojano, L.; Santangelo, G.; De Micco, R.; Tedeschi, G.; Tessitore, A. Fatigue in Parkinson’s disease: A systematic
review and meta-analysis. Mov. Disord. 2018, 33, 1712–1723. [CrossRef]

38. Soto-Leon, V.; Alonso-Bonilla, C.; Peinado-Palomino, D.; Torres-Pareja, M.; Mendoza-Laiz, N.; Mordillo-Mateos, L.;
Onate-Figuerez, A.; Arias, P.; Aguilar, J.; Oliviero, A. Effects of fatigue induced by repetitive movements and isometric
tasks on reaction time. Hum. Mov. Sci. 2020, 73, 102679. [CrossRef]

39. Andraszewicz, S.; Scheibehenne, B.; Rieskamp, J.; Grasman, R.; Verhagen, J.; Wagenmakers, E.-J. An Introduction to Bayesian
Hypothesis Testing for Management Research. J. Manag. 2015, 41, 521–543. [CrossRef]

40. Westfall, P. A Bayesian perspective on the Bonferroni adjustment. Biometrika 1997, 84, 419–427. [CrossRef]
41. Lin, K.H.; Chen, Y.C.; Luh, J.J.; Wang, C.H.; Chang, Y.J. H-reflex, muscle voluntary activation level, and fatigue index of flexor

carpi radialis in individuals with incomplete cervical cord injury. Neurorehabilit. Neural Repair 2012, 26, 68–75. [CrossRef]
42. Prak, R.F.; Doestzada, M.; Thomas, C.K.; Tepper, M.; Zijdewind, I. Reduced voluntary drive during sustained but not during

brief maximal voluntary contractions in the first dorsal interosseous weakened by spinal cord injury. J. Appl. Physiol. 2015,
119, 1320–1329. [CrossRef] [PubMed]

43. Enoka, R.M. Mechanisms of muscle fatigue: Central factors and task dependency. J. Electromyogr. Kinesiol. 1995, 5, 141–149.
[CrossRef]

44. Enoka, R.M.; Stuart, D.G. Neurobiology of muscle fatigue. J. Appl. Physiol. 1992, 72, 1631–1648. [CrossRef] [PubMed]
45. Madrid, A.; Valls-Solé, J.; Oliviero, A.; Cudeiro, J.; Arias, P. Differential responses of spinal motoneurons to fatigue induced by

short-lasting repetitive and isometric tasks. Neuroscience 2016, 339, 655–666. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuroscience.2015.07.081
http://doi.org/10.1016/j.annrmp.2006.04.013
http://doi.org/10.1038/sc.2008.68
http://doi.org/10.1038/sc.2011.175
http://www.ncbi.nlm.nih.gov/pubmed/22270195
http://doi.org/10.1016/j.apmr.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22289243
http://doi.org/10.1016/j.jpain.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23707693
http://doi.org/10.1089/neu.2016.4950
http://doi.org/10.1212/WNL.0b013e31827f07be
http://doi.org/10.1179/2045772312Y.0000000072
http://doi.org/10.1038/sc.2008.120
http://doi.org/10.1016/j.apmr.2007.02.002
http://doi.org/10.1016/j.apmr.2011.09.008
http://doi.org/10.1038/sc.1969.2
http://doi.org/10.1038/sj.sc.3100432
http://www.ncbi.nlm.nih.gov/pubmed/9160449
http://doi.org/10.1111/j.1365-2702.2005.01121.x
http://www.ncbi.nlm.nih.gov/pubmed/16000093
http://doi.org/10.1093/ptj/67.2.206
http://www.ncbi.nlm.nih.gov/pubmed/3809245
http://doi.org/10.1097/WCO.0000000000000260
http://doi.org/10.3389/fneur.2019.00339
http://doi.org/10.1002/mds.27461
http://doi.org/10.1016/j.humov.2020.102679
http://doi.org/10.1177/0149206314560412
http://doi.org/10.1093/biomet/84.2.419
http://doi.org/10.1177/1545968311418785
http://doi.org/10.1152/japplphysiol.00399.2015
http://www.ncbi.nlm.nih.gov/pubmed/26404618
http://doi.org/10.1016/1050-6411(95)00010-W
http://doi.org/10.1152/jappl.1992.72.5.1631
http://www.ncbi.nlm.nih.gov/pubmed/1601767
http://doi.org/10.1016/j.neuroscience.2016.10.038
http://www.ncbi.nlm.nih.gov/pubmed/27789383


J. Clin. Med. 2022, 11, 5108 12 of 12

46. Madrid, A.; Madinabeitia-Mancebo, E.; Cudeiro, J.; Arias, P. Effects of a Finger Tapping Fatiguing Task on M1-Intracortical
Inhibition and Central Drive to the Muscle. Sci. Rep. 2018, 8, 9326. [CrossRef] [PubMed]

47. Butler, J.E.; Thomas, C.K. Effects of sustained stimulation on the excitability of motoneurons innervating paralyzed and control
muscles. J. Appl. Physiol. 2003, 94, 567–575. [CrossRef]

48. Krieger, S.R.; Pierotti, D.J.; Coast, J.R. Spinal cord injury and contractile properties of the human tibialis anterior. J. Sports Sci. Med.
2005, 4, 124–133.
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