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ABSTRACT

A cerebrovascular accident, otherwise known as stroke, has the potential to damage multiple areas
within the brain affecting descending motor control via a multitude of pathways resulting in a wide
variety of movement problems. The cortico-reticulospinal system, one of the largest motor systems, is

frequently affected, compromising its output, resulting in postural control deficits. The identification of
clinically relevant instruments and scales to document and evaluate recovery in post-stroke patients is
vital. However, the availability of such measures and scales which take into consideration the role of
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postural control as an integral component of functional movement performance are scarce. This paper
will critically discuss the importance of integrating current neuroscience and motor control knowledge
in order to better understand and describe the clinical presentation of persons post-stroke such that
the effectiveness of stroke rehabilitation can be appropriately measured.

Introduction

Impaired motor control, with a subsequent loss in functional
capability, is one of the primary consequences of stroke
(Dimyan and Cohen 2011; Grefkes and Ward 2014). Ischemic
events, involving the middle cerebral artery (MCA), are the most
common type of stroke (de Niet et al. 2007; Mohr et al. 2011),
frequently compromising both cortical and subcortical connect-
ivity and output from cortical regions such as the pre-motor,
primary and supplementary motor areas (Lemon 2008; Grefkes
et al. 2010). It is now understood that stroke events rarely result
in a pure cortico-spinal lesion as cortico-reticular axons, which
significantly outnumber cortico-spinal axons, are also simultan-
eously affected (Lemon 2008; Rothwell 2009; Baker 2011).
Cortico-reticulospinal damage results in bilateral postural
control impairments, as well as movement impairments of
the contra-lesional side (Prentice and Drew 2001; Rothwell
2012), due to the predominantly ipsilateral (pontine) and
bilateral (medullary) distributions of reticulospinal pathways
(Takakusaki et al. 2016). This knowledge assumes particular
relevance considering that movement performance requires
an appropriate postural orientation of all segments of the
body in relation to the environment and gravity while keep-
ing an upright alignment for stability (Horak 2006; Bouisset
and Do 2008; Guigon 2010; Latash and Zatsiorsky 2016;
Latash 2016; Barra et al. 2017). Movement is generated by
the activity of neuronal circuits collecting and integrating

information, resulting in precisely timed skeletal muscle con-
tractions (Arber 2012). This dynamic and complex interplay
between neurological and muscular systems enables effect-
ive motor control (Latash 2016) and is the holy grail of neu-
rorehabilitation (Brock et al. 2011; Levin and Panturin 2011;
Ting et al. 2015). Post-stroke rehabilitation is a complex pro-
cess requiring neurorehabilitation therapists to integrate their
theoretical knowledge of basic science and motor control
with professional practice knowledge (Kleim 2011).

This paper will critically discuss the importance of inte-
grating current neuroscience and motor control knowledge
in order to better understand and describe the clinical pres-
entation of persons post-stroke such that the effectiveness of
stroke rehabilitation can be appropriately measured. In fact,
the need to translate this knowledge when evaluating motor
recovery, specifically with respect to measuring movement
performance, has been identified as crucial in determining
the effectiveness of neurorehabilitation interventions
(Jolkkonen and Kwakkel 2016; Stinear 2016).

Post-stroke movement deficits - understanding the
contribution of the cortico-reticular pathways in
movement control

Identifying and understanding the impact of a focal cerebral
lesion on a person’s movement capability from a
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neurophysiological perspective, specifically with respect to
fiore tract involvement, remains a considerable challenge
within the stroke neurorehabilitation setting (Grefkes and
Ward 2014). Explicating the neurophysiological implications
of a cerebral lesion with respect to the clinical presentation
is extremely complex. This is made even more difficult due
to our evolving understanding that even localized lesions
will influence remote linked neural areas due to the process
of secondary denervation known as diaschisis (Silasi and
Murphy 2014). In fact, both cortico-spinal and reticulospinal
pathways maybe affected, with contra-lesional motor impair-
ments primarily due to cortico-spinal involvement, as well as
ipsi- and contra-lesional postural control impairments due to
the involvement of bilateral reticulospinal pathways (Lemon
2008; Sousa, Silva et al. 2012; Silva, Sousa et al. 2017).

Thus, whilst understanding the size and location of the
focal lesion is important with respect to the impact on brain
networks (Grefkes and Ward 2014), it is also important to
consider the primary neural targets of the lesioned area as
the impact of secondary denervation will contribute to the
individual clinical presentation (Nguyen and Botez 1998;
Carter et al. 2012; Fornito et al. 2015). Based on the under-
standing of the nature and role of the cortico-reticulospinal
pathways, careful consideration should be addressed not
only to the contralesional deficits, but also to the bilateral
postural control deficits (Silva, Sousa et al. 2013; Silva, Silva
et al. 2014), and the need for sensitive measures to evaluate
this important aspect of post-stroke movement dysfunction.
Similarly, evidence suggests that the cortico-reticular system
also has a role in more distal motor control (Riddle et al.
2009; Soteropoulos et al. 2012; Honeycutt et al. 2013).
Recent evidence suggests that spinal cord interneurons
involved in hand movements receive convergent input from
both reticulospinal and cortico-spinal systems (Riddle and
Baker 2010). Additionally, ipsilesional lower limb impairments
due to reticulospinal involvement have also been identified
in persons post-stroke (Sousa, Silva et al. 2013; Silva, Sousa
et al. 2015). Therefore, our programme of research investigat-
ing the ipsi and contralesional deficits in persons post-stroke
(Silva, Sousa et al. 2013; Sousa, Silva et al. 2013, Silva, Silva
et al. 2014; Silva, Sousa et al. 2015,; Sousa, Silva et al. 2015,
Sousa, Silva et al. 2015), along with increasing neuroscientific
knowledge with respect to the bilateral nature of the cor-
tico-reticulospinal system and its extensive contribution to
motor control, highlight this issue (Riddle et al. 2009; Jang,
Chang et al. 2013; Jang and Lee 2016). This provides a know-
ledge base suggesting that a person post-stoke is highly
likely to have both ipsi and contralesional deficits and, as
such, the ipsi-lesional side can no longer be considered the
un-lesioned side. (Arya and Pandian 2014; Cavallari et al.
2016; Dietz and Schrafl-Altermatt 2016).

The role of postural control in movement recovery
post-stroke

Postural control from the clinician’s perspective is considered
an integral aspect of task performance and movement qual-
ity (Vaughan-Graham and Cott 2016) and has been discussed

by numerous scholars (Bernstein 1967; Winter et al. 1990;
Aruin 2003; Feldman and Levin 2009).

Although there is no consensus on one motor control the-
ory (Levin 2016), there is strong evidence for the role of
anticipatory postural control as an integral aspect of move-
ment control (Takakusaki 2013) revealing once more the
important role of the cortico-reticulospinal system in motor
control and movement recovery post-stroke (Zaaimi et al.
2012). In fact, the cortico-reticulospinal system is considered
one of the major descending pathways by which the brain
controls spinal motor output in all vertebrates (Lemon,
Landau et al. 2012; Soteropoulos et al. 2012). The importance
of the role of the cortico-reticulospinal system in humans
has already been highlighted due to some of the resulting
motor impairments identified in persons post-stroke (Riddle
et al. 2009).

Postural control has recently been described as one of the
primary dysfunctions due to neurological conditions (Latash
and Huang 2015), including post stroke (Genthon et al.
2008). From a clinical perspective, postural control and
movement are considered interactive and interdependent
(Leonard et al. 2011; Takakusaki 2013; Vaughan-Graham and
Cott 2017) therefore movement problems arising due to
stroke may be related to postural control dysfunction. Thus,
the evaluation and treatment of postural control should be
considered an essential aspect of movement rehabilitation
for persons post-stroke in order to minimize the develop-
ment of compensatory strategies (Jones 2017). Therefore,
greater attention to the role of the trunk and both ipsi- and
contra-lesional body segments, is required in movement
rehabilitation (Levin 1996; Takeuchi and lzumi 2012), rather
than sole focus on the role of the upper and lower limb for
functional task performance (Cott et al. 2011). The postural
control and selective movement components of all tasks,
and their relative interaction, are dependent upon in part to
integrated bilateral reticular system activity (Honeycutt et al.
2013). Therefore, the consideration of the relative interaction
of postural control and selective movement through bio-
mechanical parameters and muscle synergy analysis is
required in functional movement analysis as well as in stroke
measurement tools (Genthon et al. 2008; Latash and
Huang 2015).

Measuring post-stroke deficits and effectiveness of
stroke rehabilitation interventions

Health systems face with considerable pressures due to the
increasing prevalence of stroke, particularly in terms of
budget constraints, health organization, data and information
technology (Truelsen and Bonita 2009; Murray et al. 2012;
Krishnamurthi et al. 2013). Consequently, health care systems
are required to adapt, developing new solutions and services,
affecting the way stroke instruments are used by professio-
nals across the continuum of care (AHA/ACC 2000; Delnoij
et al. 2003; Hofmarcher et al. 2007). Furthermore, throughout
the care pathway, instruments and scales should contribute
to clearly documenting the stroke recovery process across
the core multidisciplinary stroke rehabilitation team, as well



as providing a tool for communication with the person post-
stroke, the family, the caregiver and within broader societal
contexts (NICE 2013). Additionally, it is critical that stroke
instruments integrate current neuroscience and motor con-
trol knowledge, in order to detect clinically relevant changes
throughout the rehabilitation process, and through changes
scores contribute to the therapist’s clinical reasoning process
to optimize stroke rehabilitation outcomes (Beninato and
Portney 2011). Therefore, the identification of valid, reliable
and clinically relevant outcome measures to document and
evaluate post-stroke recovery is vital in determining the
effectiveness of interventions (Fulk and Field-Fote 2011).

Historically, primary impairments post-stroke are consid-
ered contra-lesional on which stroke instruments measuring
change in motor behaviour and function are mainly focused.
However, evidence suggests that lesions affecting solely the
cortico-spinal system do not strongly interfere with function-
ality (Lemon, Landau et al. 2012) when compared to lesions
affecting network connections between the cerebral cortex
and reticular formation (Rothwell 2009).

Although, there is a growing body of knowledge with
respect to bilateral postural control impairment in persons
post-stroke (Sousa, Silva et al. 2012; Kitsos et al. 2013; Silva,
Sousa et al. 2013; Sousa, Silva et al. 2013; Sousa, Silva et al.
2013; Silva, Silva et al. 2014; Silva, Sousa et al. 2015; Sousa,
Silva et al. 2015; Sousa, Silva et al. 2015; Silva, Sousa et al.
2017), the current evidence is limited to biomechanical data
within the research environment. Despite physiotherapists
observational skills being considered a valuable tool, espe-
cially when referring to expert professionals (McGinley et al.
2003), there is a profound lack of objective measures to
allow valid and reliable quantification of postural control var-
iables within the clinical setting. Additionally, the majority of
motor impairment measures focus on movement-related
problems with respect to the contra-lesional side (e.g., Reach
Performance Scale, Motor Evaluation Scale for Upper
Extremity in Stroke Patients) (Levin, Desrosiers et al. 2004;
Johansson and Hager 2012), with little to no consideration of
the ipsi-lesional postural control requirements for contrale-
sional movement. In fact, stroke instruments and scales (e.g.,
Fugl-Meyer Scale), in which the score attribution to the
movement performance of the contra-lesional side are based
on comparative analysis with the so-called ‘non-lesioned/
unaffected/normal side’ (Fugl-Meyer et al. 1975; Carr et al.
1985; Duncan et al. 2000), are no longer consistent with the
current neuroscientific evidence and may inadvertently limit
the assessment, evaluation and clinical reasoning required
for neurorehabilitation approaches that consider the function
and motor performance of the whole person (Vaughan-
Graham and Cott 2016).

In addition and unfortunately to date, the majority of
stroke instruments primarily focus on either the time to com-
plete an activity/task (e.g., 10 m walk test) (Tilson et al.
2010), the amount of assistance required or the need for an
assistive device for task accomplishment (e.g. Functional
Independence Measure) (Beninato, Gill-Body et al. 2006), or
the level of dependence (e.g., Barthel Index, Balance Berg
Scale, Stream Measure) (Mahoney and Barthel 1965; Berg

et al. 1995; Daley et al. 1999), rather than individual aspects
of functional ability or actual motor performance (Vaughan-
Graham, Cott et al. 2015). This obscures the complex and
important role of movement rehabilitation with respect to
movement performance, whilst simultaneously limiting the
discussion on the aspects of movement recovery that are
important to persons post-stroke, clinicians and researchers
(Levin, Kleim et al. 2009).

Thus, there is an urgent need for the development of
neurorehabilitation outcome measures that reflect current
neuroscience and motor control knowledge such that the
clinical presentation can be more accurately elucidated and
measured over the neurorehabilitation intervention period.
Such measures would potentially provide greater insight
with respect to the complex clinical presentation whilst, also
providing a significant contribution to the knowledge based
particularly with respect to prognostic indicators and recov-
ery potential post-stroke.

Future considerations for neurorehabilitation
and research

The developing knowledge based on the role of the cortico-
reticulospinal system with respect to postural control, specif-
ically the role of feedforward mechanisms such as anticipa-
tory postural adjustments (Takakusaki 2013), support the
importance of bilateral postural control for contralateral
motor performance (Sousa, Silva et al. 2013; Silva, Silva et al.
2014). The challenge for neurorehabilitation practice and
research is quantifying the qualitative aspects of movement
in order for effectiveness research to be more clinically rele-
vant (Vaughan-Graham, Cott et al. 2015). Therefore, it is
important to consider this issue with respect to stroke instru-
ments and scales in order to optimize analysis, evaluation
and treatment of persons with neurological conditions
(Latash and Huang 2015). We also agree with Kitsos and col-
leagues (2013), who suggest that terms such as ipsilesional
and contralesional may improve the description of move-
ment dysfunction post central nervous system injury (Kitsos
et al. 2013).

The recent suggestion by Latash and Huang (2015), that
aspects of movement dysfunction could be considered as
impaired control of stability (Latash and Huang 2015) which
is consistent with a recent study of expert neurorehabilita-
tion therapists in which postural control (stability), and
selective movement (mobility), were integral to their concep-
tualization of movement (Vaughan-Graham and Cott 2017).
Therefore, consideration of the role of postural control/stabil-
ity as a theory-based clinical descriptor of movement per-
formance is an important issue in neurorehabilitation as well
as in the consideration of appropriate and relevant stroke
instruments and scales (Latash and Huang 2015).

This paper has discussed the important bilateral role of
the cortico-reticulospinal system in motor control and move-
ment recovery following a central nervous system (CNS)
lesion. We suggest that the contribution of the ipsilesional
cortico-reticulospinal pathways with respect to postural con-
trol and subsequent contra-lesional motor performance



requires consideration in the assessment, evaluation and
treatment of persons post CNS lesion. Thus, a reconceptuali-
zation of stroke instruments and scales is required such that
the objective measurement of both ipsi and contralesional
function and dysfunction and the relative influence on move-
ment performance and functional capability can be explored.
We believe that this paradigm shift in movement analysis,
intervention and evaluation would make a positive contribu-
tion to the field of neurorehabilitation practice and research.
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