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1
Introduction

1.1 Introduction

Recovery of motor function after stroke is a hard and daunting task. Eighty
percent of the acute stroke patients have some form of motor impairment
(Barker and Mullooly, 1997). Twenty percent regain some of their motor
function in following months after their stroke, leaving 50-60 percent of the
patients that will never achieve complete recovery and will have to learn to
live with their disability for the rest of their lives (Hendricks et al., 2002). A
large percentage of these patients are unable to live independently and need
care in an in-house or outpatient setting. The past decades more and more
research has shown that cognitive approaches to motor recovery could have
great potential for motor recovery and motor learning (Munzert et al., 2009;
Mulder, 2007; Page, 2001). Motor imagery, the process of imagining move-
ments, and observation, looking at movements of others, are two techniques
that have shown some promising results in healthy subject and sports settings
and are used more often in a rehabilitation setting. However, problems after
stroke are very heterogenic in nature. Besides motor problems patients can
have perceptual, cognitive, motivational and emotional problems as well.

To evaluate whether more cognitive approaches to motor recovery have
potential it is necessary to know more about if and how covert motor pro-
cesses are still intact after hemiplegic stroke. An important question in this
field focusses on the use of motor imagery for rehabilitation. To date, it is
not clear if and how many stroke patients retain the ability to imagine move-
ments. Also, it is not clear how different (motor) imagery ability measures
are affected by hemiplegic stroke. For instance, it is unclear if visual imagery
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and motor imagery impairment after stroke are related to each other and what
the relationship between implicit and self-report measures of motor imagery
is. Also, little is known about the longitudinal progression of motor imagery
ability after stroke. Therefore, this thesis aims to investigate how hemiplegic
stroke patients perform on motor imagery ability measures after their stroke
in order to shed light on these important questions and give insight into the
mechanisms behind motor imagery ability after stroke.

1.2 Mental Imagery
Do you know how many glass windows your house has? Which is more yel-
low a granule of corn (maize) or a granule of barley (grain)? Do you know
which colour a piece of Gouda cheese has? Imagine folding a square paper
handkerchief in middle so that the bottom corners are on top of the top cor-
ners. Now put a nail through the folded top left handkerchief corner, pincing a
hole in it. Pull the nail out and fold the handkerchief back again. How would
the resulting handkerchief look like? Are there multiple holes in it? Where
are they positioned? Most people report using mental imagery, visualizing
the scenes and objects to retrieve information necessary to answer these types
of questions. Now imagine sweeping your room with a broom, which hand
is on top of the other? Pay close attention to details in this mental picture.
What do you see? What do you feel? Do you experience yourself sweep-
ing as if you were doing it in real life? How realistic and detailed was the
experience of your movement? Could you feel yourself moving; your legs;
your hands, putting one above the other? Did you see yourself moving, what
clothes did you wear? It is very difficult for somebody else to know what is
going on inside your head when answering simple questions such as imag-
ining a movement. Therefore, this thesis focusses on how, particularly after
brain damage, we can gain insight in how somebody goes about in answering
these questions.

Kosslyn, already in the early 70’s, also realized that imagery was a fun-
damental and hard problem for the field of psychology. In a series of exper-
iments he set out to answer the question if we did indeed use quasi-visual
pictures in our thinking. In the field of psychology, research on mental im-
agery, termed ‘seeing with the mind’s eye’, has been dominated by research
into the visual sense in the past decades. Kosslyn’s pivotal research consisted
of clever designed visual pictures and descriptions of visual pictures to gain
more knowledge on what properties mental imagery has. You can do this
easily yourself. Kosslyn favoured imagining the shape of a German shepherd
dog’s ears (you can imagine the Fennec Fox’s ears if you have more affec-
tion with cute little pets). It is interesting to realize how people go about in
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answering these questions. Most people would respond that they imagine the
dog in their mind’s eye and then inspect the mental picture by looking at the
shape of the dog’s ears (Kosslyn, 1980, 2005). Is what you are doing when
you are imagining things really like looking at a picture of a real dog or an im-
age of the German shepherd dog? If imagery is picture like, are your mental
pictures the same as mine? As you can see, getting a better grip on the notion
of imagery is really difficult and also important, specifically when imagery is
considered as a potential tool for post stroke motor rehabilitation.

In the past decade more and more cognitive approaches to motor recov-
ery found their way to the rehabilitation field thereby increasing the use of
instruments from cognitive and sport psychology (see Mulder (2007) for a
review). There is, for example, an increased use of instruments from the
cognitive and sport sciences to make judgements on the intactness of motor
imagery in stroke patients (Malouin et al., 2013). The use of a number of
these techniques and instruments to measure motor imagery ability are the
subject of this thesis. Therefore, because of the potential for a slippery use of
the notion of imagery and the intense debate that has been going one on the
notion of imagery and the notion of representation (Kosslyn, 2005; Pylyshyn,
2002, 1973), it is important to start off by sketching the history and different
stances on imagery and representation before continuing to the main focus of
the thesis, the use of motor imagery ability as measured in stroke patients.

Figure 1.1: An example of a droodle. What is it?

1.2.1 The imagery debate
Although it is tempting to take it for granted, we can be fooled, and often are
fooled, by our own experiences and mental events. That what we know influ-
ences what we see is immediately clear when looking at droodles. Droodles
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are funny little drawing that don’t make sense until you know their correct ti-
tle. For example look at the droodle depicted in Figure 1.1. What do you see?
They look like lines and a circle in a little square box. It is not until you read
the title “early bird who caught a strong worm” that you can appreciate the
drawing fully. What we see, but also what we act on, move towards, how we
orient our grip, looks like to be influenced by expectations on what ‘it’ could
be. This not true solely for droodles but is also used in everyday life. For ex-
ample look at the picture in Figure 1.2, a beautiful piece of art photography.
What do you see? Do you see a happy face? May be this morning when you
looked at you cup of coffee you saw a bird in the foam of your coffee. And
we are all too familiar with our natural ability to recognize shapes in clouds
for example. This brings forward the importance of a theory of cognition that
can explain the phenomenological experience of perceiving meaning in the
world. Perception and our experience of the world is not a one on one reflec-
tion of reality. We use the predictive ability of our brain which is restrained
by previous experiences to give meaning to the information brought to us by
our senses. It could be that our brain is able to do this by constructing rep-
resentations of the world. And that we can also use these representations for
other purposes then perception, like imagery.

Figure 1.2: Do you see a happy face?

1.2.2 Mental Images and Representations
Pondering about the nature of mental imagery and representation is not new,
Plato in the Theatetus, already proposed that memory is like a block of wax:
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”We hold this wax under the perceptions or ideas and imprint
them on it as we might stamp the impression of a seal ring”

However, because of the introspective nature of mental imagery it has
been challenging for thinkers to come up with solid objective evidence of
the nature of mental imagery. There has been great debate on whether we
need representations and cognitivist explanations at all for explaining the phe-
nomenological experience of imagery. For example, behaviourists like Wat-
son denied the existence of mental imagery. In their view, psychology should
focus on observable behaviour, the introspective methods heavily used in im-
agery research at that time, were seen as unscientific. These critiques on
imagery researcher resulted in a long period of time where mental imagery
research was diminished greatly.

The important question here is if, and how, our brain represents anything
at all. In recent years the debate on imagery and representation has propo-
nents of many different stances. The propositional account of imagery is an
account where imagery is explained as internal representations that describe
visual spatial imagery with language like constructs or logical propositions,
whereas the depicted account explains imagery as analogous to picture like
structures. The mental imagery debate has focused primarily on these two
stances, and because neither of these are till date fully capable of explaining
mental imagery other views have been developed that suggest that we do not
need representations at all (Brooks, 1991), positions that make far greater em-
phasis on the role of the body and environment (Thompson, 2005) instead of
what is in our head and approaches that try to explain imagery from action and
prediction based approached using specific types of control structures (inter-
nal models) (Grush, 1997, 2004; Wolpert and Landy, 2012). For the purpose
of this thesis I will not dive into all accounts of representation too deeply, but
briefly sketch the different stances on representation to end with a relatively
new stance that could reconcile the different approaches and puts forward a
notion of imagery which will be the background for this thesis.

1.2.3 The depictive stance
Remember the shape of the German shepherd dog’s ears? One approach to
resolve the debate focussed on the fact that if representations are image-like
that they should retain some fundamental properties of the things they stand
for. Kossyln argues that depictive representations retain spatial properties.
Hence, shifting attention across an imagined object should take more time
when the distance between depicted objects is larger. For example, when you
imagine a picture of the German shepherd dog and are asked about the shape
of its ears the time to come up with an answer should be comparable to the
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time it would take to visually scan a real picture of the German shepherd dog.
Kosslyn et al reasoned that when you visually imagine a scene or a picture of
something, and are then asked to “see” a particular property of that scene that
your response time is related to the level of detail and relative proportions of
that scene.

For example, one of the instructions in Kossyln experiments would be to
imagine a rabbit alongside a fly and then ask what shape the nose of the rab-
bit would have. The same animal would then be imagined in another context
where the other animal was much bigger, for example alongside an elephant.
Kosslyn found out that subjects took longer to answer questions about the
rabbit in the rabbit-elephant pair compared to the rabbit-fly pair condition.
These results seem to suggest that imagery is picture like; we seem to use a
zooming process to inspect the mental image. Results from mental scanning
experiments also seem to suggest picture like qualities of mental imagery.
Mental scanning experiments require the subjects to remember a stimulus; in
Kosslyn’s experiment for example a map of an island was used. When the
stimulus is remembered participants are asked to imagine the stimulus and
reallocate their attention from one aspect of the mental image to another. Re-
action times for participants are longer when the trajectories to be imagined
are further apart. Mental rotation experiments also suggest that in mental
imagery processes and operations similar to the processes for real live im-
age or object rotations are used (Parsons, 2003; Shepard and Metzler, 1988).
In an influential model Kosslyn suggested that vision and visual imagery are
closely linked to each other; perception and imagery are based on the working
mechanism of different subcomponents and processes which are for are large
part similar to each other (Kosslyn, 1980). In this theory a distinction be-
tween two types of imagery is made. Imagery consists of spatial-processing-
subsystem and an object-properties-subsystem corresponding roughly to the
“where” and “what” systems as posited by Milner and Goodale (Milner and
Goodale, 1995). These two processing systems are shared with visual per-
ception. Besides these subsystems a division is made between a visual buffer,
in which a visual image is maintained in short term memory and an attention
window which comprises the attended part of the visual buffer.

For example, when a picture of an island is imagined in Kosslysn model
the spatial mental image is generated by retrieving the object spatial properties
from associative memory and generating the image. A visual mental image
also relies on the spatial subsystem but generates visual information in the
object-properties-subsystem which is then depicted in the visual buffer. After
the image is constructed the image can be processed in the visual buffer in
working memory. The visual buffer can hold more information than can be
processed at the same time; therefore in Kossyns theory the resulting mental
picture can be inspected by the attention window to select further details for
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processing, enabling the agent to answer questions such as what shape the
nose of a rabbit could have or imagining a mental travel on the island between
two points. The contents of imagery in Kosslyns theory are dynamic in a
sense that the resulting imagery is construed from multiple parts and different
modalities and does not have to be complete. Some components might not
be imagined whereas others are too low in detail and need further imagery to
generate more elaborate mental images.

1.2.4 The descriptive stance
Pylyshyn has proposed alternative explanations for our perception of im-
agery (Pylyshyn, 2002, 1973). The mental representation underlying imagery
could also be the results of propositions (descriptions instead of depictions),
language-like descriptions of a given representation. A good example of the
difference between propositions and images is given by Kosslyn (2005). A
picture like representation would be the actual appearance of an alphanumer-
ical character A whereas it´s propositional representation would be :

“two diagonal lines that meet at the top, joined halfway down by
a short horizontal segment” (Kosslyn, 2005, p 12).

Although both formats represent the same alphanumerical character they dif-
fer in the manner in which information about the character is accessible. For
example, in a description like representation information about the number of
line segments would be easily accessible. Whereas, in a depictive representa-
tion the shape of the empty space between the lines of the character, a triangle,
would be much easier accessible by inspecting the image compared to read-
ing the descriptions. The descriptive theory can be seen as related to Fodor’s
language of thought model for cognition Fodor (1975). The representations
underlying imagery are best explained in the form of symbolic language like
descriptions which are manipulated analogues to symbolic computation in
computers science. The descriptive theory is formulated as an alternative
theory to the depictive theory. According to Pylyshyn a distinction between
cognitive architecture and tacit knowledge must be made to understand men-
tal imagery. Cognitive architecture, the symbolic descriptive computational
system underlying imagery, is distinct from tacit knowledge, the beliefs about
what it would be like to visually see the thing to be imagined. The experimen-
tal results from the depictive camp could be explained by subjects using their
tacit knowledge. The fact that they know that moving between two points fur-
ther apart takes longer then moving between two points that are nearer to each
other is reflected in their response time, while the underlying representational
mechanism of mental imagery could still be descriptive symbolic in nature.
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1.2.5 Embodied and Enactive approaches
These two stances do not answer the question what the mechanism behind
representation could be. They are both termed in a classical computational
approach where the world has to be translated to symbols which then can be
used (manipulated) for cognition. This classical view of cognition has been
challenged by a number of different positions that hypothesize that imagery
is grounded in action and cognition is inherently embodied in nature. Embod-
ied theories range from positions that try to explain mental imagery without
using a representational architecture till positions that maintain a representa-
tional architecture for imagery while at the same time being tied to direct ac-
tion coupling with the environment. The enactive account of imagery is based
on the theory of perception proposed in the ecological psychology paradigm
positioned by Gibson (1966). Gibson hypothesised that perception is not a
passive but an active process. Instead of translating visual information into
symbols the world is explored actively and perception and action are directly
coupled. A door handle is seen as a door handle not by translating all the vi-
sual information into several subsystems, rather perception is directly coupled
to action and the presentation of a door handle automatically is coupled to the
action system, e.g. evokes gripping it. There is no computational theory in
the head necessary for grabbing door handles as all the information for deal-
ing with door handles is present in the world itself by direct perception-action
couplings. Advocates of the enactive view on perception initially came from
the field of artificial intelligence and robotics (Brooks, 1991) and dynamical
systems theory (van Gelder, 1995) and applied their model also to the field of
imagery and cognition, arguing against an representational architecture posit-
ing that “the world is it’s best model”. Applied to imagery the enactive posi-
tion holds that imagery is essentially re-eanactment of the active purposeful
exploration activity of the perceptual action system that would normally be
involved in real world exploration but without the real object being present
(Thompson, 2005).

1.2.6 Representation as dynamically constructed action
oriented predictive models

The depictive and descriptive stance on imagery can both be seen as classi-
cal computational theories of cognition. At the hearth of both theories are
representations; however these symbols (whether fully fletched quasi-images
retaining visual-spatial properties or language like strings of symbols) are in-
herently construed in an abstract computational system. Cognition in this tra-
ditional sense is seen as an abstract layer apart from action and representations
are entities distinct from the processes that manipulate them and separated
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from a direct link with the world. The enactive approach chooses the other
standpoint, pointing to the richness of the information in the world and the fact
that an agent’s behaviour is always action oriented, and emphasizing action in
contrast to the traditional view. In its rise, dynamical systems theory brought
action and the computational methods to the field of cognition. The predictive
modelling approach is a relatively new view that has sprung out from the basis
of the ongoing debate between these fields. Here action is central, as are the
computational methods of Dynamical Systems Theory, while at the same time
being representational, bridging both views in understanding mental imagery
(and cognition). However in the predictive modelling approach representa-
tions are directly tied to action and not the abstract computational entities
proposed by the classical computational approach. The predictive modelling
approach can be best explained in terms of control theory (see Wolpert and
Ghahramani (2000) and Grush (2004) for a more elaborate explanation and
examples of a predictive modelling approach termed in control theory). In
control theory the goal is to calculate solutions for controlling stability in a
system. Specified to the brain and body the task is to control fluent and effi-
cient movements. A simple control schema is shown in Figure 1.3. To reach
a goal, the controller compares the current state of the body to the goal state
and the controller moves the body to reduce the difference between the goal
state and the current state. This is a simple example of feedback control.

Figure 1.3: a simple control scheme.

Feedback control is one manner in which movements can be controlled.
However, a drawback of this system is that when the feedback of the system
is delayed or inaccurate because of unexpected noise in the signal the con-
trol system becomes less accurate. There is now ample evidence that another
control scheme which relies on predictive internal models is used to control
movements (Kawato, 1999; Wolpert and Kawato, 1998) and controls the sta-
bilization of perception as well (von Holst and Mittelstaedt, 1950), effectively
dealing with delay and noise problems. And theorists have also put forward
the idea that this control system can also be used for imagery (Grush, 2004).

In the predictive modelling approach an internal model, a forward model,
is used to mimic the motor system (see Figure 1.4 for an overview). A copy of
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Figure 1.4: The predictive modelling approach.

the motor signal, an efference copy, is sent to the forward model. As the for-
ward model mimics the input-output relation of the body, if the forward model
receives the same input as the body it produces the same output, which is a
predicted match of the actual sensory feedback from the body. This predicted
feedback can then be used for controlling movements and dealing with noise
and delay problems from the feedback of the body, and for imagery as well
by driving the forward model while suppressing outgoing efferent motor sig-
nals and incoming proprioceptive signals. The key for such a control scheme
to remain flexible and able to decide when online or offline feedback signals
are important hinges on the use of a smart comparator mechanism that esti-
mates likeliness of discrepancies between the predicted and actual incoming
signals. The Kalman filter is one approach to deal with this. The Kalman filter
in essence is a smart filter that given the discrepancy between predicted and
actual sensory input and the degree of successfulness of earlier predictions
and sensory input in controlling behaviour adjusts the weight that is given to
the information provided by the forward model or that of the real world body.
Grush defines the Kalman Filter as follows (2004, p1):

”Qualitatively, the KF compares its expectation of what the signal
should be to what it actually is, and on the basis of the mismatch
adjusts its estimate of what state the real process is in. In some
conditions, such as when the sensors are expected to be unreli-
able, the expectation is given more weight than the signal. In
other conditions, such as when the process is less predictable but
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sensor information is good, the expectation is given less weight
than the signal.”

Imagery for the predictive modelling approach is the covert running of the
internal model. If the weight of the Kalman filter is set to zero and the real
sensory information has no effect on the control system the efference copies
that drive the forward model result in sensory and motor information that can
be used for imagery and various other cognitive functions. The predictive
modelling approach can be dissociated from the more classical computational
approaches because instead of passively construing a model of the world by
dissecting incoming information we actively explore our environment by pre-
dicting what is the likely to be expected. It is tied to action while at the same
time being representational, however not in the classical computational quasi-
pictorial or propositional sense.

1.3 Using cognitive psychology for assessing mo-
tor imagery ability in the rehabilitation set-
ting

The depictive approach argued that if representations are image-like that they
should retain some fundamental properties of the things they stand in for.
They showed that behavioural data (e.g. reaction time and accuracy scores),
obtained by using clever designed experiments, could be used to test their
hypothesis. Indeed, mental rotation, mental scanning and the the size/inspec-
tion effect showed that response times on these imagery task are related to
the orientation, level of detail and relative proportions of the imagined scenes
(Kosslyn, 1980). For example, in a mental rotation task a subject is asked
to judge alphanumerical characters and decide whether these stimuli are nor-
mal depictions of alphanumerical characters or mirror reversed images. The
stimuli are rotated clockwise or counter clockwise. Results of Cooper and
Shepard showed that reaction times are related to the degree of rotation of the
stimuli, stimuli that are rotated more take longer to judge then stimuli which
are rotated less and these results are consistent with the hypothesis that the
stimuli are rotated mentally to solve the task (Cooper and Shepard, 1973).
These results show that response time and accuracy scores can be used to
probe the process underlying mental imagery.

The same analogy can be used when thinking about movements. Parsons
showed that when we have to make a decision if a picture of a hand is a
left or a right hand that response times are longer for stimuli that are rotated
in biomechanical awkward positions. This task is called the hand laterality
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judgement task. For instance, by looking at the pictures in Figure 1.5, you
can see that some of the hands are rotated laterally (L60, L120) and some are
rotated medially (M60, M120). If the stimuli are processed as visual stimuli
reaction times should increase in proportion to the rotation angle. However,
Parsons (1987a, 1994) has shown that reaction times in the hand laterality
judgement task are related to the awkwardness of the depicted position and not
the rotation angle. Moreover, when the hands would actually be placed in the
depicted biomechanical difficult position (lateral positions) reaction times are
comparably slower than when hands would be placed in the depicted biome-
chanical less awkward position (Parsons, 1987a, 1994) . Moreover, the actual
limb position influenced the reaction time as well. When limbs were put in
incompatible positions reaction times for the hand laterality judgement task
increased whereas when they were placed in a position matching the depicted
stimuli response times would be faster.

Figure 1.5: Hand stimuli rotated in different orientations.

These results strongly suggest that motor imagery can be used for solving
the hand laterality judgement task. Indeed several researchers have shown that
areas involved in preparation and execution of movements are also involved
solving the hand laterality judgement task (de Lange et al., 2005; Vingerhoets
et al., 2002). These results are in close accordance with the simulation theory
of motor imagery where a functional equivalence on neural, chronometric and
physiological levels between execution and imagery are found (see Jeannerod
(2001) ) for a review). The hand laterality judgement task is now increasingly
being used in the field of rehabilitation to asses motor imagery ability and
has been suggested as a tool for screening and monitoring patients that might
be selected for rehabilitation programs that use motor imagery as a tool to
promote motor recovery (Braun et al., 2013a; Daprati et al., 2010; Malouin
et al., 2013; Nico et al., 2004; Vromen et al., 2011).
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1.4 This Thesis
This thesis presents research focused on the question if and how mental im-
agery and in particular motor imagery is affected after hemiplegic stroke.
Most of the research is done in a clinical rehabilitation setting using the tools
from cognitive psychology, described above to gain knowledge about motor
imagery after hemiparetic stroke. More specifically I used the hand lateral-
ity judgement task to study the effects of stroke on implicit motor imagery
ability and dissociate them from visual imagery impairments; I studied prac-
tice effects and longitudinal progression of performance on the hand laterality
judgement task; and also compared hand laterality judgement task perfor-
mance with a self-report measure of motor imagery ability.

1.4.1 Outline of this thesis
In chapter 2 - 4, I describe three studies aimed at studying the longitudinal
development of motor imagery ability after hemiparetic stroke. In chapter 2,
a study is described with stroke patients in the post-acute phase after stroke.
This study aimed at studying the longitudinal effects in the post-acute phase
after stroke. Patients completed the hand laterality judgement task and the
visual imagery task at 3 and 6 weeks after their stroke onset. Subsequently,
in chapter 3, to dissociate longitudinal changes on the hand laterality judge-
ment task from normal practice effects that could occur, I studied the practice
effect on the hand laterality judgement task in healthy controls. In chap-
ter 4, I described the results of a longitudinal 1 year follow-up study with
stroke patients aimed at studying the longitudinal changes on the hand later-
ality judgement task over a longer time period from the post-acute to chronic
phase after stroke. The last study described in chapter 5 focusses on the re-
lationship between implicit and explicit measures of motor imagery ability
after hemiparetic stroke. In that study we compared performance of a control
group and a group of hemiparetic stroke patients on the hand laterality judge-
ment task and the Movement Imagery Questionnaire-Revised Second Version
(MIQ-RS), a self-report questionnaire for motor imagery ability. Finally, in
chapter 6, the main findings of the studies presented in this thesis are being
discussed and suggestions for future research are given.





2
Recovery of Motor Imagery Ability

in Stroke Patients

Abstract

Objective: To investigate whether motor imagery ability recovers in
stroke patients and to see what the relationship is between different
types of imagery and motor functioning after stroke. Methods: 12 uni-
lateral stroke patients were measured at 3 and 6 weeks post-stroke on
3 mental imagery tasks. Arm-hand function was evaluated using the
Utrecht Arm-Hand task and the Brunnström Fugl-Meyer Scale. Age
matched healthy individuals (N=10) were included as controls. Re-
sults: Implicit motor imagery ability and visual motor imagery abil-
ity improved significantly at 6 weeks compared to 3 weeks post-stroke.
Conclusion: Our study shows that motor imagery can recover in the
first weeks after stroke. This indicates that a group of patients who
might not be initially selected for mental practice can later in the reha-
bilitation process still participate in mental practice programs. More-
over, our study shows that mental imagery modalities can be differently
affected in individual patients and over time.

This chapter has been published as:
de Vries, S., Tepper, M., Otten, B., & Mulder, T. (2011). Recovery of Mo-

tor Imagery Ability in Stroke Patients. Rehabilitation Research and Practice,
2011, 1-9. doi:10.1155/2011/283840
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2.1 Introduction

Recently, several researchers have proposed the use of mental practice to fa-
cilitate motor recovery in stroke patients and other patients with motor disor-
ders (Jackson et al., 2001; Sharma et al., 2006). Mental practice is a training
method where imagination of movements, without actually moving, is used
with the intention of improving motor performance. In other words, men-
tal practice is the imagined rehearsal of a movement with the specific intent
of improving that movement (Mulder et al., 2005). Several lines of research
have shown that mental practice improves motor performance in healthy par-
ticipants (Driskell et al., 1994; Feltz and Landers, 1983) as well as in stroke
patients (Malouin et al., 2004c; Page et al., 2007, 2009; Stevens and Stoykov,
2003). Mental practice is suggested to work because the motor control struc-
tures in the brain are activated in more or less the same way as during the
actual performance of movements (Jeannerod, 2001; Johnson-Frey, 2004).

Indeed, studies with healthy individuals have shown that motor imagery
and actual action share some striking similarities. When someone is asked to
perform a movement, e.g. “walk along this line”, and to imagine the same
movement, the time to complete the actual walking movement is similar to
the time needed for completing the imagined walking movement (Decety and
Jeannerod, 1995). Moreover, neuroimaging studies have shown that during
motor imagery the same brain areas are active as during actual movement
(Decety, 1996; Decety et al., 1994; Grafton et al., 1996; Naito et al., 2002;
Roth et al., 1996). Hence, also in stroke patients there should be a relation
between motor function and motor imagery ability. However, the reported
results thus far are not consistent (Daprati et al., 2010).

One factor that might explain these ambiguous results, as suggested by
Daprati et. al. (2010), is the heterogeneous manner in which motor imagery
ability is assessed. The researchers that have used motor imagery assessment
as a screening tool before allowing patients to mental practice programs, have
used different types of motor imagery tasks. Motor imagery ability is a com-
plex cognitive capacity which is, until now, not fully understood and has an
intricate relationship with other types of imagery. First, motor imagery can be
divided into two different types. We can explicitly imagine movements of a
limb. Here imagery is conscious and involves, for example, the voluntary ac-
tive imagination of “reaching for a cup on the table with your right arm”. This
type of imagery is known as explicit motor imagery and there exist a number
of studies with stroke patients that used imagery tasks that depended on ex-
plicit motor imagery (Dickstein et al., 2004; Dijkerman et al., 2004; Malouin
et al., 2004b,a; Page et al., 2001a,a; Sirigu et al., 1995). On the other hand,
we can be tricked into motor imagery implicitly by for example answering
a question about the handedness (left-right) of a picture of a hand, or by an-
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swering with which kind of grip we would prefer to grasp a cup of coffee or
a dowel in a particular orientation. This type of imagery is known as implicit
motor imagery and is also used in a number of studies with stroke patients
(Johnson, 2000; Johnson et al., 2002; Tomasino et al., 2003a,b).

Secondly, motor imagery is also related to other cognitive processes such
as reflected in tasks that rely on the mental rotation of pictures, so called vi-
sual imagery tasks. A well known example of visual imagery is the Shepard
Meltzer task where two three-dimensional figures are pictured side to side in
different orientations, and the respondent has to answer the question whether
these figures are similar or not (Shepard and Metzler, 1988). Recent neu-
roimaging data have shown that, although these different types of imagery,
implicit, explicit and visual imagery, share similar neural processes, at the
same time they also differ in the underlying mechanisms (Kosslyn et al., 1998;
de Lange et al., 2005; Sirigu and Duhamel, 2001; Wexler et al., 1998) suggest-
ing that these types of imagery can be affected differently after hemiparetic
stroke.

A second factor that could explain why the relationship between motor
function and motor imagery is less clear after stroke, is related to the post-
stroke moment when motor imagery ability is assessed. The differences in
the time since stroke when motor imagery was assessed varies largely between
studies, ranging from weeks (Johnson, 2000) to years (Johnson et al., 2002)
post-stroke. Stroke has, indeed, more cognitive effects early after stroke than
later after stroke (Hochstenbach and Mulder, 1999), therefore performance
on motor imagery ability assessment could well be influenced by the moment
of assessment. In other words, the moment of assessment could differently
affect the imagery modalities that are used in the experiments of individual
stroke patients.

Until now, no study has followed the recovery process of motor imagery
and motor functioning in parallel during the rehabilitation period. Because of
the multifaceted nature of motor imagery and its relation to visual imagery the
present study was designed to assess the relation of different imagery types
and motor function to see to what extend they relate and if they recover in
parallel after 3 weeks. The purposes of the research was (1) to measure im-
agery ability of hemiparetic stroke patients 3 weeks post-stroke and 6 weeks
post-stroke (2) to find out whether motor imagery ability improved in paral-
lel to arm-hand functioning and (3) to see what relationship exists between
different types of imagery and motor functioning after hemiparetic stroke.
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2.2 Method

2.2.1 Subjects
Twelve hemiparetic stroke patients (4 female, mean age = 59.75 years, SD
= 11.98 years, 1 left handed) who suffered a first unilateral stroke 3 weeks
earlier (M = 22.8 days; SD = 3.5 days) participated in this study. The patients
were recruited from the stroke unit of a rehabilitation centre. Six patients
were classified as left hemiparetic and 6 patients were classified as right hemi-
paretic. All subjects gave informed, written consent. The experiment was
conducted in accordance with the Declaration of Helsinki and approved by
the local ethics committee of the medical centre of the University of Gronin-
gen.

The inclusion criteria were: patients with a hemiparetic arm/hand sec-
ondary to a stroke, with no explicit age limit. Exclusion criteria were: mul-
tiple strokes, co-morbidity which interfered with the objectives of the study,
severe perceptual problems and severe cognitive impairments, severe apha-
sia and other neurologic conditions that interfered with the goal of the study.
During the study the rehabilitation program remained unaltered for all partic-
ipating patients. Age matched healthy individuals (N=10, 5 female, mean age
55, SD = 10.22 years, 2 left handed) were included as a control group.

2.2.2 Instruments
2.2.2.1 Implicit Motor Imagery Ability

Motor imagery ability was measured by means of a mental rotation task, viz.
a hand laterality judgement task, known for its clinical value in measuring
motor imagery ability (Parsons, 1994; Parsons et al., 1995; Parsons, 2001).
Subjects had to decide as fast as possible whether a rotated picture of a hand
on a computer screen was a left or a right hand by pushing 1 of 2 buttons
(L/R) with their non-impaired limb.

2.2.2.2 Visual Imagery

A mental rotation task known to depend on a visual imagery strategy was used
to measure visual imagery (de Lange et al., 2005). In the visual imagery task
subjects were asked to determine as fast as possible whether a rotated picture
was a normal canonical letter or its mirror image by pushing 1 of 2 buttons
with their non-impaired hand.

The order of the implicit motor imagery task and the visual imagery task
was counterbalanced between subjects. The implicit motor imagery and vi-
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sual imagery tasks were both divided in 4 blocks. Each block contained 72
stimuli, yielding a total of 288 stimuli per task. Prior to each task, a prac-
tice block was presented, containing 48 stimuli. All stimuli were presented
randomly at the centre of the computer screen with a random delay between
2 and 3 s. The stimuli were rotated, presented in 60° increments from the
upright position between 0° and 300°. Zero degrees for hand stimuli was a
hand pictured in an upright position with fingers pointing upwards. Zero de-
grees for letter stimuli was a picture of the letter F or R in an upright position.
Stimuli remained on the screen until the participant responded, or when 10 s
had expired. After each block, there was a short rest period. For each task the
mean accuracy scores (ACC) for each subject were calculated as the propor-
tion of correct responses, yielding a minimum score of 0% (all wrong) and a
maximum score of 100% (all correct). For each task the mean reaction times
(RT) for each subject were calculated on RTs between 350 ms and 10,000 ms
(excluding anticipated responses).

In both mental imagery tasks responses were given by pushing 1 of 2
buttons with the non-paretic hand. This hand could be either the dominant or
the non-dominant hand. To control for confounding dominant non-dominant
hand effects the control group executed the mental imagery task with both the
dominant and non-dominant hand in a counterbalanced order. For the rest of
the experiment all conditions for patients and controls were equal.

2.2.2.3 Explicit Motor Imagery Ability

The hand laterality task measured motor imagery implicitly. However, since
implicit and explicit motor imagery measure different components of motor
imagery, we also used a motor imagery task that measured the explicit motor
imagery ability of the patients. During explicit imagery tasks subjects were
asked to imagine moving their limbs in a particular way (e.g., “Imagine flex-
ing your underarm 90 degrees”). We asked subjects to close their eyes and
to imagine as vividly as possible a movement with their hand, without actual
movement, in a series of steps. For example, stepwise instruction for one item
of the explicit motor imagery task were: “Step 1 : Place both hands, palm fac-
ing down on the marks on the table in front of you. Step 2 : Turn your wrist
90 degrees until your palm is facing inwards. Step 3 : Flex your underarm
90 degrees until it your hand is touching your chest. Step 4 : Flex your arm
upwards 90 degrees until your hand is pointing to the ceiling. Step 5 : Extend
your arm 90 degrees until it reaches the tabletop”. After the instructions, the
subjects had to indicate what the position of his or her imagined hand was,
by choosing the correct hand position from 4 pictured examples of arm-hand
configurations (see Figure 2.1). The 4-choice solution contained one correct
end position. All other answers were falls. The researcher compared the an-
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swer given by the participant with the accurate hand position. The explicit
motor imagery task consisted of 12 items (6 for the paretic arm and 6 for the
non-paretic arm). If all answers were correct a total maximum score of 12
could be reached.

Figure 2.1: Example of a 4-choice solution of the arm end position after the
instructions in the explicit motor imagery task.

2.2.2.4 Utrechtse Arm-Hand Task (UAT)

Hand function was measured with the Utrecht Arm-Hand task (UAT) (Van
Reenen et al., 2001). The UAT consists of a hierarchical ordinal scale, ranging
from 0 (non-functional arm) to 7 (clumsy arm).

2.2.2.5 Brunnström Fugl-Meyer Scale (BFM)

The functional level of the patients was measured with the Brunnström Fugl-
Meyer Scale (BFM). This test measures motor recovery in patients with hemi-
plegia following stroke (Fugl-Meyer et al., 1975). The BFM scale includes
items related to movements of the shoulder, elbow, forearm, wrist, and hand
in the upper extremity, as well as the hip, knee, and ankle in the lower extrem-
ity. For the present study only the upper extremity was measured. Each item
was scored on a 3-point ordinal scale (0 = cannot perform, 1 = performs par-
tially, 2 = performs fully). The total score on the upper extremity part of the
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BFM ranged from 0 (hemiplegia) to a maximum of 66 points (normal motor
performance).

2.2.3 Procedure
To measure the recovery of motor imagery ability and arm-hand function,
each patient was assessed 2 times: 3 weeks post-stroke and 6 weeks post-
stroke. During the measurements all subjects sat at a table in a chair with
a backrest. Subjects were instructed to refrain from any actual movements
during motor imagery tasks. In between the two measurement sessions the
patients continued with their regular treatment program. The control group,
who acted as a reference value to determine normal motor imagery ability,
was measured once during the research period.

2.2.4 Statistical Analyses
Group differences between patients and controls on implicit motor (ACC and
RT), visual (ACC and RT) and explicit motor imagery 3 weeks post-stroke
were determined by a Mann-Whitney U Test with exact p-values. Subse-
quently, a modified t-test (Crawford and Howell, 1998) with p< .05 was used
to compare individual patients’ scores with the control group to determine
individual impairment of motor imagery. The correlation between mental im-
agery measures and motor function measures in the patients group was deter-
mined by calculating Pearson correlations between all measures on 3 weeks
post-stroke and by calculating Pearson correlations between all measures on
6 weeks post-stroke. To determine whether mental imagery ability and motor
function improved at 6 weeks post-stroke compared to 3 weeks post-stroke
a Wilcoxon Signed-Ranks Test on implicit motor imagery (ACC and RT),
visual imagery (ACC and RT), explicit motor imagery, UAT and BFM was
used. All data were analyzed with SPSS version 16.0 (SPSS, Inc., Chicago,
IL, USA).

2.3 Results

2.3.1 Three Weeks Poststroke
2.3.1.1 Imagery Ability: Patients Versus Controls.

Figure 2.2 shows the mean accuracy scores of the control group compared
with the patients group for the implicit motor and the visual imagery task.
The Mann-Whitney U Test showed that the patients had a significantly lower
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implicit motor imagery accuracy score then controls (U = 16.5, P = .003). No
significant differences existed between the patients and the control group on
the visual imagery accuracy score (U = 37, P =.136) and the explict motor
imagery task (U = 46.5, P = .382). The reaction times for the implicit motor
imagery task and the visual imagery task did not differ significantly (with U
= 48, P = .456 and U = 46, P = .381 respectively).
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Figure 2.2: Differences between Patients (white bars) and Controls (black bars) on
mean implicit motor and visual imagery accuracy. Asterix indicates significant

differences. Patients were less accurate then controls on implicit motor imagery at 3
weeks post-stroke (P = .003). The difference between patients and controls on mean

visual imagery accuracy was not significant (P = .136).

2.3.1.2 Imagery ability: Individual differences.

Comparison of the individual patients’ scores with the control group mean
with a modified t-test with (P< .05) showed that one patient had a lower score
on visual imagery selectively. Four of the 12 patients scored significantly be-
low mean accuracy of the control group on the implicit motor imagery task.
From these 4 patients that were impaired on the implicit motor imagery task,
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2 patients also differed significantly from the control group on the visual im-
agery task and the other 2 patients were selectively impaired on the implicit
motor imagery task. Also, 2 patients differed significantly from the control
group on the explicit motor imagery task. Patient 9 scored significantly below
the mean accuracy of the control group on the implicit motor imagery task
and the explicit motor imagery task. Patient 7 scored significantly below the
mean accuracy of the control group on all 3 imagery tasks (See Table 2.1).
These results show that 33% of the patients in this study had impaired motor
imagery ability and 67% had unimpaired motor imagery.

Implicit Motor Imagery Visual Imagery Explicit Motor Imagery

Controls 89.5 (6.8) 90.3 (10.6) 7.5 (2.0)

Patients
No impairment of imagery

1 96 99 10
4 81 95 8
5 85 94 6
6 83 85 7
8 84 90 8

10 77 73 7
11 83 97 8

Selective impairment of visual imagery
12 73 57 6

Impairment of motor imagery
Selectively

3 47 70 6
9 53 93 0

Simultaneous with visual imagery
2 52 56 6
7 57 62 0

Table 2.1: Mean accuracy scores for patients that were impaired on the implicit
motor imagery and or the visual imagery task and or the explicit motor imagery task

versus control subjects (SD in parentheses) at 3 weeks post-stroke. Impairment of
individual patients versus controls was tested with a modified t-test, with P < .05.

Table shows that 7 of the 12 patients were not impaired on any of the imagery tasks.
One patient was impaired on the visual imagery task selectively, 2 patients were

impaired on implicit motor and visual imagery simultaneously and 2 patients were
impaired on implicit motor imagery selectively.
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2.3.1.3 Correlations between Mental Imagery and Motor Function
Measures at 3 weeks Poststroke.

Table 2.2 shows the correlations between mental imagery and motor function
measures. There is a high significant positive correlation between the motor
function measures UAT and BFM while the correlations between the mental
imagery measures of implicit motor imagery, visual imagery and explicit mo-
tor imagery and the UAT and BFM are low to moderate and not significant.
Furthermore table 2.2 shows a significant strong positive correlation of im-
plicit motor imagery accuracy with visual imagery accuracy and a significant
high positive correlation with explicit motor imagery.

2.3.2 Six Weeks Poststroke

2.3.2.1 Recovery of Imagery Ability and Motor Function.

One patient dropped out after the 3 weeks post-stroke measurements. At 6
weeks post-stroke the 11 remaining patients were more accurate on the im-
plicit motor imagery and visual imagery tasks compared to 3 weeks post-
stroke (z = -2.76, P = .006 and z= -2.81, P = .005) (see Figure 2.3). Reaction
time on the implicit motor imagery and the visual imagery tasks was not dif-
ferent at 6 weeks compared to 3 weeks post-stroke (z = -1.16, P = .248 and z
= -1.07, P = .286). The performance on explicit motor imagery was also not
different at 6 weeks compared to 3 weeks post-stroke (z = -.54, P = .591).

Motor function did improve over 3 weeks. Patients performed marginally
significantly better on UAT at 6 weeks post-stroke compared to 3 weeks post-
stroke (z = -1.84, P = .066). And patients performed significantly better on
BFM at 6 weeks post-stroke compared to 3 weeks post-stroke (z = -2.68, P =
.007) (see table 2.3).

2.3.2.2 Recovery of Motor Imagery Ability: Individual Differences.

Of the 4 patients that had impaired motor imagery at 3 week post-stroke in 2
patients recovery of motor imagery ability was seen at 6 weeks post-stroke.
Patient 3 and patient 7 were both more accurate on implicit motor imagery
6 weeks poststroke, whereas patient 2 and 9 showed no increase in accuracy.
Their implicit motor imagery level remained around chance level at 6 weeks
poststroke.



2.3 RESULTS 25

Ta
bl

e
2.

2:
C

or
re

la
tio

ns
be

tw
ee

n
m

en
ta

li
m

ag
er

y
an

d
m

ot
or

fu
nc

tio
n

m
ea

su
re

s
of

pa
tie

nt
s

at
3

w
ee

ks
po

st
-s

tr
ok

e

U
A

T
B

FM
A

C
C

Im
pl

ic
it

M
ot

or
Im

ag
er

y

R
T

Im
pl

ic
it

M
ot

or
Im

ag
er

y

A
C

C
V

is
ua

l
Im

ag
er

y

R
T

V
is

ua
l

Im
ag

er
y

E
xp

lic
it

M
ot

or
Im

ag
er

y

U
A

T
1

0.
96

**
*

-0
.1

8
0.

14
0.

18
0.

14
-0

.4
4

B
FM

1
-0

.2
6

0.
19

0.
12

0.
15

-0
.3

8
A

C
C

Im
pl

ic
it

M
ot

or
Im

ag
er

y
1

0.
24

0.
63

*
-0

.1
3

0.
71

**

R
T

Im
pl

ic
it

M
ot

or
Im

ag
er

y
1

0.
46

0.
56

0.
05

A
C

C
V

is
ua

l
Im

ag
er

y
1

-0
.0

1
0.

34

R
T

V
is

ua
lI

m
ag

er
y

1
-0

.5
5

E
xp

lic
it

M
ot

or
Im

ag
er

y
1



26 RECOVERY OF MOTOR IMAGERY ABILITY IN STROKE PATIENTS
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Figure 2.3: Difference between 3 weeks (black bars) and 6 weeks (white bars)
patients post-stroke mean implicit motor and visual imagery accuracy scores.

Asterix indicates significant differences. Patients were more accurate on implicit
motor imagery and visual imagery at 6 weeks post-stroke compared to 3 weeks

post-stroke (P < .01).

2.3.2.3 Correlations between Mental Imagery and Motor Function
Measures at 6 Weeks Poststroke.

Table 2.5 shows the correlations between mental imagery and motor function
measures at 6 weeks poststroke. There is a highly significant positive corre-
lation between the motor function measures UAT and BFM. The correlations
between the mental imagery measures and the UAT and BFM are low to mod-
erate and are not significant. Table 2.5 also shows a significant high positive
correlation between implicit motor imagery and explicit motor imagery. The
significant strong positive correlation of implicit motor imagery with visual
imagery at 3 weeks poststroke is weaker and no longer significant at 6 weeks
poststroke (Table 2.4).
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Motor
Function

3 weeks (n=11) 6 weeks (n=11)

Mean (SD) Mean (SD) Difference
score

UAT 4.6 (2.5) 5.3 (2.3) 0.7
BFM 42.5 (21.6) 48.5 (19.4) 6

Table 2.3: Mean motor function scores and SD of patients at 3 weeks and 6 weeks
post-stroke. Patients performed marginally significantly better on UAT (P = .066)
and significantly better on BFM (P = .007) at 6 weeks post-stroke compared to 3

weeks poststroke.

Implicit Motor Imagery Visual Imagery Explicit Motor Imagery
(3 weeks) (6 weeks) (3 weeks) (6 weeks) (3 weeks) (6 weeks)

Patients
No recovery of motor imagery
2 52 54 56 68 6 5
9 53 54 93 94 0 0

Recovery of motor imagery
3 47 61 70 93 6 3
7 57 74 62 68 0 4

Table 2.4: Mean accuracy scores for patients that were impaired on implicit motor
imagery at 3 weeks poststroke (n=4). Table shows recovery of implicit motor
imagery ability between 3 and 6 weeks poststroke in 2 patients with impaired

implicit motor imagery ability.

1.UAT 2.BFM 3.ACC
Implicit
Motor
Imagery

4.RT
Implicit
Motor
Imagery

5.ACC
Visual
Imagery

6.RT
Visual
Imagery

7.Explicit
Motor
Imagery

1 1 0.98** -0.32 0 -0.04 -0.11 -0.37
2 1 -0.32 0.01 -0.06 -0.15 -0.27
3 1 0.37 0.47 -0.1 0.71*
4 1 0.41 0.73* -0.04
5 1 -0.03 0.37
6 1 -0.52
7 1

Table 2.5: Correlations between mental imagery and motor function measures of
patients 6 weeks poststroke.
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2.3.3 Discussion
In the present study we attempted to answer the question whether motor im-
agery ability recovers in hemiparetic stroke patients. Our results show that
implicit motor imagery ability, indeed, improved significantly after 3 weeks.
Moreover, 2 patients with impaired motor imagery ability also improved from
performing motor imagery at around chance level at 3 weeks post-stroke to
motor imagery ability above chance level at 6 weeks post-stroke. When pa-
tients are not able to imagine movements of their affected limb, it is useless to
confront them with mental practice exercises during their rehabilitation pro-
gram (de Vries and Mulder, 2007). It is, therefore, important to measure mo-
tor imagery ability of stroke patients before including them in motor imagery
training. Indeed, several researchers have used motor imagery ability-tests as
a screening tool before including patients to mental practice training programs
(Sirigu et al., 1995; Malouin et al., 2004b; Page et al., 2001b,a; Dickstein
et al., 2004; Dijkerman et al., 2004; Malouin et al., 2004a; Tomasino et al.,
2003a,b). Previous research has suggested that motor imagery capacity could
diminish with time post-stroke, i.e. patients more then a year post-stroke were
less accurate on motor imagery tasks then patients a few weeks after stroke
(Johnson, 2000; Johnson et al., 2002). Also, in a recent study by Daprati et al.
(2010) response times were longer and accuracy scores were lower in chronic
stroke patients compared to patients who ranged between 6 and 20 weeks
post-stroke on a motor imagery task involving grip selection. These results
suggest that mental practice could be most effectively introduced in the re-
habilitation process early after stroke. However, our findings show that early
inclusion in a mental practice program could still be problematic. Indeed, the
results show that when a motor imagery screening is used in the first weeks
after stroke, a percentage of the patients would be excluded although they
might have the potential to benefit from mental practice later in their recovery
progress.

One explanation for the difference between 3 weeks and 6 weeks post-
stroke might be found in the relation of motor imagery with other types of
mental imagery. The patients in our study also performed better on visual
imagery at 6 weeks post-stroke, compared to 3 weeks post-stroke, showing
that recovery of imagery was not exclusive for implicit motor imagery. We
found a significant correlation between visual and implicit motor imagery at
3 weeks post-stroke. However, this correlation was no longer significant at 6
weeks post-stroke. A high correlation existed between implicit and explicit
motor imagery, 3 weeks as well as 6 weeks post-stroke. The fact that implicit
motor imagery and visual imagery were strongly correlated early after stroke
might suggest that early after stroke both tasks rely on similar mechanism.
Kosslyn and colleagues showed that the use of a visual or motor imagery
strategy to solve a mental rotation task can be voluntarily adopted (Kosslyn
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et al., 2001b). It might be that when patients are not able to use a motor
imagery strategy to solve motor imagery tasks they refer to a more visual-
spatial strategy involving visual imagery. These results are in accordance
with the Daprati et al. (2010) study, who also suggested that in some patients a
more visual strategy can be used to solve motor imagery problems. Although
these correlations are based on a study with a small sample size, they indicate
that in the first 6 weeks post-stroke the different imagery modalities might be
differently affected and furthermore, they suggest that visual imagery ability
is a profound factor during testing of motor imagery ability early post-stroke
and that the role of this factor diminishes over time.

Our results regarding the relationship between motor function and motor
imagery measures also seem to suggest this. Although motor function did
improve significantly after 3 weeks, the correlation between measures of mo-
tor function and mental imagery measures were low and not significant on
3 weeks post- stroke and even lower on 6 weeks post-stroke, indicating in-
dependent recovery of motor imagery and motor function early after stroke.
Taken together, these results suggest that early after stroke motor imagery
ability is more related to visual imagery capacity then to actual motor func-
tion. It seems plausible, however, that across time the relationship between
motor function and motor imagery becomes stronger as a result of a more fre-
quent use of intact motor imagery to solve the motor imagery tasks. A long
term follow-up study could determine if and how this relation changes over
time.

These results are relevant for rehabilitation practice. Recent research
shows that motor imagery is associated with activation in a cortico-subcortical
network related to the planning and execution of movements, involving
fronto-parietal regions and the basal ganglia (see Munzert et al. (2009) for
a review). Visual imagery is thought to be associated with the activation of a
parieto-occipital network supporting visual spatial functions (de Lange et al.,
2005). The advantage of mental practice is thought to be greatest with motor
imagery because this type of imagery involves activation of the same neural
structures that are involved in planning and execution of actions. Our study
did not focus on specific lesion locations of individual patients. However,
previous research has shown that damage to the parietal cortex and basal gan-
glia affects motor imagery ability (Sirigu et al., 1996; Li, 2000). On the other
hand, patients have been reported with lesions of the parietal cortex showing
intact motor imagery ability (Johnson, 2000; Johnson et al., 2002). Also, a
recent study has reported patients with subcortical stroke that affected motor
imagery ability and the same study also reported unimpaired motor imagery
performance after subcortical stroke (Sharma et al., 2009). Moreover, the pa-
tients with intact motor imagery ability showed activation of cortical motor
areas during motor imagery, demonstrating the potential for motor imagery
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to target the motor system in subcortical stroke patients. These results are
promising and advocate that motor imagery can still be used for rehabilita-
tion despite lesions of the motor system. Therefore, screening solely based
on lesion location seems an insufficient method for patient inclusion. If pa-
tients use different strategies for solving motor imagery tasks over time, e.g.
if there are patients that use more visual strategies and patients that use more
motor based strategies depending on where they are in their recovery pro-
cess, it would be expected that a different neural architecture is involved in
these strategies and that involvement of this architecture could also change
over time. Our results suggest that individual patients are able to change their
strategies across time. Therefore they might benefit from different mental
practice instructions depending on which modality can be used in their recov-
ery process. However, the exact involvement of cortico-subcortical networks
supporting these different imagery modalities and its change across time is
unclear and should be addressed in future research.

2.3.4 Conclusions
The results of the present study showed that motor imagery recovers after
stroke. These findings indicate that if motor imagery screening takes place
during the first weeks after stroke, a substantial group of patients, who showed
impaired motor imagery in the first weeks after stroke, would be scored as
unimpaired later on, which means that a group of patients who would not be
selected early after stoke can still participate in a mental practice rehabilita-
tion program later in the rehabilitation process. Moreover, we showed that
the extend of the impairment of the different types of mental imagery varies
in individual patients and across time, with a particular involvement of vi-
sual imagery ability at 3 weeks post-stroke compared to 6 weeks post-stroke,
showing that motor imagery ability is a complex capacity, related to other
forms of mental processes. This makes reliable screening of stroke patients a
delicate task. More follow-up research is needed to gain insight in the recov-
ery of and relation between mental imagery strategies and motor function.
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Using the Hand Laterality

Judgement Task to assess motor
imagery: a study of practice effects

in repeated measurements

Abstract

The aim of this study was to determine whether there is a practice ef-
fect on the Hand Laterality Judgement Task (HLJT). The HLJT task is
a mental rotation task that can be used to assess motor imagery ability
in stroke patients. Thirty-three healthy individuals performed the HLJT
and two control tasks twice at a 3-week interval. Differences in the ac-
curacy and the response times were analysed. The results for all three
tasks showed a decrease in the response time between the first and the
second assessments (8–20%), and, for the HLJT, also a small (3%) but
relevant increase in accuracy. The most likely factor explaining this
improvement is that of practice effects. This implies that an improve-
ment in the HLJT scores found over time in clinical research may be
partly because of a learning effect, which has to be taken into account
when interpreting the results. It is likely that a practice effect occurs in
repeated measurements of the HLJT.

This chapter has been published as:
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Boonstra, A. M., de Vries, S., Veenstra, E., Tepper, M., Feenstra,
W., & Otten, E. (2012). Using the Hand Laterality Judgement Task to
assess motor imagery: a study of practice effects in repeated measure-
ments. International Journal of Rehabilitation Research, 35(3), 278–80.
doi:10.1097/MRR.0b013e328355dd1e



3.1 INTRODUCTION 35

3.1 Introduction
Mental imagery is the ability to imagine objects or events that are not there.
One modality of mental imagery is motor imagery, that is, the cognitive pro-
cess of imagining a movement of one’s own body or body part without actu-
ally moving the body or the body part (de Vries and Mulder, 2007). Mental
practice using motor imagery could be useful to facilitate motor recovery af-
ter stroke (Page et al., 2007) as well as in other diseases (Roelofs et al., 2001;
Schuster et al., 2011). The Hand Laterality Judgement Task (HLJT) is a task
widely used to assess motor imagery ability in clinical populations (Parsons,
1987a,b, 1994; Roelofs et al., 2001; Tomasino et al., 2003b). However, it is
not known to what extent this task is susceptible to learning effects resulting
from a patient’s repeated exposure to it. As the HLJT is used to determine
motor imagery ability, it is necessary to be able to distinguish normal practice
effects from genuine cognitive improvement as assessed by this task.

The aim of this study was therefore to determine whether a practice effect
occurs in repeated measurements of the HLJT in healthy individuals.

3.1.1 Methods
3.1.1.1 Participants

Healthy individuals were included if they were between 35 and 75 years of age
and had no history of brain injury or other illnesses that could influence the
performance of the task. The age limits were set because of the involvement of
the individuals in a planned study about mental imagery in stroke patients. A
power analysis using the data of the first three individuals as a pilot, using an
α of 5% and a power of 80%, showed that a sample of at least 30 individuals
was required for the study.

3.1.1.2 Instruments

Experimental task The task we used was a computerized experimental task
consisting of three components: two control tasks and the HLJT (Roelofs
et al., 2001). The first component was a simple response time task. Partici-
pants were shown a picture of a circle or a cross on a computer screen, and
had to respond as quickly as possible by pressing the left button when a cir-
cle appeared and the right button when a cross appeared. This test measured
their overall mental speed. If this test shows a long response time, slow re-
sponse times in the other components of the experimental task will generally
be caused by general cognitive slowness, and cannot be explained by impaired
motor imagery ability.
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The second component involved the mental rotation of alphanumerical
characters to assess visual imagery ability. The characters R and F were
shown on the screen as a normal canonical letter or its mirror image in dif-
ferent rotated orientations (R/F imaging task). The participants were asked
to respond as quickly as possible by pressing the left button when a mirror
image appeared and the right button when a normal canonical letter appeared.

The third component was the HLJT, a mental rotation task used to assess
motor imagery ability (Parsons, 1987b, 1994). In the HLJT, pictures of the
back and the palm of the hand are presented in different rotated orientations.
The participants were asked to respond as quickly as possible by pressing the
left button when a left hand appeared and the right button when a right hand
appeared.

Task accuracy (% correct answers) and response time (mean in ms) were
recorded for each of the three components. The first component (response
time task) used a practice round of 48 stimuli (a single presentation of a cross
or a circle), followed by one round of 72 stimuli. Components 2 (visual im-
agery task) and 3 (HLJT) also used a practice round of 48 stimuli (a single
presentation of an alphanumerical character and a hand, respectively), fol-
lowed by three rounds of 72 stimuli for each component. These numbers
ensured that there were nine presentations per unique stimulus, and a mini-
mum of 18 presentations per condition, for reliability (Hamsher and Benton,
1977); the number of 48 was chosen to offer the participant enough stim-
uli to become accustomed to the test situation. An interval of 500 ms was
maintained between the stimuli. No audio signal was added to the stimulus
presentation. Between the different rounds, participants were given 1-min rest
intervals. The total test duration was ≈45–60 min. The procedure during the
second session was the same as that during the first session, and the order of
the stimuli per component was determined at random.

3.1.1.3 Ethics

The study was carried out according to the principles of the Declaration
of Helsinki. The study was approved by the Medical Ethics Committee of
UMCG. The participants provided written informed consent.

3.1.1.4 Procedure

The experimental task was carried out twice, at a 3-week interval. In the first
session, we also recorded the participants’ characteristics in terms of age, sex
and hand dominance as measured by the Edinburgh Handedness Inventory
(Oldfield, 1971).
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3.1.1.5 Statistical analysis

Normal distribution of the variables was tested visually with histograms. De-
scriptive statistics were used for participant characteristics. In view of the
non-normal distribution of the data, the Wilcoxon Signed-Rank test was used
to analyse differences in the accuracy (% correct answers) and the response
time (in ms) between the two assessments.

To identify a possible association between age and learning effect, the
Spearman correlation coefficients were calculated between age, on the one
hand, and the difference in HLJT accuracy and response time between the
two sessions, on the other.

Significance level was set at P-value less than 0.05. Data were analysed
using SPSS 18.0 (SPSS Inc., Chicago, Illinois, USA).

Assesment

First mean SD Second mean SD P-value

Response time task
Accuracy 99 1.7 99 1.6 0.88
Response time 555 90.3 512 90.3 0.015
R/F task
Accuracy 94 8.8 96 4.2 0.08
Response time 1232 421 1084 516 <0.001
HLJT
Accuracy 90 10.1 92 8.6 0.004
Response time 2229 690 1794 536 <0.001

Table 3.1: Mean accuracy in % and response time in ms (with SD) on the response
time task, visual imagery task (R/F task) and the Hand Laterality Judgement Task of

33 healthy individuals on two assessments with 3 weeks in between

3.1.2 Results
A total of 33 individuals were enrolled in the study, 19 of whom were men.
The mean age was 55.5 years, with a standard deviation of 7.6 years. Three
were left-handed.

Data on the accuracy and the response times are shown in 3.1.
The participants showed faster response times on all three components of

the experimental task at the second than at the first assessment. The mean
response times on the simple response time component, the visual imagery



38 USING THE HAND LATERALITY JUDGEMENT TASK TO ASSESS

component and HLJT improved by 8% (P = 0.015), 20% (P < 0.001) and
20% (P < 0.001), respectively. Only one component, the HLJT task, showed
a significant increase in accuracy between the first and the second assessments
(2.5%, P = 0.004). The Spearman correlation coefficient between age and the
difference between the two sessions in HLJT accuracy was 0.19, whereas
that between age and the difference between the two sessions in the HLJT
response time was 0.30, both not significant.

3.1.3 Discussion
The aim of this study was to determine whether a practice effect was involved
in repeated assessments of the HLJT. We found a decreased response time
in the second assessment for the HLJT and two control tasks, in comparison
with the first assessment, and for the HLJT also an increased accuracy. The
accuracy scores on the HLJT are used as a reference value for motor imagery
ability (Parsons et al., 1998). This study is the first to show that HLJT accu-
racy scores in healthy controls can increase by 2.5%. The most likely factor
explaining this improvement is that of practice effects. More importantly, no
improvement was found on the visual imagery task, a task that is comparable
with the HLJT in cognitive complexity and that also relies on mental imagery,
or on the simple response time task. This shows that the practice effect is spe-
cific for the HLJT and is not the result of a general cognitive improvement.
These results are therefore relevant for the use of the HLJT to determine motor
imagery ability.

The participants in this study had a mean accuracy of 89% at the first as-
sessment, indicating an intact motor imagery capacity. This shows that even
when motor imagery ability is intact, and accuracy scores are relatively high,
participants can still improve through practice alone. This learning effect im-
plies that when the HLJT task is used, for example, as an outcome measure
in clinical research, an improvement over time may be partly because of a
learning effect, which should therefore be controlled for. The participants in
our study were healthy individuals. Whether individuals with acquired brain
injury as a consequence of stroke have the same learning ability with respect
to the HLJT is not known and remains to be investigated in future research.







4
Recovery of motor imagery ability in

the first year after stroke

Abstract

The aim of this study was to examine the level and recovery of motor
imagery ability (MIA) in the first year after stroke and whether the re-
covery of MIA is related to that of arm/ hand function. Twenty-three
patients with diminished arm/ hand function were included. The ac-
curacy score on the hand laterality judgment task was used to assess
MIA and the Fugl-Meyer Assessment was used to evaluate the recovery
of arm/hand function. The patients were assessed 3, 6, 16, 26, and 52
weeks after stroke. In the first year after stroke, the percentage of pa-
tients with moderate to good MIA improved from 78% after 3 weeks to
94% after 1 year. The recovery of MIA took place in the first 6 weeks
after stroke. No correlation was found between the recovery of MIA
and arm/hand function, despite the fact that the greatest improvement
in both occurred in the first 6 weeks.

This chapter has been published as:
Feenstra, W., Tepper, M., Boonstra, A. M., Otten, B., & de Vries,

S. (2016). Recovery of motor imagery ability in the first year after
stroke. International Journal of Rehabilitation Research, 39(2), 171–175.
https://doi.org/10.1097/MRR.0000000000000162
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4.1 Introduction
Although the majority of individuals who survive a stroke regain their ability
to walk REF (Jørgensen et al., 1995; Preston et al., 2011), a much smaller
percentage regain normal function of the affected arm (Kwakkel et al., 2003;
Nijland et al., 2010). Training methods that help optimize motor recovery
after stroke are essential. Mental practice (training through motor imagery)
is a promising new approach to motor function rehabilitation (Page et al.,
2007; Verma et al., 2011). In implicit motor imagery, one mentally executes
a movement without any overt movement (Mulder, 2007).

For mental practice to be useful, intact implicit motor imagery ability
(MIA) seems to be a prerequisite, and previous studies have shown that stroke
can affect MIA and that there is a potential for its recovery in the first 6 weeks
after stroke (de Vries et al., 2011).

The aim of this study was to examine the level and potential recovery of
MIA in the first year after stroke and whether the recovery of MIA is related
to recovery of arm/hand function

4.2 Methods

4.2.1 Participants
The study included adult patients with first unilateral stroke and paresis of the
arm/hand (wrist dorsiflexion Medical Research Council score < 5; (Iddings
et al., 1961)), participating in an inpatient or an outpatient rehabilitation pro-
gram in one of the two participating rehabilitation centers. Exclusion criteria
were severe cognitive and/or visual problems, severe neglect and/or severe re-
ceptive aphasia, or comorbidity that could interfere with the study objectives.

Using these criteria, we selected patients with the potential to participate
in a mental practice program. A group of healthy controls matched for age,
sex, and handedness were recruited to obtain reference values.

4.2.2 Ethics
All participants provided their informed consent. The study was approved by
the ethics committee of the University Medical Centre Groningen.

4.2.3 Instruments
Participants performed a computerized experimental task (PST E-prime 2.0;
Psychology Software Tools Inc., Sharpsburg, Pennsylvania, USA) consisting
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of three components: two control tasks and the hand laterality judgment task
(HLJT) (Parsons, 1987b).

The first control task was a simple response time task. Participants were
shown a circle or a cross on a computer screen and had to identify them as
quickly as possible. The second control task was a visual imagery task. Partic-
ipants were asked to distinguish a normal canonical letter or its mirror image
in different rotated orientations.The third task was the HLJT, a task used to
assess implicit MIA (Parsons, 1987b). It involves presenting pictures of the
back and the palm of the right or the left hand in differently rotated orienta-
tions.

Participants were asked to respond as quickly as possible by pressing the
right button of a response box (PST Serial Response Box; Psychology Soft-
ware Tools Inc.) when a right hand, a normal canonical letter, or a circle
appeared and the left button when a left hand, a mirrored letter, or a cross
appeared. The total test duration was ∼ 60 min.

The reason for administering the two control tasks was that low accuracy
scores on the HLJT can be attributed to poor MIA, but diminished cognitive
function or generalized poor imagery capacity could also be argued to play a
role.

The stroke patients used their nonparetic limb to press the button. The
control group used the same limb as their matches. All participants started
with the simple response time task. The order of the HLJT and the visual
imagery task was equally divided among the participants. Each component
was preceded by a practice round and each round was separated by 1–2 min(s)
rest intervals.

Accuracy (percentage of correct responses) and response time (mean in
milliseconds) were computed. Arm/hand function was assessed with the up-
per extremity part of the Fugl-Meyer Assessment (FMAarm) (Fugl-Meyer
et al., 1975), with a total score ranging from 0 (total paresis) to 66 (normal
motor performance of the arm). As we left out the reflexes, the maximum
FMAarm score in our study was 60.

4.2.4 Procedure

The patients were assessed at 3, 6, 16, and 26 weeks and 1 year after stroke
(T0–T4, respectively). Throughout, the patients received treatment as usual.
The control group completed the tests twice, that is, at baseline (T0) and after
3 weeks (T1). Their scores were used as reference values to determine normal
MIA (T0 values) and potential learning (test–retest) effects (T1 compared
with T0 values).
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4.2.5 Statistical analyses
The patients’ task accuracy and response times on the HLJT and the two con-
trol tasks were compared with the baseline (T0) scores of the controls using
the Mann–Whitney test (exact test, one tailed).

To determine HLJT cutoff values accurately, we added the data of healthy
controls from an earlier study (Boonstra et al., 2012) to our current sample,
thereby creating a group of 45 controls. We defined HLJT accuracy scores up
to the fifth percentile of these controls as ‘poor MIA’, scores greater than the
fifth percentile but up to the 50th percentile as ‘moderate MIA’, and scores
greater than the 50th percentile as ‘good MIA’.

To verify recovery, we compared the task accuracy scores of patients on
the HLJT at T0–T4 using Friedman’s analysis of variance (exact test), fol-
lowed by post-hoc Wilcoxon signed-rank tests (exact test, two tailed), applied
separately to the entire group of patients and the ‘poor MIA group’. We did
the same for the FMAarm scores. No Bonferroni correction was applied be-
cause of the explorative nature of our study.

To check for test–retest effects, we compared the HLJT accuracy scores
of the controls at T0 and T1 using the Wilcoxon signed-rank test (exact test,
two tailed).

To determine the correlation between the recovery of MIA and the recov-
ery of arm/hand function, we calculated the difference between the scores on
the HLJT and the FMAarm at 3 (T0) and 6 (T1) weeks after stroke and cal-
culated a Spearman’s correlation coefficient between these differences. We
also compared the arm/hand function of patients in the ‘poor MIA group’ and
patients in the pooled ‘moderate–good MIA group’ using the Mann–Whitney
test (exact test, two tailed).

Significance level was set at P less than 0.05. Data were analyzed using
SPSS 22.0 (SPSS Inc., Chicago, Illinois, USA).

4.3 Results
Twenty-four patients were enrolled in the study. The data of one patient were
excluded because of lack of compliance with task instructions. Seventeen
patients completed the entire study. For patient flow and dropout see Figure
4.1. Characteristics of the 23 patients included are listed in Table 4.1.

The MIA results in terms of HLJT accuracy show that 3 weeks after stroke
(T0), the patients had significantly lower scores than the controls (79 vs. 90%;
P < 0.001). Although the patients’ response times on all three tasks were
significantly longer than those of the controls (for MIA: 3207 vs. 2226 ms; P
< 0.001), this had no effect on accuracy (see Table 4.2). On the basis of the
HLJT cutoff values, the MIA of five of the 23 patients (22%) was labeled as
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Figure 4.1: Measurement protocol and dropouts. FMA, Fugl-Meyer Assessment;
HLJT, hand laterality judgment task.
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Stroke patients Total Total

n 23
Sex, F/M 10/13
Mean age (SD) (years) 53 (12.2)
Handedness, L/R 3/20
Stroke type, ischemic/hemorrhage 20/3
Hemisphere of stroke, L/R 13/10
Mean score FMAarm (SD) 22.3 (20.6)

Table 4.1: Patients’ baseline characteristics (3 weeks after stroke)

poor at T0, with 16 patients having moderate, and two patients having good
MIA.

Between 3 weeks and 1 year after stroke, the patients’ scores on the HLJT
changed significantly (P = 0.01), with scores at T1 (mean 86%) being sig-
nificantly higher than those at T0 (mean 79%; P = 0.004). There were no
significant differences between the other scores (T1–T4) (see Figure 4.2).

Because of the dropouts, Friedman’s analysis of variance could not be
performed in the poor MIA group. The Wilcoxon signed-rank test showed
that the T1 scores (mean 73%) were higher than those at T0 (mean 59%; P
= 0.06), but not significantly. There were no significant differences between
any of the other time points (P > 0.10).

Analyses indicated a 3% improvement for both the HLJT and the vi-
sual imagery task for healthy controls, which is most likely explained by a
test–retest effect. The improvement on the HLJT between T0 and T1 in the
total patient group (7%) and in the poor MIA group (14%) exceeded this 3%
learning effect, indicating recovery.

There was no significant difference in arm/hand function between the pa-
tients in the poor MIA group and those in the moderate–good MIA group at
T0 (P = 0.96). The patients’ FMAarm scores changed significantly across as-
sessments (P < 0.001). Here too, the greatest recovery occurred between T0
(mean 22.30) and T1 (mean 32.18; P < 0.001). However, we found no rela-
tionship between HLJT and FMAarm scores, with a Spearman correlation of
0.26 (P =0.30).

4.4 Discussion
The aim of this study was to examine the level of MIA and its recovery in
stroke survivors. Three weeks after stroke, we found MIA in stroke patients
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Patients Controls Test statistic Significance

Tasks Mean (SD) Mean (SD) U

HLJT t=0 Acc (%) 79 (13) 90 (8) 123.5 <0.001*
RT (ms) 3207 (870) 2226 (857) 119.0 <0.001*

VIT t=0 Acc (%) 90 (10) 94 (10) 187.5 0.029*
RT (ms) 1498 (437) 1113 (378) 124.0 <0.001*

SRTT t=0 Acc (%) 97 (3) 99 (2) 234.5 0.173
RT (ms) 756 (484) 505 (99) 112.0 <0.001*

HLJT t=1 Acc (%) 86 (10) # 189.5 0.079
RT (ms) 2837 (753) # 140.0 0.005*

VIT t=1 Acc (%) 93 (8) # 229.0 0.302
RT (ms) 1206 (354) # 201.0 0.125

SRTT t=1 Acc (%) 99 (2) # 242.0 0.412
RT (ms) 577 (218) # 200.0 0.121

HLJT t=2 Acc (%) 87 (9) # 185.5 0.101
RT (ms) 2630 (786) # 168.0 0.045*

VIT t=2 Acc (%) 91 (10) # 212.0 0.257
RT (ms) 1152 (319) # 213.0 0.266

SRTT t=2 Acc (%) 98 (2) # 204.5 0.187
RT (ms) 582 (199) # 176.0 0.067

HLJT t=3 Acc (%) 86 (12) # 169.0 0.267
RT (ms) 2541 (857) # 153.0 0.144

VIT t=3 Acc (%) 91 (9) # 149.0 0.119
RT (ms) 1158 (266) # 156.0 0.164

SRTT t=3 Acc (%) 99 (2) # 186.0 0.437
RT (ms) 580 (211) # 148.0 0.115

HLJT t=4 Acc (%) 86 (9) # 158.5 0.117
RT (ms) 2305 (628) # 184.0 0.303

VIT t=4 Acc (%) 92 (10) # 172.5 0.204
RT (ms) 1065 (232) # 202.0 0.482

SRTT t=4 Acc (%) 99 (2) # 202.5 0.498
RT (ms) 541 (116) # 160.0 0.125

Table 4.2: Task scores, patients versus controls
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Figure 4.2: Changes in motor imagery ability (MIA) in patients with poor or
moderate/good MIA as assessed using the hand laterality judgment task (HLJT,

accuracy score).
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to be lower than that in healthy controls (79 vs. 90%), whereby the MIA was
moderate to good in 18 of the 23 (78%) participating patients.

In the first year after stroke, the recovery of the MIA took place in the first
6 week after stroke, which is in agreement with earlier studies on the recov-
ery of general motor and cognitive recovery (Desmond et al., 1996; Kwakkel
et al., 2006). Although the recovery of both MIA and hand function occurred
mostly in the first 6 weeks, we found no correlation between these two re-
covery patterns. While sharing the same central structures (Szameitat et al.,
2012), motor imagery and actual movement probably also involve different
brain structures.

4.4.1 Limitations of the study
Because we selected stroke patients who were eligible for mental practice
programs, it is hard to generalize our findings to the stroke populations as a
whole. Moreover, although we were able to show a tendency of recovery for
patients with poor motor imagery ability in the first 6 weeks after stroke, we
only showed significant recovery for the entire group.

Further research with a larger sample of stroke patient subgroups is nec-
essary to gain more insight into the recovery process of motor imagery and to
know for whom mental practice could be meaningful.

4.4.2 Conclusion
In the first year after stroke, the percentage of patients with moderate to good
MIA improved from 78% after 3 weeks (18 of 23) to 94% after 1 year (16 of
17). A novel finding of this study is that the recovery of MIA takes place in
the first 6 weeks after stroke, which is in agreement with earlier studies on the
recovery of general motor and cognitive recovery. These findings confirm that
the first weeks after stroke are an important phase in the recovery of function
after a stroke.





5
Motor imagery ability in stroke

patients: the relationship between
implicit and explicit motor imagery

measures

Abstract

There is little consensus on how motor imagery ability should be mea-
sured in stroke patients. In particular it is unclear how two methods
tapping different aspects of the motor imagery process relate to each
other. The aim of this study was to investigate the relationship between
implicit and explicit motor imagery ability by comparing performance
of stroke patients and controls on a motor imagery questionnaire and a
hand laterality judgment task (HLJT). Sixteen ischemic stroke patients
(36 ± 13 weeks post-stroke) and 16 controls, matched by age (51 ± 10
years), gender (7 females) and handedness (3 left-handed), performed a
HLJT and completed a motor imagery questionnaire. Our study shows
that neither in the healthy controls nor in patients, a correlation is found
between the HLJT and the motor imagery questionnaire. Although the
patient group scored significantly lower than the control group on the
visual motor imagery component (U = 60; p = 0.010) and the kines-
thetic motor imagery component (U = 63.5; p = 0.015) of the ques-
tionnaire, there were no significant differences between patients and
controls on accuracy scores of the HLJT. Analyses of the reaction time
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profiles of patients and controls showed that patient were still able to
use an implicit motor imagery strategy in the HLJT task. Our results
show that after stroke performance on tests that measure two different
aspects of motor imagery ability, e.g., implicit and explicit motor im-
agery, can be differently affected. These results articulate the complex
relation phenomenological experience and the different components of
motor imagery have and caution the use of one tool as an instrument
for use in screening, selecting and monitoring stroke patients in reha-
bilitation settings.

This chapter has been published as:
De Vries, S., Tepper, M., Feenstra, W., Oosterveld, H., Boonstra, A. M.,

& Otten, B. (2013). Motor imagery ability in stroke patients: the relationship
between implicit and explicit motor imagery measures. Frontiers in human
neuroscience, 7, 790. doi:10.3389/fnhum. 2013.00790
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5.1 Introduction

The ability to imagine or simulate experiences is one of the most extraordinary
capabilities of our mind. At first glance, certainly when our brain is intact, we
do not realize that this capacity is more complex than the single homogenous
capacity of imagery which we experience. Several studies have shown that
mental imagery is a multifaceted capacity involving a number of different
cognitive functions and brain areas (for a review see Kosslyn et al. (2001a)).
Visual and motor imagery for instance are known to be linked with different
neuronal subsystems and there is ample evidence of individual differences in
imagery ability (Galton, 1883; Kosslyn, 1980; Richardson, 1994; Borst and
Kosslyn, 2010). The present study addresses a specific question relating to
measuring motor imagery ability in stroke patients, namely the question of
how measures of implicit and explicit motor imagery relate to each other.

The use and explanation of the term motor imagery has led to substan-
tial confusion about what the exact definition of motor, kinesthetic and visual
imagery is and how these different perspectives are used by participants in
practice. Classically motor imagery was defined as either from an internal,
first person, perspective (as if someone was actually performing the imagined
movement) or an external, third person, perspective (as if someone watched
himself making the movement from outside of his body). Considerable con-
fusion arose whether internal kinesthetic imagery should be dissociated from
internal visual imagery (see also Hardy (1997); Roberts et al. (2008) for a
discussion). More recently, several researcher have concluded, independently,
that the kinesthetic and first person internal perspective are best measured with
a separate subscale in self-report questionnaires, reflecting a consensus on a
more differentiated approach to measuring motor imagery ability (Roberts
et al., 2008; Williams et al., 2012).

The debate leading to the confusion focused for a large part on the spe-
cific modalities in which movements could be imagined. According to Moran
et al. (2012) some researchers appear to regard the use of the term kinesthetic
motor imagery synonymous with an internal perspective whereas others have
shown that the kinesthetic modality could also be experienced concurrently
with the use of a third person, external, perspective (Hardy and Callow, 1999;
Callow and Hardy, 2004). This latter position is in close accordance with
neuroscience research showing that although different networks in the brain
are involved with kinesthetic and visual imagery (see Jeannerod (2001); Koss-
lyn et al. (2001a) for a discussion) that these networks can also be activated
simultaneously and are inherently tied to each other (Klatzky, 1994).

Jeannerod, in an influential account on the organization of action con-
trol in the brain, argued that representations that are used in the control of
motor functions were also used in other cognitive domains, referring to mo-
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tor imagery as a covert stage of action control (Jeannerod, 1994). Jeannerod
and Frak defined motor imagery as “a subliminal activation of the motor sys-
tem, a system which appears to be involved, not only in producing move-
ments, but also in imagining actions, recognizing tools, learning by obser-
vation or even understanding the behavior of other people” (Jeannerod and
Frak, 1999). More in particular, Jeannerod made a distinction between im-
plicit and explicit motor imagery. He defined explicit motor imagery as the
phenomenological experience where the feeling of the movement was expe-
rienced consciously. Explicit motor imagery ability is often measured with
an introspective self-report such as the VMIQ-2, the KVIQ and the MIQ-R,
where the vividness, clarity or easy with which the imagery is experienced
is rated (Malouin et al., 2007; Roberts et al., 2008; Gregg et al., 2010). In
contrast with explicit motor imagery, Jeannerod argued that motor imagery is
also used implicitly. Here the representations of the motor system are used
covertly, without awareness. Task relying on perceptually driven motor deci-
sions, for instance judging whether a depicted hand is a left or a right hand,
rely on the covert use of motor images. Also, prospective action judgments,
for instance judging whether a dowel is graspable with a particular grip style,
are examples of tasks relying on an implicit use of the motor system.

Characteristic of both forms of motor imagery in this account is the fact
that the neural structures underpinning motor imagery share a remarkable
neurological similarity with neural activity during movement execution. First,
several studies showed that during imagination of a movement, more or less
the same brain areas are involved as during the actual execution of a move-
ment (Grèzes and Decety, 2001; Jeannerod, 2001; de Lange et al., 2005,
2008). Another similarity between execution and imagery of a movement is
the equality in the time needed to mentally and physically perform the same
movement (Decety and Jeannerod, 1995), a phenomenon known as mental
isochrony. Further, there are strikingly similar physiological changes during
movement imagination and actual performance (Guillot and Collet, 2005).

Interestingly, research into both forms of motor imagery, has shown very
similar evidence for this covert use of the motor system in motor imagery.
For instance, when asked to imagine walking between two points, the du-
ration of the imagined walk is similar to time it would take to actual walk
the same distance (Decety et al., 1989), and also shows a similar activity in
neural areas used for motor planning and control (Roth et al., 1996). In the
same regard, Parsons showed, when perceptually driven motor decisions are
made whether a depicted hand is a left or a right hand (the hand laterality
judgment task (HLJT)), that the time to judge whether the depicted hand is a
left or right hand corresponds to the time it would take to actually perform a
rotation of the arm and wrist in the orientation of the depicted hand (Parsons,
1987a). Moreover, reaction times also corresponded with the awkwardness of



5.1 INTRODUCTION 55

the movement, biomechanical awkward movements took longer to complete,
and several researchers showed corresponding activity in the motor areas of
the brain when solving the HLJT (Parsons et al., 1995; Vingerhoets et al.,
2002). These studies show that the biomechanical constraints and kinematic
characteristics of actual movement are reflected in the performance of both
implicit and explicit motor imagery measures. Therefore, it appears that im-
plicit and explicit motor imagery are supported by motor representations of
the motor system and that these processes seem to rely, at least partly, on
equivalent underpinning mechanisms.

There is also long known neuropsychological evidence showing a disso-
ciation between what can be consciously perceived and visual-motor abilities
after lesions (see Willingham (1998) for a discussion). For instance, in the
visual-spatial domain, Milner and Goodale (1995) studied a patient who had
limited conscious awareness of objects and was unable to recognize everyday
objects or identify simple shapes visually. The same patient showed normal
visual-motor abilities. The patient was perfectly able to orient a postcard
correctly in line with a slit and was able to position the hand and fingers opti-
mally for grasping objects. Examples of patients like the patient described by
Milner and Goodale are also part of an on-going discussion about the bound-
aries between implicit and explicit memory. There is a large body of evidence
showing that there are substantial differences between implicit and explicit
learning and that these processes rely on different brain systems, although ev-
idence of a partly common mechanism also exist (Dew and Cabeza, 2011).
Moreover, it is now evident that motor skills can be learned implicitly (Mas-
ters, 1992; Jiménez and Méndez, 1999, 2001; Maxwell et al., 2003), even after
stroke (Pohl et al., 2006; Orrell et al., 2006) without being consciously aware
of what is learned. Moreover, in the domain of visual imagery an interesting
study of a patient is described by (Zeman et al., 2010) who rated himself as
having almost no subjective visual imagery experiences.

These findings are relevant for recent developments in the field of rehabil-
itation. In the past decades motor imagery is increasingly been recommended
as an additional technique that can be used for motor recovery in stroke re-
habilitation (Jackson et al., 2001; Sharma et al., 2006; de Vries and Mulder,
2007). Herein, there has recently been an advocacy for the use of instruments
to assess motor imagery ability of patients before they enter rehabilitation pro-
grams where motor imagery is used (Jackson et al., 2001; Braun et al., 2006,
2013a; de Vries and Mulder, 2007; Simmons et al., 2008). And, although a
recent review has shown that a large number of studies still do not use mo-
tor imagery ability measures (Malouin et al., 2013) a number of them do and
they include both implicit and as well explicit measures and there are also ad-
vances in developing instruments specific for the use in rehabilitation settings
(Malouin et al., 2007, 2008; Gregg et al., 2010; Butler et al., 2012). However,
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there has been surprisingly little research about how self-report questionnaires
that assess the vividness or ease of motor imagery ability relate to measures of
implicit motor imagery when administered to stroke patients. To date, there
is no consensus which instruments should be part of a motor imagery ability
assessment and researchers use different instruments for screening purposes.
In some studies implicit measures are used, others use only self-report ques-
tionnaires whereas others use a mix of different methods for assessing motor
imagery ability. Given that lesions to the action system can affect implicit
and explicit cognitive processing differently (see Willingham (1998); Dew
and Cabeza (2011) for a discussion) shows that it is important to establish
what the relationship between measures for implicit motor imagery ability
and self-report rating is, particularly in the stroke population.

A recent study by McAvinue and Robertson (2007) with young healthy
adults using a large test battery of motor and visual imagery measures is one
of the few studies which shed some light on this issue. They showed that
self-report ratings of motor imagery ability and tests that measure implicit
motor imagery ability loaded onto different components, suggesting (in ac-
cordance with Jeannerod) an implicit and explicit component for motor im-
agery. In the same regard, Collet et al. (2011) have noticed that individual
performance on different measures for motor imagery could vary and have
made the suggestion that motor imagery ability might be best measured by
using a combination score of different measures. However, these were studies
including healthy adults which makes it difficult to generalize these findings
to the stroke population. A study on stroke patients by Schwoebel and Coslett
(2005) did also show evidence for a double dissociation between measures
that require implicit judgments and measures that require explicit judgments.
However, Schwoebel and Coslett did not include self-report ratings of the
subjective experience of motor imagery in their study.

Given the lack of studies in stroke patients on the relationship between
explicit self—report ratings and implicit measures of motor imagery ability it
is unclear how they relate to each other. It could be that when a patient is im-
paired on one measure that he is also likely impaired on the other. However,
the research by McAvinue and Robertson (2007) and Schwoebel and Coslett
(2005) suggest that this need not be the case. Also, the study of the patient
described Zeman et al. (2010) showed that, in the domain of visual imagery,
the subjective experience of visual imagery could be absent after brain injury.
A better insight in how implicit and subjective experience of explicit motor
imagery relate to each other could contribute to a consensus on how motor im-
agery ability instruments can be used in the rehabilitation practice. Therefore,
the aim of this study was to explore the prevalence of implicit and explicit mo-
tor imagery ability impairments and investigate the relationship between im-
plicit and explicit motor imagery ability by comparing performance of stroke
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patients and controls on two different methods tapping both aspects of motor
imagery.

Phenomenological self-report ratings that measure the vividness or ease
of motor imagery ability require a conscious explicit judgment. Therefore,
we used a motor imagery questionnaire, the MIQ-RS (Gregg et al., 2010),
for measuring explicit motor imagery ability. A second method, perceptually
driven motor decision tasks requires an unconscious judgment from the par-
ticipant. Therefore, the HLJT was used for measuring implicit motor imagery
ability (Parsons, 1987b). We used the MIQ-RS because of the focus in this
scale on items related to hand functioning. Thereby maximizing it’s similar-
ity with the HLJT. A simple choice reaction time task and a visual mental
rotation task were used to control for non-motor-imagery specific cognitive
impairments. With this setup we wanted to study what the prevalence of im-
pairments on these instruments was and study the relationship between these
measures of motor imagery ability is in stroke patients. Based on the results of
the neuropsychological studies showing a dissociation between implicit and
explicit cognitive processes and the study of McAvinue and Robertson (2007)
where in healthy adults no correlation between the measures for implicit and
explicit motor imagery were found we expected that patients would perform
more poorly than controls on motor imagery tests but that conscious aware-
ness of the ease with which a movement is imagined does not have to correlate
with implicit motor imagery ability.

5.2 Materials and Methods

5.2.1 Particpants
In total sixteen patients (7 female, mean age 51.06 ± 10.74 years, 3 left-
handed, 7 right hemisphere lesions) recovering from an ischemic stroke (36
± 13 weeks ago) participated on voluntary basis in this the study. The par-
ticipants took part in this study as part of a longitudinal study on monitoring
motor imagery ability in stroke patients. Patients were recruited from stroke
units of two rehabilitation centers in the Netherlands, UMCG Beatrixoord in
Haren and Rehabilitation Friesland in Beetsterzwaag. A control group of six-
teen healthy participants, matched by gender, age (51.38 10.03 years) and
handedness (Oldfield, 1971), were included. The ethical committee of the
medical center of the University of Groningen approved the study protocol
and a written informed consent was obtained from each participant before
entering this study. The major inclusion criteria were a unilateral impaired
motor function of the upper limb following stroke (wrist dorsiflexion, MRC
< 5 (Gregson et al., 2000)) and stroke onset 16–52 weeks prior to participa-
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tion in this study. Patients were excluded when they had a history of repeated
strokes, severe cognitive dysfunction (MMSE < 24 (Folstein et al., 1975)),
severe receptive aphasia (inability to understand test instructions), neglect,
visual problems, neurological disorders or comorbidity which could interfere
with this study. Patients had to be able to understand Dutch. Further, patients
that participated in another intensive study were not able to participate in this
study.

5.2.2 Instruments

5.2.2.1 Explicit motor imagery: motor imagery questionnaire

A motor imagery questionnaire based on the MIQ-RS was administrated as
an explicit motor imagery task (Gregg et al., 2010). The MIQ-RS was chosen
because it includes items of functional tasks specifically aimed at hand move-
ments (e.g., grasp a glass, push a door). Thereby, the items of the MIQ-RS
correspond closely to the HLJT. The MIQ-RS questionnaire is shown to be a
reliable and valid measure for motor imagery ability (Gregg et al., 2010) and
is developed specifically as an instrument for the stroke population (Butler
et al., 2012). Although the MIQ-RS is specifically aimed at this population,
some adjustments in the protocol had to be made for administration in patients
with more severe motor impairments. First, not all participants managed to
completely perform the movement physically because of the variability in
motor function of the upper extremity and difficulties of some patient to stand
unsupported. Therefore, the test leader demonstrated the movements that had
to be imagined to the participants. All participants performed the test in a
sitting position. Patients as well as controls performed this task procedure
in the same manner. To facilitate imagery from an internal first person per-
spective the examiner took place next to the participant while demonstrating
the movement and participants were instructed to imagine from a first person
perspective. Second, in the original MIQ-RS each action was administrated
two times (from a first person visual and a kinesthetic perspective), but in our
study also the non-dominant and dominant sides were assessed separately, as
is suggested by Malouin et al. (2007). Adherence to the goals of the items in
the questionnaire was checked by the examiner by asking how the participant
imagined the action by asking what the person saw and felt.

Each item consists of the following stepwise procedure. First, the partic-
ipant was asked to assume the start position: sitting on a chair with backrest
and with their hands on their lap. Second, the examiner sat on a chair in front
of the participant and then took place next to the participant and demonstrated
a movement supported by a verbal description of that movement. Third, the
experimenter took place in front of the participant and participants were asked
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to close their eyes and imagine either seeing or feeling as clear and vivid as
possible the just demonstrated movement. In the last step of each item, the
participant had to rate their experience of the ease/difficulty they could imag-
ine the movement on an ordinal rating scale from 1 (very hard to feel/see)
up to 7 (very easy to feel/see) from the visual and the kinesthetic perspective
(For a detail description of the used items, instructions and protocol see Gregg
et al. (2010).

5.2.2.2 Implicit motor imagery: computerized imagery task

We used a computerized task that consisted of three parts; a simple choice
reaction time task, a visual imagery task and a HLJT. During the computer
test, all participants sat in front of a laptop screen in a chair with a backrest.
All participants started with the simple choice reaction time task. The vi-
sual imagery task and the HLJT were randomized between participants. In
all three tasks, two types of stimuli were presented on the computer screen.
The participants had to react as fast and accurate as possible on these stimuli
by pressing the left or right button on a response box (Psychological Soft-
ware Tools, Pittsburgh, PA). The stimulus disappeared from the screen when
the participant pressed the button or when the stimulus was presented for 10 s.
The responses were given with the hand of the unaffected limb. Their matched
controls executed the task with the same hand regardless of their hand dom-
inance to control for confounding effects. For each task performance was
assessed by calculating the average response time (in milliseconds) and the
accuracy (percentage of correct responses). Before the start of each test, the
participant had the opportunity to practice the task in a block of 48 stimuli.
The visual imagery task and the HLJT each contained a total 216 stimuli,
divided in three blocks of 72 stimuli with a short break period between the
blocks.

Simple choice reaction time task. A simple choice reaction time task was
included to control whether simple reaction time was affected in stroke pa-
tients. The HLJT is based on time isochrony and therefore it is important
to control whether a latency in reaction time on the HLJT is the result of
impaired motor imagery ability instead of a more general impaired reaction
time. The participants had to react to two types of presented stimuli, an “O”
or “X,” by pressing respectively the left or right button on a response box.

Hand laterality judgment task. Implicit motor imagery was assessed with
a HLJT (Parsons, 1987b). Participants had to determine the laterality of a
rotated hand presented on the computer screen. The hands were shown from
the backside or palm side of the hand. The stimuli of presented hands were
rotated at six different angles, covering the full circle at a spacing of 60o (0,
60, 120, 180, 240, 300o). The orientation of the hand with fingers pointing
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upward was defined as an angle of 0o. Participants had to react to these stim-
uli by pressing the button (left or right) corresponding to the laterality of the
hand. The participants were not allowed to rotate their hand or look at their
own hand during this task. Adherence to this task procedure was carefully
controlled by the experiment leader, who was present during the whole exper-
iment.

Visual imagery task. The visual imagery task (de Lange et al., 2005) was
included in this study to control whether the participants performance on the
HLJT was related to visual imagery ability. Stimuli of mirror-reversed and
regular capital alphabetic characters, “R” and “F,” were presented on the com-
puter screen. The characters were rotated at the same angles (0, 60, 120, 180,
240, 300o) as stimuli in HLJT. The orientation when the “R” or “F” was up-
right was described as an angle of 0o. Participants had to decide as fast and
accurate as possible whether the letter was a mirror-reversed or a normal letter
by pressing respectively the left or right button on the response box.

5.2.2.3 Brunnström Fugl-Meyer scale

The arm-hand function of the affected limb was administrated with the
Brunnström Fugl-Meyer scale (BFM) (Fugl-Meyer et al., 1975). The Fugl-
Meyer scale is shown to be a reliable and valid tool for the evaluation of
motor recovery in stroke patients (Gladstone et al., 2002). This test is used in
clinical settings for determining reflexes, movement, coordination and speed
of the upper extremity. Each item could be scored with 0–2 points on an or-
dinal scale (0 = no movement possible; 1 = impaired movements possible;
2 = movements possible). A total score was inside a range of 0–60 points,
because reflexes were not examined in this study.

5.2.2.4 Utrecht arm/hand Test

The Utrecht Arm/hand Test (UAT) is a clinical measure to obtain the arm-
hand function of patients (Van Reenen et al., 2001). The items of this test are
scored on an ordinal scale where eight items represent the following function
of the upper limb: a-functional arm (score 0); flexion-synergy (score 1), first
distal selectivity (score 2), wrist dorsal flexion (score 3), hook grip (score 4),
cylinder grasp (score 5), tweezers grasp (score 6), and clumsy hand (score 7).

5.2.3 Procedure
The testing procedure was similar for all participants. The assessment took
place in a quiet room in one of the rehabilitation centers or at home. The
measurement started with the computerized imagery tasks. This was followed
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by the examination of the motor function. Finally, the MIQ-RS questionnaire
was completed by the participants.

5.2.4 Data Analysis

For the computer task, mean reaction times of correct responses and mean
accuracy scores of responses with a latency between 350 and 1000 ms were
calculated and included in the analysis. First analyses revealed no differences
between stimuli or items of the affected or the non-affected limb in patients
and therefore left and right stimuli were grouped together for both the ques-
tionnaire as well as for the computer task. First a reliability analysis was done
for the visual and kinesthetic component of the adapted MIQ-RS. Then total
mean scores were calculated for the visual and kinesthetic components of the
adapted MIQRS. In accordance with Page et al. (2001a), who used a cut-off
of 25 (on a maximum of 56 on the original MIQ-R scale), a mean score on
one of the subscales below section Differences in Imagery Ability Between
Patients and Controls was considered as low imagery ability. Because of non-
normal distributed data, non-parametric tests were used for analysis. The
difference between the control and the patient group was determined with
a Mann-Whitney U test, with α < 0.05. To control whether individual pa-
tients differed significantly on the computer task from the control group, a
modified T-test with α < 0.05 was used (Crawford and Howell, 1998). The
relationship between the MIQ-RS, HLJT, visual imagery task, BFM, and UAT
was calculated with a Spearman correlation coefficient. Finally, to determine
which strategies were used by the patients and the control group, separate
repeated measures ANOVAs were performed on the RTs for the HLJT and
the visual imagery task. To determine whether participants still use a motor
strategy in solving a motor imagery task the stimuli were collapsed in sets
of comfortable (medial) and awkward (lateral) orientations resulting in two
within-participants factors for the ANOVA: biomechanical orientation (awk-
ward, comfortable) and rotation (60, 120o), and with group (patients, controls)
as a betweensubjects factor. A corresponding ANOVA setup was also used
for the visual imagery task with alphanumeric character orientation (clock-
wise, anticlockwise) and rotation (60, 120o) as within-subject factors, and
with group (patients, controls) as a between-subjects factor. All data were
analyzed with IBM SPSS version 17.0.
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MIQ-RS SCT VIT HLJT UAT BFM
V K RT ACC RT ACC RT ACC

Controls 5.9 (1.0) 4.9 (2.0) 479±86 98± 3 903±249 97±3 1704±564 93±5
Patients 4.0 (2.1)* 3.1(2.1)* 523±95 98±2 1118±227* 94±7 2568±902* 89±1

1 7 7 470 96 1275 100 4873* 94 7 60
2 1.1+ 1.0+ 698* 100 1574* 93 3322* 93 3 31
3 2.9+ 1.6+ 579 96 830 99 2368 87 6 59
4 1.0+ 1.0+ 378 98 981 96 1560 96 7 59
5 4.9 1.7+ 554 100 1493* 93 1827 39* 7 60
6 4.8 5.1 494 96 1301 96 2525 93 7 55
7 4.4 4 685* 98 1034 89* 1866 91 7 58
8 6.3 5.2 496 96 968 77* 2462 78* 7 60
9 5.4 5.4 540 96 1120 83* 3414* 81* 6 35
10 1.9+ 1.0+ 563 98 1194 88* 1632 99 0 0
11 6.2 5.8 445 98 799 99 1505 98 7 58
12 3.6 3.6 421 100 863 100 2565 94 0 2
13 6 1.0+ 658 100 1074 98 2560 98 4 34
14 1.6+ 3.4 470 100 964 100 2311 94 6 55
15 1.1+ 1.2+ 421 98 1303 97 3755* 97 7 59
16 6 2.0+ 500 100 1112 94 2536 92 7 60

Table 5.1: Scores (mean/SD) on the MIQ-RS and hand laterality task, the object
identification task and the visual imagery task for the group of controls and patients

and the individual patient scores for the UAT and BFM (N = 16).

5.3 Results

5.3.1 Internal Reliability
Cronbach’s alpha for the visual motor imagery subscale of the MIQ-RS was
high with α = 0.98 for the patient group, and α = 0.95 for the control group.
Cronbach’s alpha for the kinesthetic motor imagery subscale of the MIQ-RS
was also high with α = 0.98 for the patient group, and α = 0.98 for the control
group.

5.3.2 Differences in Imagery Ability Between Patients and
Controls

5.3.2.1 Patient group vs. control group

Table 5.1 shows the results on the questionnaire and HLJT for the group of
patients and the group of controls. Patients scored significantly lower on both,
the visual motor imagery component (U = 60; p = 0.010) and the kinesthetic
motor imagery component (U = 63.5; p = 0.015) of the MIQ-RS compared
to controls. In the simple choice reaction time task, the reaction time did not
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differ significantly between the group of patients and controls (U = 24; p =
0.200). Also the accuracy on this task was similar for both groups (U = 105.5;
p = 0.355). The patients reacted slower on the visual imagery task (U = 68;
p = 0.024) as well as on HLJT (U = 58; p = 0.008) compared to the control
group. No significant differences between patients and controls were found
on the visual imagery accuracy score (U = 93.5; p = 0.189) and the accuracy
score on the HLJT (U = 111.5; p = 0.532).

5.3.2.2 Individual patients vs. control group

The individual score of patients on the questionnaire, hand laterality task and
the BFM and UAT are shown in Table 5.1. Six out of the 16 patients (37.5%)
scored below the cut-off on the visual imagery component of the questionnaire
indicating impaired visual motor imagery ability. Eight patients (50%) scored
below the cut-off on the kinesthetic imagery component of the questionnaire
indicating impaired kinesthetic imagery ability. Three patients scored lower
on the kinesthetic component without scoring lower on the visual component
of the MIQ-RS (patients 5, 13, and 16). One patient, patient 14 scored lower
on the visual component of the motor imagery scale without scoring lower
on the kinesthetic component. A significantly lower reaction time than the
control group was found for two patients in the simple choice reaction time
task, two patients in the visual motor imagery task, and three patients in the
HLJT. Patient 2 (see Table 5.1) scored significantly below the mean reaction
time of the control group on all three tasks. Two of the 16 patients had signif-
icantly lower accuracy scores both on the visual imagery task and HLJT. Two
patients showed less accurate responses independently on the visual imagery
task and one patient only on the HLJT. Only one of the patients with low
accuracy scores on one of the computerized imagery tasks scored at around
chance level (patient 5). All other patients scored well above chance on the
computerized imagery tasks.

5.3.3 Correlation Between the Questionnaire, the Hand
Laterality Task and the Visual Imagery Task

The Spearman correlation coefficients between MIQ-RS and the computer-
ized imagery task for the groups of controls and patients are respectively
shown in Tables 5.2, 5.3. No significant correlation was found between the
scores on the components of questionnaire and hand laterality task or visual
imagery task for patients or controls. A significant positive correlation be-
tween the visual and kinesthetic motor imagery component of the question-
naire was found in both groups. This was the only significant correlation
between imagery measures in patients. There were no significant correlations
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Questionnaire Hand laterality task Visual imagery task

V K RT ACC RT ACC

Questionnaire
V 1
K 0.50* 1

Hand laterality task
RT 0 -0.13 1
ACC 0.35 0.26 -0.27 1

Visual Imagery task
RT -0.15 -0.06 0.86** -0.48 1
ACC 0,32 0,20 -0,37 0,67** -0,53* 1

Table 5.2: Spearman correlations between the questionnaire, hand laterality task
visual imagery task of controls (N = 16).

Questionnaire Hand laterality task Visual imagery task Motor function

V K RT ACC RT ACC BFM UAT

Questionnaire
V 1
K 0.69** 1

Hand laterality task
RT 0.14 0.15 1
ACC -0.23 -0.32 -0.1 1

Visual-imagery task
RT -0.13 -0.25 0.42 -0.11 1
ACC -0.04 0.1 0.14 0.43 -0.37 1

Motor function BFM 0.38 0.3 -0.04 -0.45 0.02 -0.02 1
UAT 0.33 0.42 -0.16 -0.27 0.08 -0.09 0.83** 1

Table 5.3: Spearman correlations between the questionnaire, the hand laterality
task and the visual imagery task of patients (N = 16).

between measures for implicit and explicit motor imagery in both groups. Ta-
ble 5.2 shows, for the control group, a high significant positive correlation
between the accuracy of the HLJT and visual imagery task. The positive cor-
relation between the reaction time of implicit HLJT and the visual imagery
task was also significant in the control group. The reaction time on the visual
imagery task was negatively correlated with the accuracy on the same task in
the control group. No significant correlation was found between the UAT and
BFM and the different types of imagery. The UAT and BFM did correlate
significantly with each other.

5.3.4 Reaction Time Analysis
A repeated measures ANOVA on the reaction time scores of the HLJT showed
a main effect of orientation, with F(1, 30) = 13, 78, p < 0.01, rotation, with
F(1, 30) = 40, 24, p < 0.001 and a significant interaction between orientation
and group, with F(1, 30) = 5, 58, p< 0.05, rotation and group, with F(1, 30) =
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7, 62, p < 0.05 and between orientation and rotation, with F(1, 30) = 4, 20, p
= 0.05. Post-hoc analysis showed that patients were significantly slower than
controls on lateral, more awkward, orientated stimuli of hands than on medial
orientations with the same extend of rotation. Analysis of the reaction times
of the visual imagery task only showed a main effect of rotation with F(1, 30)
= 96, 13, p < 0.001. No further main or interaction effects were found for the
visual imagery task.

5.4 Discussion
With this study we wanted to explore the prevalence of implicit and explicit
motor imagery ability impairments and investigate the relationship between
implicit and explicit motor imagery ability measures in stroke patients. Pa-
tients in this study scored significantly below controls on both the visual and
the kinesthetic component of the adapted MIQ-RS. However, they did not dif-
fer significantly from the control group on the accuracy scores of the HLJT
or the visual imagery task. More importantly, our results showed that there
is discrepancy between performance of stroke patients on the explicit and im-
plicit motor imagery tasks. The results from this study showed no significant
correlations between the HLJT and the MIQ-RS. Neither in stroke patients,
nor in age matched controls, a significant correlation between implicit and
self-reported explicit motor imagery ability was found. To our knowledge
this the first time that a divergence between results on a phenomenological
explicit motor imagery measure and an implicit motor imagery measure is
shown in stroke patients.

Our results show that the subjective experience of the ease of imagining a
movement does not have to be related to implicit motor imagery ability after
stroke. These results are in line with the model of overt and covert action
simulation and the distinction therein between explicit and implicit motor im-
agery proposed by Jeannerod (2001). The results are also in close accordance
with the study of McAvinue and Robertson (2007) where also no correla-
tion between implicit and explicit motor imagery was found. However, in the
study of McAvinue and Robertson (2007) only healthy adults were included.
In our study we extend these results by showing that also in stroke patients
no correlation is found between the phenomenological experience of motor
imagery and the performance on implicit motor imagery ability.

In the light of the recent advocacy for screening for motor imagery ability
in motor-imagery based rehabilitation programs (Jackson et al., 2001; Braun
et al., 2006, 2013a; de Vries and Mulder, 2007; Simmons et al., 2008) these
results have an important clinical implication. Our study shows that by se-
lecting patients on the basis of subjective reports only, researchers could risk
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excluding patients that might still have intact motor imagery ability. There-
fore, a screening procedure where different imagery measures are used seems
more appropriate for the use of screening stroke patients in motor-imagery
based rehabilitation programs.

We used the MIQ-RS as a measure for the vividness of explicit motor im-
agery ability. We chose the MIQ-RS specifically because of the items in this
questionnaire focus on arm and hand movements, thereby maximizing the re-
lationship with the HLJT. However, although the MIQ-RS has shown to be a
reliable and valid measure for motor imagery ability (Gregg et al., 2010) and
is also developed specifically for use in the stroke population (Butler et al.,
2012) we did make some adjustments to the protocol that could have influ-
enced our results. Because not all stroke patients were able to complete all
movements physically, all participants had to watch a demonstration of the
intended movement instead of performing the movement themselves. There-
fore, we cannot be sure that all participants did indeed use an internal motor
imagery strategy. It could be that by observing a demonstration of the move-
ments our participants were more inclined to imagine movements from an
external perspective.

Indeed, a recent study (Williams et al., 2011) showed that observation
of movements could facilitate the ease with which movements are imagined.
In their study observation of a movement shortly before a participant had to
imagine a movement led to higher MIQ scores only when the perspective of
the observed and to be imagined movement were congruent with each other.
Hence, it could be that in our set-up with the experiment leader sitting next to
the participant that participants were more inclined to use an external perspec-
tive and as such may have experienced more difficulty imagining the move-
ment from the first person perspective. However, the test conditions were the
same for control participants. Therefore, we believe this could hardly explain
the differences found on the MIQ-RS in our study. For follow up studies, to
better control for these issues, it would be better to use the MIQ3. The MIQ-
RS, as is also pointed out by Roberts et al. (2008), cannot distinguish between
the internal and an external visual motor imagery perspective. In the new ver-
sion of the MIQ-RS, the MIQ3 (Williams et al., 2012), external, internal and
kinesthetic components are assessed separately.

Williams et al. (2011) also showed that motor experience could influence
how easily a movement is imagined. Although, in our study we controlled
for this by following the same protocol for control participants and patients
it could be that differences in motor experience still had an influence on the
ease with which movements could be imagined. Control participants, unlike
patients, clearly have had more chance at performing these movements more
recently and more frequently than stroke patients. This could have resulted
in lower scores in stroke patients compared to controls. However, our scores
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were similar to that of other studies. We showed a high internal reliability,
comparable to those of the original questionnaire (Gregg et al., 2010). More-
over, we did see a difference between the visual and kinesthetic scale, the
visual imagery score was higher than the kinesthetic imagery score, both in
stroke patients as well as in healthy controls. These results are comparable
to studies with the original MIQ-RS and point to a certain degree of sensitiv-
ity to dissociate between visual and kinesthetic imagery ability (Butler et al.,
2012). Also, a study by Confalonieri et al. (2012) showed comparable scores
to our results in a neuroimaging study of stroke patients where the MIQ-RS
was also used.

It could be that our patients adopted different strategies than controls for
solving the HLJT. For instance, a recent study with stroke patients by Daprati
et al. (2010) showed that patients can in some cases adopt alternative strate-
gies, for example use a visual imagery strategy, for solving the HLJT. How-
ever, in our study patients, like controls, showed longer reaction times for
biomechanical awkward stimuli and this effect was not seen on the reaction
time distributions of the visual imagery task. The longer reaction times for
more awkward orientations indicate that patients and controls employed the
same strategy in the HLJT and that indeed implicit motor imagery was used.

Interestingly, when looking at the individual patients our results are some-
what heterogeneous. Seven patients reported that it was hard to feel the imag-
ined actions whereas scoring well above chance on the HLJT. Five of these
patients also found it hard to imagine seeing the imagined action indicating
simultaneous impairment of visual and kinesthetic motor imagery. However,
one patient (patient 5) also showed an interesting pattern of results. This pa-
tient was selectively impaired on the kinesthetic component of the adapted
MIQ-RS. Moreover, this patient scored at around chance level on the HLJT.
This patient’s performance on the HLJT could not be explained by mental
slowing because performance on the simple choice task was normal. This
patient also scored well above chance on the visual imagery task, suggesting
intact visual-spatial capacity. The fact that his kinesthetic ability was selec-
tively below the cut-off score simultaneously with a selective impairment on
the HLJT without showing other imagery deficits suggests that to some extent
correspondence between conscious experience and implicit ability of motor
imagery is also possible after stroke.

At the same time the heterogeneous results in our patients show that the
assessment of motor imagery ability in stroke patients is a complex task. The
patients that found it very hard to imagine movements might not be able to
benefit from mental practice because of the emphasis in mental practice on
wilful conscious modulation of motor imagery. On the other hand, this might
suggest that these patients, because of their intact implicit motor imagery abil-
ity, might still benefit from probing the action system covertly, for instance by
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observing actions or implicit learning. Given the recent research results on
the differences between implicit and explicit learning (see Dew and Cabeza
(2011) for a discussion) makes this question certainly seem worthwhile to ex-
plore in more detail. In this respect Holmes and Calmels (2008) have reviewed
potential problems for motor imagery based mental practice in the sport set-
ting and have suggested that with an observation based approach some aspects
of the covert use of our action system can be better controlled, a direction pos-
sibly also worth exploring further in the domain of stroke.

Most motor imagery instruments are originally developed and validated
in young healthy populations. For instance, although the original develop-
ers of the MIQ-RS adapted the instrument for use in a rehabilitative setting
(Butler et al., 2012), there are only a few studies reporting results using the
new MIQ-RS with stroke patients. Stroke patient are a far more heteroge-
neous population than the healthy young adults and this makes interpretation
of the results of motor imagery instruments in stroke patients difficult. This
is particularly important because in stroke patients the severity and extend
of the hemiparesis can be complicated by the presence of neuropsychologi-
cal deficits in these patients. Deficits in working memory, apraxia, depres-
sion, motivational problems, (motor) neglect and anosognosia are all know in
some instances to complicate the hemiparesis (Gialanella and Mattioli, 1992;
Paolucci et al., 1996; Pohjasvaara et al., 2002; Malouin et al., 2004a) and it
is likely that the same is true for performance on motor imagery measures,
explicit and implicit.

For instance Malouin et al. (2004a) showed that performance of motor
imagery practice is related to working memory capacity. Furthermore, recent
studies on neglect after stroke show a more differentiated picture of different
forms and types of neglect. For instance, motor neglect is often under recog-
nized but can influence motor performance (Punt and Riddoch, 2006) and pa-
tients can have neglect selectively for near space (peripersonal) as well as for
far space (extrapersonal) and for specific modalities (see Halligan et al. (2003)
for a discussion). The notion of neglect affecting extrapersonal and periper-
sonal space differently is akin to the dissociation between first person and
third person imagery. A limitation of our study is that we screened patients
for neglect, however, we did not control for all the different types of neglect
leaving open the possibility that more specific neglect types were undetected
and influenced the patients test outcome. In the same regard, other specific
neuropsychological deficits could influence motor imagery test performance
and the possibilities for and adherence with mental practice regimes. Future
studies that systematically study the relationship of neuropsychological disor-
ders with motor imagery ability could greatly enhance our knowledge in this
respect.

Another limitation of our study was that we only used two measures
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for motor imagery. By including other type of measures, such as mental
chronometry tasks, prospective action judgment task and also including phe-
nomenological self-reports that are aimed at measuring other subjective com-
ponents of the imagery process we could be able to further our understand-
ing of how the different components of motor imagery ability relate to each
other. A better understanding of the type of impairment of the action system
by using different methods and instruments ranging from implicit to explicit,
self-rating, physiological, neuropsychological and chronometric instruments,
could potentially lead to a better differentiated treatment tuned to the patients
characteristics in particular.

Conclusively, our study shows that in stroke patients implicit and explicit
motor imagery can be differently affected. The subjective experience of the
ease of imagining a movement does not have to be related to implicit motor
imagery ability after stroke. Given the recent advocacy for the use of screen-
ing instruments to assess motor imagery ability of patients before they enter
rehabilitation programs (Braun et al., 2006, 2013a; Malouin et al., 2013) these
results have an important clinical application and suggest that screening pro-
cedures based solely on subjective instruments could risk excluding patients
whose motor imagery ability might still be intact. Our results articulate the
complex relationship between the phenomenological conscious experience of
motor imagery and use of motor imagery in individual patients and caution the
use of one tool as an instrument for use in screening, selecting and monitoring
stroke patients.





6
General Discussion

This thesis focussed on the question if and how mental imagery and motor
imagery is affected after stroke. I used mental imagery tasks to study the
effects of stroke on implicit motor imagery ability and dissociate them from
visual imagery impairments. In chapter 2, the results of a study aimed at
studying the longitudinal effects on the hand laterality judgement task and the
visual imagery task at 3 and 6 weeks after stroke are described. In chapter
3, to dissociate longitudinal changes on the hand laterality judgement task
from normal practice effects, the results on a study on practice effects on the
hand laterality judgement task in healthy controls are reported. In chapter 4,
I described the results of a study aimed at studying the longitudinal changes
from the post-acute (3 weeks) to chronic (1 year) phase after stroke on the
hand laterality judgement task. The last study described in chapter 5 focussed
on the relationship between implicit and explicit measures of motor imagery
ability after hemiparetic stroke. In that study I compared performance of a
control group and a group of hemiparetic stroke patients on the hand later-
ality judgement task and the MIQ-RS, a self-report questionnaire for motor
imagery ability. In the current chapter after a summary of the results from
these studies is given, the main results of these studies are discussed concern-
ing two important topics that were touched upon in this thesis; (1) how often
performance on the hand laterality judgement task is affected after stroke and
(2) strategy use in the hand laterality judgment task; that I argue have impor-
tant considerations for the use of motor imagery measures in clinical practice.
Based on this discussion some suggestions for further research are made.
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6.1 Summary of the results

Chapter 2 described a study in the post-acute phase after stroke. Stroke pa-
tients completed the hand laterality judgement task and the visual imagery
task at 3 and 6 weeks after their stroke onset. These results show that pa-
tients motor imagery ability recovers significantly between 3 and 6 weeks
post-stroke. Moreover, visual imagery as well as motor function also recov-
ered significantly between 3 and 6 weeks post-stroke. The results did not
show a relationship between motor function and performance on the hand lat-
erality judgement task. Because of the significant recovery that takes place
in the first weeks after stroke and the fact that individual patients can recover
from performing on the hand laterality judgement task at around chance level
to above chance level the study indicates that if imagery ability screening is
done with the hand laterality judgement task in the acute or post-acute phase
after stroke that patients could potentially be identified as impaired whereas
later in their recovery process they could be identified as unimpaired. How-
ever, the study in chapter 2 only monitored imagery development in the first 6
weeks after stroke. Also, it did not differentiate between normal practice ef-
fects that could occur on repeated task assessment and effects that are related
to genuine improvement. Therefore, in chapter 3 I studied practice effects on
the hand laterality judgement task and in chapter 4 I described the results of a
longitudinal one year follow-up study with stoke patients.

The results of the study described in chapter 3 show that repeated assess-
ment with the hand laterality judgement task resulted in a 3 percent change
on accuracy scores in thirty three healthy controls following a 3 week inter-
val. The results in chapter 4 also confirmed our initial results of the study on
recovery in the first 6 weeks after stroke described in chapter 2. Stroke pa-
tient’s performance improved significantly on the hand laterality judgement
task, where in stroke patients the percentage of change was much higher than
in controls. These results show that this improvement occurred during the
first 6 weeks after stroke, there were no additional significant changes from 6
weeks till the chronic phase.

We did not find any correlation between imagery impairment and motor
function impairment although we did find a correlation between performance
on the hand laterality judgement task and the visual imagery task. These
results suggest that, after hemiparetic stroke, motor and visual imagery can
be simultaneously impaired. These results show that improvement for motor
and visual imagery is to be expected in the first 6 weeks after stroke.

A limitation of the studies described in chapter 2-4 is that with the hand
laterality judgement task only implicit motor imagery ability after hemiparetic
stroke is assessed. It could be that explicit motor imagery, as measured with
self-report questionnaires, could yield different results. Moreover, motor acts
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can be imagined from multiple perspectives (for example from a first person
kinaesthetic and visual perspective), and it is not known what the relation-
ship is between performance on subjective implicit motor imagery self-report
measures and performance on the hand laterality judgement task after stroke.
Therefore the last study described in chapter 5 focussed on exploring the
prevalence of implicit and explicit motor imagery ability impairments after
stroke and investigated the relationship between performance on implicit and
explicit motor imagery measures.

In chapter 5, I compared performance of a group of hemiparetic patients
and controls on the hand laterality judgement task and the Movement Imagery
Questionnaire-Revised Second Version (MIQ-RS). These results showed that
performance on the hand laterality judgement task and the MIQ-RS did not
correlate in our study. Moreover, nine (eight when looking specifically at
kinestetic imagery component) out of 16 patients were classified as having
low motor imagery vividness after stroke on the MIQ-RS whereas only one of
these patients scored at around chance level on the hand laterality judgement
task. These results showed that implicit and explicit motor imagery can be
differentially affected after stroke.

6.2 Discussion

6.2.1 Frequency of intact implicit motor imagery after
hemiparetic stroke

This thesis focussed on the question if and how motor imagery is affected af-
ter stroke. Few studies report specifically on the frequency of motor imagery
impairment after hemiparetic stroke. If motor imagery is used as a tool for
rehabilitation it seems relevant to know more about the frequency and nature
of motor imagery impairments after stroke. The hand laterality judgement
task is often used as an instrument for imagery ability classification but in-
formation on the prevalence of impairment on this task post-stroke is unclear.
The longitudinal studies reported in this thesis (chapter 2 and 4) show per-
centages of intact implicit motor imagery ability of 67% and 78% on the hand
laterality judgement task in the first weeks after stroke. In an earlier study
where we studied the prevalence of implicit motor imagery impairment after
hemiparetic stroke on the hand laterality judgement task we showed that 54%
of the hemiparetic patients scored similar to healthy controls (de Vries et al.,
2009).

Other studies show similar or higher percentages of intact imagery abil-
ity after stroke. For instance, Sharma et al. (2009) shows that 60% of the
stroke patients participating in a neuroimaging study were unimpaired on a
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chaotic motor imagery test battery, scoring similar to healthy controls. In
their chaotic imagery test battery different measures were included, consist-
ing of accuracy scores on a version of the hand laterality judgement task and
a temporal coupling task of a thumb opposition movement requiring explicit
motor imagery. When looking specifically at the patient scores on their ver-
sion of the hand laterality judgement task used in their study, roughly 15%
of the patients showed performance at around chance level indicating 85% of
the patients in their study had intact implicit motor imagery ability, which is
similar to the percentage found in chapter 4. However, in their study only
well-recovered subcortical stroke patients were included.

It seems that the percentage of patients with intact motor imagery ability
reported in the de Vries et al. (2009) study is lower because of these dif-
ferences in used measures and inclusion criteria. We used a relatively unse-
lected group of stroke patients that were not included based on lesion location.
Sharma et al. (2009) suggest that the percentage of intact imagery ability pa-
tients they found in their study was already surprisingly high given that the
subjects were all recovered patients who were highly selected and had rela-
tively small subcortical lesions and they suggest that the percentage of chaotic
imagery ability would be higher in an unrestricted patient population. The dif-
ferences between the results reported in chapter 2 and 4 and the de Vries et al.
(2009) study could be explained by the fact that patients who were included
for these studies were more motivated patients able to complete a long term
study and as such a more biased selection could have been made in the selec-
tion procedure.

Furthermore the results from chapter 2 - 4 show that stroke patient’s per-
formance improved significantly on the hand laterality judgement task, and
that the percentage of change was higher than in controls. This shows that
some degree of improvement on performance of the hand laterality judgement
task is to be expected in the the first 6 weeks after stroke. Previous studies
have shown that the largest recovery for motor function is also in the first 6
weeks after stroke (Duncan, 1994; Kwakkel et al., 2004a) and that cognition
improved over longer periods of time, although generally cognitive recovery
is the largest in the first 3 months after stroke (Desmond et al., 1996; Gresham
et al., 1979). Therefore the moment of assessment could also contribute to
different percentages found in previous studies and implies that reassessment
during the recovery process can yield different results which can be important
if these or similar task are used in rehabilitation programs. Another important
finding is that the results in chapter 2 and the de Vries et al. (2009) study also
showed that in a subgroup of patients that were impaired on the hand later-
ality judgement task, performance on the alphanumerical character rotation
task was also impaired. Both tasks rely on mental rotation, suggesting that
general imagery or other cognitive deficits could contribute to these results as
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well.
In conclusion these results show that, after hemiparetic stroke, patient’s

implicit imagery ability can be diminished in a subgroup of stroke patients,
and advocate the importance of using different measures for assessing im-
agery ability, motor and visual, to give a better understanding which factors
contribute to imagery impairment after stroke. Taken together these results
suggest that a relatively large group of patients could still use implicit motor
imagery after stroke but that results vary depending on the type of tasks used
and study- and patients characteristics and time post stroke.

6.2.2 Strategy use in the hand laterality judgement task
The discussion above closed with the result that in a large subgroup of stroke
patients there is impairment on the hand laterality judgement task. And that
performance on the alphanumerical character rotation task can also be im-
paired in these patients. These results ask for a more in depth discussion
on the underlying strategy that can be used by patients for the hand later-
ality judgement task because of clinical value to accurately identify if any
impairments are purely related tot implicit motor imagery or not. Recall from
chapter 1 and the discussion from chapter 2 that performance on the hand
laterality judgement task and the alphanumerical character rotation task are
known to be associated with different underlying mechanism which are re-
flected in response times and accuracy scores. The hand laterality judgement
task asks subjects to make a right/left judgement of visually presented pictures
of hands (Parsons, 1994) and is associated with a motor imagery strategy. If
depicted hand stimuli are processed as visual stimuli, reaction times should
increase in proportion to the rotation angle.

However, several studies have shown that reaction times in the hand later-
ality judgement task are related to the awkwardness of the depicted position,
e.g. when the real hand would be placed in the depicted biomechanically
difficult position (lateral positions) reaction times are slower than when stim-
uli are depicted in a biomechanically less awkward position (ter Horst et al.,
2010; Parsons, 1987b; Parsons et al., 1995). Conversely when a visual im-
agery strategy would be used, reaction times should be related to the degree of
rotation of the stimulus, not the biomechanical characteristic of the positions.
Furthermore, neuroimaging studies have also shown specific involvement of
neural areas involved in movement in hand laterality judgement task versus
other mental rotation task (de Lange et al., 2005, 2008). The use of both the
hand laterality judgement task and the alphanumerical character rotation task
gave us better grip on understanding strategy use and impairments of patients
after hemiplegic stroke.

It is important to note that alternative strategies can be used to perform
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the hand laterality judgement task, motor vs visual, and us of these strategies
seems to be partly depended on the used stimuli in this task. Parsons has
shown that people are inclined to use a motor imagery strategy only when a
variety of stimuli in different views and orientation are shown to participants
(Parsons, 1987b, 1994). When motor imagery is impaired, patients might use
alternative strategies, for instance, by mentally rotating the visual stimulus
and analysing the position of the thumb in the stimulus or by using imagery in
a third-person perspective instead of a first person perspective (Daprati et al.,
2010; Tomasino et al., 2003b).

Moreover, adaptation of different mental imagery strategies is facilitated
by the view and orientation of the stimuli (Kosslyn et al., 1998; Parsons, 1994)
where in the hand laterality judgement task including palm view stimuli in
more rotated orientations seems to induce motor imagery. Ter Horst and col-
leagues also confirmed that strategy use in the hand laterality judgement task
is stimulus dependent, arguing for not solely using stimuli of hands in the
back view orientation (ter Horst et al., 2010; Horst et al., 2012). Therefore,
it is important to use stimuli in different orientations and inspect the reaction
time profiles of patients to see whether a motor strategy is used.

In the studies in this thesis also stimuli of different hand orientations were
used. Images of back and palm where both used and the results presented
in this thesis show that, for the group of patients that have high accuracy
scores on the hand laterality judgement task, the reaction time distribution
suggest the use of a motor imagery strategy. Reaction time distributions of
the visual imagery task showed a significant relationship with rotation angle
whereas only the hand laterality judgement task reaction time distributions
showed longer reaction times for lateral orientations. Furthermore, despite
low (at chance level) accuracy scores for some of the patients on the hand
laterality judgement task their performance on the visual imagery task was
not impaired.

Although the use of alternative strategies for the hand laterality judge-
ment task is possible, these results show specific effects on the hand laterality
judgement task and the alphanumerical character rotation task indicating the
use of different strategies for implicit motor and visual imagery. Theoreti-
cally the results could be explained with the predictive modelling account as
described in chapter 1. Implict motor imagery in the hand laterality judgement
task can be seen as the covert running of an internal model (emulator) of the
arm-hand that might also be involved in planning and control of actions gen-
erating predictions without overt movement (more on this and the difference
with explicit imagery ability in section 6.3) whereas visual imagery relies on
other mechanisms (for instance an emulator for (abstract) visual objects and
stimuli).
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6.2.3 Clinical Implications
Taken together, the results of the studies described in chapter 2 - 4 have
important implications for assessing imagery ability with the hand lateral-
ity judgement task after stroke. Previous studies from different disciplines
have shown that motor imagery has diverse applicabilities and can be used
effectively as a tool for motor learning (Yue and Cole, 1992), in athletes and
dancers (Driskell et al., 1994) and also in the context of motor rehabilitation
Braun et al. (2013b). However, in the domain of motor rehabilitation results
on the efficacy and applicability are still heterogeneous (see Stockley et al.
(2020)). Impaired motor imagery ability might hamper a patients potential to
benefit from rehabilitation programs aimed at using motor imagery as a tool
for promoting recovery.

The studies presented in this thesis show that after stroke a subgroup of
patients are impaired on the hand laterality judgement task, suggesting dif-
ficulty using the internal model for hand movements that are used in motor
imagery and are a basis for mental practice (Grush, 2004; Wolpert and Flana-
gan, 2010). Moreover, the fact that a number of patients that are affected
on the hand laterality judgment task are also affected on the alphanumerical
character rotation task shows that more general imagery impairment can be
related to impairment on the hand laterality judgement task, and advocate the
need of assessing imagery ability more in detail after stroke. The fact that per-
formance on the hand laterality judgement as well as the visual imagery task
changes over time underlines the importance of including these different im-
agery measures as well. Patients could be identified as having impaired motor
imagery whereas later in their recovery process they could be identified as
unimpaired. Use of the hand laterality judgement task, particularly in the first
weeks after stroke, as a single measure for assessing motor imagery ability,
could exclude patients that might perform better later after their stroke.

Recent research also advocates the use of screening measures to assess
motor imagery ability of patients before they enter rehabilitation programs
(Braun et al., 2013a; Malouin et al., 2013). The high incidence of patients
reported in chapter 5 with low scores on the kinaesthetic component of the
MIQ-RS and intact performance on the hand laterality judgement task and
visual imagery task shows a clear discrepancy between implicit and explicit
measures of motor imagery when used with stroke patients. Other studies con-
firm this discrepancy. For instance, McAvinue and Robertson (2007) showed
that self-report rating tests that measure implicit motor imagery ability load
onto different components in a study with healthy subjects.

The results presented in this thesis show that when screening procedures
are based solely on one measure, whether subjective instruments or implicit
motor imagery tasks such as the hand laterality judgement task and the MIQ-
RS used in our studies, researchers could risk excluding patients whose motor
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imagery ability might still be intact or risk having an incomplete understand-
ing about someone’s motor imagery ability and I suggest using multiple in-
struments for use in screening, selecting and monitoring stroke patients. This
is important for getting more grip on which approach to motor imagery based
rehabilitation could be effective for which patients.

6.3 Concluding thoughts and future directions
This thesis focussed on the question if and how mental imagery and motor
imagery is affected after stroke, their recovery in the first weeks and months
after stroke and studied the relationship between implicit and explicit (mo-
tor) imagery measures. The difference between impairments on implicit and
explicit motor imagery measures found in this thesis (discussed in chapter 5)
and absence of relation between different imagery measures found in other
studies with healthy participants (see McAvinue and Robertson (2007)) poses
the question if and how these differences and their underlying mechanisms
can be explained and whether these could have practical implications and im-
plications for future study. Therefore in this last section I will address these
questions.

Jeannerod, when postulating the simulation theory in 2001, defined overt
and covert actions as a continuum where overt executed actions are also im-
plying a covert action stage but a covert action does not also involves the
execution phase. In this sense the covert stage (whether used in action or for
imagery) is a representation of a future state of a part of the world or body it
is modelling and tied to the goals that have to be formulated given the con-
textual problem at hand that needs to be solved. Grush in this respect makes
a distinction between modal and amodal emulators that work together in a
parallel and hierarchical fashion to produce imagery, perception and control
of action (Grush, 2004).

One possibility for the discrepancy between the hand laterality judgement
task and MIQ-RS results noted above is that the implicit and explicit measures
as discussed in this thesis infer different kinds of information from the covert
action emulating system and are the result of the use of different networks of
hierarchically organized modal and amodal emulators (Grush, 2004; Picker-
ing and Clark, 2014). In the hand laterality judgement task, the goal is to be
certain which hand is depicted on the screen. When an implicit motor imagery
strategy is used, although it seems possible, it is not necessary to emulate until
a rich vivid experience of a felt kinematic sensation of a hand is reached. The
goal is to react as fast as possible and a best estimate with enough likelihood
of being correct is good enough. This goal might evoke emulation involving
primarily an amodal action emulation higher in the hierarchy of the covert
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action network. However, the goal for the MIQ-RS is a different one. For the
MIQ-RS the goal is to imagine a movement of a specific limb explicitly and
as clear as possible. As such, the emulation resulting from this goal could be a
different emulation process using a different network of amodal and possibly
also modal emulators lower in the hierarchy of the covert action network.

Indeed, the studies discussed in this thesis (see Sirigu and Duhamel
(2001)) seem to suggest that the context of the task determines how imagery
mechanism are operated and which level of detail is evoked in the imagery
process and that the imagery processes can be differentially affected depend-
ing on the integrity of the neural network. Kosslyn and Thompson (2003)
have shown that higher vivid visual imagery is associated with activation in
regions lower in the visual hierarchy in visual imagery studies. Recent stud-
ies on motor imagery seem to suggest similar results for the involvement of
lower sensorimotor areas during imagery of movements; more vivid imagery
is associated with activation lower in the sensorimotor hierarchy (Lorey et al.,
2011; Belardinelli et al., 2009) and see Schmidt and Blankenburg (2019) for
recent results involving tactile imagery and the involvement of the primary
somatosensory cortex. However, more research is needed to confirm the rela-
tionship between vividness and a hierarchical involvement of sensory-motor
brain areas at the domain of motor imagery and the exact underlying mecha-
nism.

Explicit motor imagery is a more cognitive demanding task than implicit
motor imagery. Because voluntary conscious motor imagery is by definition
a deliberate process, it depends more on the ability of patients to generate
and maintain imagery in working memory in comparison to implicit motor
imagery. At this moment it is unclear whether individual differences in motor
imagery ability can be explained primarily by differences in mechanisms re-
lated to the voluntary control of imagery or differences in mechanism relating
to the accessibility of low level details of the covert action system. Visual
and auditory imagery vividness is known to be related to working memory
(Baddeley and Andrade, 2000), however little is known about the relationship
between motor imagery and working memory after stroke (Malouin et al.,
2004a). This seems an important direction to explore further in particular
because of the limitations stroke patients could have in performing cognitive
demanding tasks.

Also, although some studies have explored the issue (Simmons et al.,
2008; Stockley et al., 2020), it is still an open question how and for which
patients motor imagery could be used for rehabilitation and more attention
could be given to the fact the covert action system can be differentially af-
fected after stroke. Given that the network involved in action planning and
execution can be differentially affected after stroke, where patients could be
affected on a continuum between higher and lower covert processes of action
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as discussed above, it seems that the possible effects of using motor imagery
related strategies for rehabilitation can also be different depending on how the
covert action network is affected after stroke. For instance, patients that find
it difficult to imagine movements explicitly might not be able to benefit from
explicit mental practice because of the emphasis in mental practice on wilful
conscious modulation of motor imagery. It could be worthwhile to explore
if these patients might still benefit from probing the action system covertly,
for instance by observing actions. Therefore, a more differentiated individu-
alized approach that takes into account the diverse cognitive aspects of action
for rehabilitation is warranted.

In this respect it is important to note that there are no studies controlling
which measures of motor imagery best predict the efficacy of motor rehabil-
itation through motor imagery based practice. Besides the instruments dis-
cussed in this chapter, psychophysiological and neuropsychological instru-
ments (as discussed in chapter 5) could also give more insight in the role
these instruments could have for improving motor rehabilitation. More lon-
gitudinal studies are needed that compare outcomes from diverse imagery
measures against improvements following mental practice rehabilitation pro-
grams. This presents an interesting avenue for future research on which mea-
sures are most critical to predict the benefits from motor imagery for rehabil-
itation.

Also, the tight coupling of the covert internal model for planning, imagi-
nation and control of action suggests that motor imagery based rehabilitation
would be most beneficial for patients with some remaining degree of motor
functioning and good motor imagery ability. If ascending and descending
signals are largely impaired, this could result in noisy, chaotic or interrupted
feedback about the state of the motor system or result in an impairment in
error-signalling needed for updating the internal model (eg. the setting of the
gain of the Kalman filter to which information, emulated movement sensa-
tion, or feedback from the motor system should be used to update internal
model). This could potentially reduce the possibilities for motor relearning
as the necessary feedback signals for updating the internal model are lacking.
Indeed, recent research on the effectiveness of mental practice with motor
imagery shows that the effect of mental practice is greatest in combination
with physical therapy for stroke patients (Ietswaart et al., 2011; Braun et al.,
2013a; Stockley et al., 2020). More research on how and for which patients
combined physical and motor imagery practice could be possible could shed
more light on this issue. Recent advances in (the combination of) rehabil-
itation robotics, cortical and peripheral nerve stimulation, real time cortical
feedback and virtual reality could have great potential because of the possi-
bilities to control feedback and stimulation on different levels and modalities
of the (covert) action system in a personalized manner (Rutkowski, 2016; Teo
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et al., 2016; Koch and Hummel, 2017).

6.4 Conclusion
The studies described in this thesis focused on the question if and how im-
plicit motor imagery ability is affected after stroke. This thesis shows that
after stroke a relatively large percentage (54 to 78 percent depending on in-
clusion and methodology) of the hemiplegic stroke patients still have intact
implicit motor imagery as measured with the hand laterality judgement task.
For these patients rehabilitation of motor function by means of mental prac-
tice might be effective. The fact that both visual imagery and motor imagery
are affected early after stroke and can recover in these first weeks, cautions the
use of only the hand laterality judgement task for assessing imagery ability.
Subsequently, assessing visual imagery ability and motor imagery by means
of multiple measures both implicit and explicit, can give a more detailed pic-
ture of patient’s capabilities in these first weeks after stroke. Moreover, as
some patients do recover, there might be potential for the use of mental prac-
tice training regimens later in their recovery process. This thesis also showed
that implicit and explicit motor imagery can be differently affected after hemi-
plegic stroke. This urges to take into account these differences between pa-
tients in mental practice therapies. Although the relationship between motor
imagery ability and the potential to profit from mental practice has been sup-
ported from the sport sciences, this relationship has yet to be validated in the
rehabilitation setting. These results articulate that motor imagery is a multi-
faceted capacity and cautions against the use of one tool as an instrument for
use in screening, selecting and monitoring stroke patients.
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Observation, imagination and

execution of an effortful movement:
more evidence for a central

explanation of motor imagery

Abstract

In this study subjects had to imagine, observe and perform a series of
25 squat movements while lifting two dumbbells of 12.5 kg each (one
with each hand). This movement is effortful and requires substantial
activation of peripheral systems. It was asked whether subjects when
they imagined that they were performing the movements or when they
observed a model per-forming the squat movements would show in-
creased activity in EMG, heart rate and respiration compared with a
control condition where they sat relaxed in a comfortable chair or a
condition where they actually performed the squat movements. Two
groups of subjects participated in the experiment: experienced squat-
ters and novices. By employing these two groups we were able to study
the differential effect of earlier experience with the target movement on
peripheral activation. The results showed that with the exception of
respiration no significant peripheral activation could be measured re-
lated to motor imagery. Although a clear distinction in experience ex-
isted between the experienced squatters versus the novices, no relevant
imagery-related differences could be obtained between the two groups.



86 OBSERVATION, IMAGINATION AND EXECUTION OF AN EFFORTFUL

The results are discussed in the light of a central explanation of motor
imagery.

This appendix has been published as:
Mulder, T., de Vries, S., & Zijlstra, S. (2005b). Observation, imagina-

tion and execution of an effortful movement: more evidence for a central
explanation of motor imagery. Experimental brain research, 163(3), 344-51.
doi:10.1007/s00221-004-2179-4
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A.1 Introduction

Motor imagery is a cognitive process in which motor acts are mentally re-
hearsed without any overt body movements. A fast-growing number of stud-
ies has shown that brain areas engaged in the actual performance of move-
ments are for a large part also active during motor imagery (Hallett et al.,
1994; Stephan et al., 1995; Lotze et al., 1999; Grèzes and Decety, 2001; Jean-
nerod, 2001). In a recent study Ehrsson et al. (2003) showed that imagery
of finger, tongue and toe movements activated the somatotopically organized
areas of the primary motor cortex in a systematic manner, that is, imagery
of finger movement activated the finger area, imagery of toe movements ac-
tivated the foot zones of the posterior part of the contralateral supplementary
motor area and the contralateral primary motor cortex and imagery of tongue
movements activated the tongue region of the primary motor cortex. Thus,
the imagined body part seems to be reflected directly in the pattern of cortical
activation. Fadiga et al. (1998) demonstrated that motor imagery influenced
the corticospinal excitability and that this influence is specifically related to
the muscles involved in motor imagery. For example, motor imagery of fore-
arm flexion enhances the MEPs of the m. biceps brachialis, an agonist during
forearm flexion, whereas this was not the case during imagery of forearm
extension, where the m. biceps brachialis acts as an antagonist.

Similar phenomena have been found for the observation of movements.
Also here rCBF increases in the premotor cortex, middle temporal gyrus, in-
ferior and middle frontal gyri and parietal cortex were reported during the
perception of goal-directed hand movements (Gallese, 1998; Gallese et al.,
1996; Grèzes and Decety, 2001). Maeda et al. (2002) showed clearly how also
cortico-spinal excitability was increased during observation of hand move-
ments. Furthermore, they showed that the facilitation was greater during
observation of natural hand-orientations than of unnatural hand orientations.
The latter is in line with recent findings of Pelphrey et al. (2003) who were
able to show that biological motion activated the superior temporal sulcus
significantly more than nonbiological motion.

One of the intriguing questions is to what extent peripheral mechanisms
such as heart rate, EMG, blood pressure and respiration are influenced by
motor imagery and/or observation. Indeed, when the motor cortex is active
during motor imagery, it seems plausible that this activity influences the mo-
toneuron level and parts of the vegetative system. Some evidence for auto-
nomic involvement has been given by Decety et al. (1991). They showed
that mental simulation of a motor action such as running on a treadmill at
an increasing speed provoked an increase in heart rate, as well as changes in
respiratory parameters. The results suggested that vegetative responses asso-
ciated with physical effort such as heart rate and blood pressure vary in the
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same manner during both motor imagery and motor execution. This result
was replicated in another study where normal subjects had to simulate that
they were pedaling against a load at an increasing rate (Decety et al., 1993).
Wuyam et al. (1995) showed that respiration rate increased during movement
imagination in proportion to the imagined effort. Thill et al. (1997) showed
heart-rate increases in a motor imagery task involving imagining an effort-full
isometric contraction.

Much earlier Jacobson (1932) based his autogenic training on the periph-
eral activating effect of imagination and many stress-reducing (psycho-) ther-
apies still embrace this notion. Driskell et al. (1994) showed that during im-
agery of a particular movement the same muscles were activated as during
overt movement execution. Hale et al. (2003) found that mental imagery of
a motor task influences the Hoffmann reflex (H-reflex). Bakker et al. (1996)
reported changes in neuromuscular activity while the participants had to imag-
ine weight lifting. However, other authors were not able to show activation
of peripheral systems in parallel with motor imagery (Yue and Cole, 1992).
Also, Gerardin (2000) were not able to detect any muscular activity during
imagination of a hand movement. In a recent study Hanakawa et al. (2003)
also did not find any muscle activity during imagery of finger movements.
The same was true for Lafleur et al. (2002) who, in a motor imagery study
focused on learning sequential foot movements, found changes in brain acti-
vation but no changes in muscle activity. So it remains still a matter of debate
to what extent motor imagery leads to peripheral activation.

In a recent study of Mulder et al. (2004) it was shown that adult subjects
were able to improve the abduction movement of the big toe without moving
the other toes by using motor imagery. Motor imagery improved the range
of motion (ROM) to almost the same degree as physical practice, whereas
a control group showed no improvement at all. In spite of the fact that the
motor imagery group clearly improved, no electromyographic output could
be measured from the key muscle (m. abductor hallucis) during the (motor
imagery) learning process. However, the movement used in that study was
a rather exotic and meaningless one that required no effort to perform. So,
maybe the judgment of “peripheral silence” was premature and simply the
result of the selected experimental task. Therefore, a novel study has been
performed in which subjects had to imagine, ob-serve and perform a series of
25 squat movements while lifting two dumbbells of 12.5 kg each (one with
each hand). This movement is without any doubt effortful and requires mas-
sive activation of peripheral systems. It was asked whether subjects when they
imagined that they were performing the movements themselves (internal per-
spective) or when they observed a model per-forming the squat movements
would show activation in EMG, heart rate and respiration, compared with a
control condition where they sat relaxed in a comfort-able chair or a con-
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dition where they actually performed the squat movements. Two groups of
subjects participated in the experiment: experienced squatters and novices.
By employing these two groups we were able to study the differential effect
of earlier experience with the target movement on peripheral activation.

A.2 Methods

A.2.1 Subjects
Two groups of healthy male adult subjects participated in the study: experi-
enced well-trained squatters (n=16) and inexperienced novices (n=15). Both
groups ranged in age from 18–40 years. None of the participants suffered
from orthopedic, neurological or other complaints that may have interfered
with the intention of the present study. Subjects participated after signing a
written informed consent form. The study was approved by the local medical
ethics committee.

A.2.2 Procedure
The ability of mental imagery was assessed by the Vividness of Movement
Imagery Questionnaire (VMIQ) (Isaac et al., 1986). The VMIQ consists of
24 items reflecting the internal standpoint and 24 items reflecting the exter-
nal standpoint. The internal standpoint refers to the ability of a subject to
imagine that he/she performs the movement, whereas the external standpoint
refers to the ability of a subject to imagine that somebody else is performing
the movement. A score of 72 or less on both the internal and external im-
agery items was required to be included. The used cut-off point was based on
the following rationale: all 24 items for the internal and external standpoint
had to be scored with a 3 (moderate capacity to imagine the performance of
a movement), a 2 (a good capacity to imagine movement performance) or a 1
(excellent imagination of the movement performance as lively as actual per-
formance). Scores of 4 (a vague and unclear image) or 5 (no image at all)
were not accepted. None of the subjects scored higher than the cut-off point.

A.2.3 Conditions
There were five conditions: 1) control (relaxed sitting, no model); 2) obser-
vation; 3) motor imagery-pre; 4) actual performance; and 5) motor imagery-
post. All experimental conditions took place over the same day. The condi-
tions were presented to the participants in a fixed order. The reason for using
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a fixed order approach is that the novices had no “mental image” of the move-
ment that had to be performed. Hence, for them any imagination instruction
would be senseless. On the other hand, since the experienced squatters had
already a clear mental image of the task, for them the order was not relevant.
Fatigue was prevented by interspersing the conditions with rest-periods of suf-
ficient length. The rest-periods between the control condition, the observation
condition and the imagery pre-condition lasted 60 s. The rest-period between
the actual performance condition and the imagery-post condition was 15 min.

In the control condition the subjects were asked to relax completely while
seated in a comfortable chair for a period of 5 min, and to make as little
movement as possible. In the observation condition, subjects were seated in
the same chair but now they had to observe a real-sized male model on a
screen in front of them who performed 25 squat movements. In a squat-task
the subject is standing upright, heels flat on the floor, with the arms stretched
vertically alongside the body while carrying the dumbbells. Then, while keep-
ing the trunk upright and the arms stretched he starts the descent by leading
with the hips followed by flexing the knees. He almost touches the ground
with the dumbbells, and after that he extends the knees and stands again up-
right with the dumbbells. This effortful process of knee flexing and extending
while carrying the weights is repeated 25 times. The performance of the 25
squat movements lasted about 75 s. The movements were paced auditory by a
metronome, generating a sound at 3-s intervals. The subjects were informed
that in a later stage of the experiment they had to perform these movements
themselves. By this we attempted to focus the attention of the subjects on the
task they observed so that they would perceive the significant features of the
modelled movements.

In the motor imagery-pre condition the subjects were instructed to imag-
ine (with eyes closed) that they were executing the squat movements. They
were very explicitly instructed to imagine the movements as if they were per-
forming the movements by themselves (internal standpoint). The metronome
paced the imagining process of the subjects (1 per 3 s). After the condition
the subjects were asked how they had experienced the imagination. In the ac-
tual performance condition the subjects were instructed to execute the squat
movements. Again the movements were paced by the metronome (1 per 3
s). The subjects were instructed to perform the required squat movements
and to prevent all other irrelevant movements. After the squat movements the
subjects rested for a period of 15 min. In the motor imagery-post condition
the imagery instructions of condition 3 were repeated. This post condition
was included to study the potential effect that actual performance might have
on the peripheral con-sequences of motor imagery. Indeed, the imagery pro-
cess takes a heavy loan on memory. So particularly for the novices this was
expected to be a relevant additional condition.
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A.2.4 EMG

Surface EMG signals were recorded bipolarly by Con-Med 1720 disposable
surface silver-silver chloride electrodes with a diameter of 10 mm (ConMed
Corp. Utica, NY, USA). The electrodes were placed on the surface of the belly
of the m. vastus medialis and m. rectus femoris. The inter-electrode distance
was 20 mm center-to-center. The subjects received no feedback about the
level of EMG output of the target muscles. Data were sampled at 5.752 MHz
(Porti, Twente Medical Systems, Enschede, the Netherlands). After a 22-
bits A/D conversion, the output sample frequency was 800 Hz. Using digital
filters, EMG data were low-pass filtered (cut-off frequency of 216 Hz) and
high-pass filtered (cut-off frequency of 15 Hz.). Within each condition, Root
Mean Square (RMS) values were calculated to indicate the EMG activity of
the two leg muscles.

A.2.5 Heart rate and activity of the diaphragm

For recording respiration-related muscle activity and heart rate, two surface
EMG electrodes were placed just below the costal arch and on a vertical line
descending from the left and right nipples, respectively (cf. (Maarsingh et al.,
2000)). After detection of QRS intervals in the EMG signal measured on
the thorax, the durations of subsequent QRS intervals were determined. For
each condition, the mean duration of all QRS intervals that were measured
during the 75-s period was used to calculate mean heart frequency. To indicate
respiration-related activity of the diaphragm, an RMS value was calculated
after artifacts related to heartbeats were re-moved from the respiratory muscle
activity (as described by Maarsingh et al. (2000)).

A.2.6 Respiration

Changes in respiration frequency were recorded by using a thermistor. By
means of this small device fluctuations in air-temperature could be measured
(inhalation = cold air; exhalation = warm air). After a 22-bits A/D conversion,
data of the thermistor were band-pass filtered (0.15–2 Hz). All data were
stored for further analysis using Matlab (The Mathworks, Inc.). For each
condition, thermistor data were used to determine mean respiration frequency
(in breaths per minute).
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A.3 Results
It was analyzed whether the recorded signals differed across the conditions,
whereby the control condition functioned as a reference condition. Further-
more, it has been analyzed whether different results were obtained for the
experienced squatters compared with the novices. The data were analyzed by
using a general linear mod-el—repeated measures with the reliability inter-
val set at 99%. All subjects stated that they had been able to generate vivid
images for the majority of the 25 squat runs.

A.3.1 EMG
A.3.1.1 m. Vastus Medialis

The results indicated that no clear effects of the conditions control, observa-
tion, imagery-pre and imagery-post regarding electrical muscle activity could
be obtained (see Fig. 1). In the control condition the mean EMG output for
the m. vastus medialis was 1.97 microvolt (SD=.93) for the novice and 1.53
microvolt (SD=.47) for the experts. In the observation condition the mean
EMG for the m. vastus medialis was 1.86 microvolt (SD=.72) for the novices
and 1.48 microvolt (SD=.44) for the experts. In the imagery-pre condition the
mean EMG output was 2.28 microvolt (SD=1.62) for the novices and 1.56 mi-
crovolt (SD=.49) for the experts, whereas in the imagery-post condition the
mean EMG output was 1.65 microvolt (SD=.45) for the novices and 1.70 mi-
crovolt (SD=.86) for the experts. None of the differences was significant. A
significant surface EMG increase could be obtained only for the actual perfor-
mance condition (F(1,28)=107.83, p<.01). The mean EMG output is 165.83
microvolt (SD=74.72) for the novices and 176.01 microvolt (SD=103.26) for
the experts.. Because of the extreme difference between the EMG output in
the performance condition and the EMG output in the other conditions, the
EMG output of the performance condition has not been graphically presented
in the figure.

A.3.1.2 m. Rectus Femoris

The results (Fig. 2) are to a large extent similar to the EMG results of the
m. vastus medialis. A significant increase in EMG was only found in the
actual performance condition (F(1,28)=141.78, p<.01). A significant inter-
action was found between EMG-output and experienced vs. novice squatters
(F(1,28)=12.02, p<.01), indicating that the inexperienced squatters (in the
actual performance condition) activated their m. rectus femorus significantly
more than the experienced squatters. The mean EMG output for the control
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Figure A.1: The mean EMG results expressed in microvolt for the m. vastus medialis
across the four conditions. The EMG output of the muscle related to the

performance condition is not represented in the figure (see text for further
explanation)

condition was 4.42 microvolt (SD=5.40) for the novices and 1.70 microvolt
(SD=.52) for the experts. In the observation condition the mean EMG output
was 2.91 microvolt (SD=1.28) for the novices and 1.80 microvolt (SD=.54)
for the experts. In the imagery-pre condition the output was 3.65 microvolt
(SD=2.51) for the novices and 1.91 microvolt (SD=.76) for the experts. The
imagery-post condition showed 2.91 microvolt (SD=.82) for the novices and
2.17 microvolt (SD=1.57) for the experts. The EMG output of the m. rectus
femoris in the performance condition has not been presented in the figure for
the same reason as indicated above for Fig. 1.

A.3.2 Heart rate
A significant main effect for conditions has been obtained (see Fig. 3). How-
ever, this effect is totally attributable to the heart rate increase that took
place in the actual performance condition F(1,28)=192.30, p>0.01. The
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Figure A.2: The mean EMG results expressed in microvolt for the m. rectus femoris
across the four conditions. The EMG output of the muscle related to the

performance condition is not represented in the figure (see text for further
explanation)

mean beats/minute for the novices executing the squat movements was 118.28
(SD=10.63) and 108.48 (SD=10.61) for the experts. The other conditions
showed no significant changes compared with the control condition. In
the control condition the mean heart rate for the novices was 66.47 b/min
(SD=11.57) and 59.15 beats/min (SD=7.72) for the experts. In the obser-
vation conditions the mean heart rate was 65.31 b/ min (SD=12.47) for the
novices and 59.03 b/min (SD=7.84) for the experts. In the imagery-pre con-
dition the mean heart rate was 67.67 b/min (SD=12.91) for the novices and
61.30 (SD=8.96) for the experts. In the imagery-post condition the mean heart
rate was 68.86 b/ m (SD=13.23) for the novices and 62.54 (SD=8.47) for the
experts.
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Figure A.3: The heart rate averaged over a period of 75 s

A.3.3 Respiration

Figure 4 shows the results for the changes in respiration across the five condi-
tions. The data of the actual performance condition show a very significant in-
crease in the number of respiration cycles (F(1,28)=62.62, p<.01) compared
with the control condition. Also the respiration scores of the other condi-
tions (observation, and imagination pre and post) differed significantly from
the rest condition. During observation the respiration frequency increased
with 35.6% compared with the control condition (F(1,28)=142.72, p<.01).
Imagery-pre shows an increase of 31.6% compared with the control condition
(F(1,28), 39.03, p<0.01) and imagery-post shows an increase of 48.0% com-
pared with the control condition (F(1,28), 55.36, p<0.01). Furthermore, the
respiration data show a significant difference between the experienced squat-
ters and the novices for the imagery-post condition (F(1,28)=11.52, p<.01).
For the control condition the mean number of respiration cycles per 60 s was
11.10 (SD=2.44) for the novices and 13.14 (SD=3.49) for the experts. For the
observation condition the mean number of cycles was 16.29 (SD=1.67) for
the novices and 16.63 (SD=2.46) for the experts. In the imagery-pre condition
the mean number of cycles was 16.91 (SD=2.61) for the novices and 16.55
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(SD=4.26) for the experts, whereas in the imagery-post condition the mean
number of cycles was 16.59 (SD=2.76) for the novices and 20.10 (SD=4.02)
for the experts. During the actual performance of the squat movements the
mean number of respiration cycles was 22.41 (SD=3.00) for the novices and
23.44 (SD=2.97) for the experts.
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Figure A.4: The mean respiration frequency expressed in breaths per minute

A.3.4 Diaphragm activity
Although diaphragm activity is totally related to the respiration cycles, it may
inform us about the intensity (“depth”) of respiration. Figure 5 shows the
diaphragm activity. Only for the actual performance condition a significant
increase is obtained (F(1,28)=218.66, p<.01), which means that although the
frequency of the respiration has been increased (see Fig. 4) during obser-
vation and imagery the intensity (“depth”) remained unaltered in the condi-
tions other than the actual performance condition. In the control condition
the mean diaphragm related activity in microvolt is 2.27 microvolt (SD=1.01)
for the novices and 1.40 microvolt (SD=.54) for the experts. The mean ac-
tivity in observation condition was 2.03 microvolt (SD=.57) for the novices



A.3 RESULTS 97

and 1.44 microvolt (SD=.62) for the experts. In the imagery-pre condition the
mean activity was 2.29 microvolt (SD=.59) for the novices and 1.43 microvolt
(SD=.62) for the experts. For the imagery-post condition the mean activity
was 2.35 microvolt (SD=.55) for the novices and 1.48 microvolt (SD=.57) for
the experts. The mean activity for the actual performance was 12.99 microvolt
(SD=3.74) for the novices and 10.05 microvolt (SD=4.36) for the experts.
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Figure A.5: Mean respiration-related activity of the diaphragm, ex-pressed in
microvolt

A.3.5 Experienced squatters vs. novice squatters

Although a clear distinction in experience existed be-tween the experienced
squatters (at least two times a week) versus the novices (no experience at all),
no relevant imagery-related differences could be obtained be-tween the two
groups.
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A.4 Discussion
The present article is focused on the question whether the absence of any
peripheral activation during motor imagery, as was found in an earlier study
(Mulder et al., 2004), could be explained by the fact that the movement in that
study was a rather exotic one, requiring no force and/or effort at all (abduction
of the big toe). Experienced and novice squatters were tested on imagery-
related activation in EMG, heart rate, and respiration.

The results showed that with the exception of respiration no significant
peripheral activation could be measured during motor imagery. Furthermore,
the results showed that no imagery-related differences were found between
the experienced squatters and the novices. In the next sections these results
are discussed.

A.4.1 Muscle activity
According to Jeannerod (1994) (see also Jeannerod and Decety (1995); Jean-
nerod (2001)), during motor imagery the motor output is blocked before it
reaches the motoneuron level by an inhibitory mechanism generated in paral-
lel to the motor activation. Furthermore, it is suggested that motor imagery
can be seen as the internal simulation of a movement which elicits pseudo
proprioceptive information. This pseudo proprioception forms the basis for
movement improvement without actual performance. According to this cen-
tral view, muscle activation is, indeed, not necessary.

A.4.2 Respiration and heart rate
The present study showed that the respiration rate of an immobile observer
was increased while he watched a model performing effortful squat move-
ments. The same was true for mentally simulating the movements. By con-
trast, the heart rate seemed not to be influenced by the observation of the
movements.

This finding is in accordance with the results obtained by Paccalin and
Jeannerod (2000) Also in their study normal subjects had to observe a model
who was per-forming weightlifting movements. Heart rate and respiration
rate were measured. Observing the model did not lead to any changes in heart
rate. Significant changes, however, were obtained for the respiration rate.
Hence, they also found a dissociation between heart and respiration rate, a
dissociation that they could not fully explain.

The absence of any changes in heart rate is remarkable since several au-
thors reported an increase in heart rate in normal subjects during mental sim-
ulation of effortful actions such as running on a treadmill at different speeds
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(Decety et al., 1991). Besides, it has been shown that the coupling between
motor preparation and cardiac activation is based on rather primitive mech-
anisms that have been found already in invertebrates (see Arshavsky et al.
(1990)). Hence, it could be that the rather global analysis of heart rate activ-
ity as employed in the present study lacked sensitivity to detect more subtle
imagery and observation related changes. Althaus et al. (1998), indeed, indi-
cated that heart rate variability ap-pears to be a more sensitive method than
mean heart rate.

Another question relates to the respiration results. How can the clear
changes in respiration frequency be explained? It is difficult to come up with
a totally convincing answer to this question and the following explanation is
therefore given with some caution. The explanation focuses on the fact that in
the observation condition respiration was the only output parameter that was
directly observable for the participants; they saw and heard the respiration of
the model.

It is known that humans quite easily mimic the movements and gestures
of other subjects. It is a genuine ability in humans which may play a crucial
role in social behavior. Recall, for example, the well known “echo-effect”
when members of a group (e.g., in a board-meeting), without being aware
of it copy postures and/or gestures of other group members. Rizzolatti and
Fadiga (2005) argue that observing an action may lead to activity in the motor
system of the observer that is similar to the activity that takes place when the
observed action is executed. They give the example of observing a girl biting
an apple. The same populations of neurons that control the execution of the
act of biting will be active in the observer’s motor areas.

So it could be that the respiration changes in the observation condition
reflect this echo-or mirror mechanism. However, explaining the results of the
imagery condition by means of the echo or mirror effect is more troublesome.
While observing an action is assumed to take place from the third person
perspective this is not the case for the imagery of the action.

In the present study the subjects were clearly instructed to imagine the
squat action from a first perspective (i.e. as if they were actually executing
the action). However, since the conditions were not randomized it could be
that the observation condition that always preceded the imagery condition
created some sort of “visual overflow” to the imagery condition.

Furthermore, it is known that respiration in general is influenced by mental
activity. For example, ventilation increases during mental arithmetic, while
during several meditation techniques ventilation decreases.
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A.5 Conclusion
In this study it was found that motor imagery and observation were not related
to peripheral activity, except for respiration. This finding contradicts the neu-
romuscular theory. In the traditional neuromuscular theory (Jacobson, 1932)
minimal peripheral activation was expected during motor imagery. However,
no such imagery or observation related excitations were found. A central
theory makes the explanation of these results more plausible. Internally gen-
erated feedback could share the same purpose as afferent information from
the body. In this way, generation of minimal movements would not be neces-
sary. Motor imagery might well be a process that depends on this internally
generated feedback.

However, while the absence of peripheral activity in this study suits well
with such an explanation, the occurrence of peripheral activity as found in
a number of other studies can not satisfactorily be explained by the central
theory. To gain more insight into the “fundamentals” of the imagery process
we will have to under-stand more about the inhibition process. Our study
showed that the degree of effort was not the crucial factor that influenced this
inhibitory process. It is possible that motivational and emotional processes
may play a role, but this will be a question for future research.
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Motor disorders are a frequent consequence of stroke and much effort is
invested in the re-acquisition of motor control. Although patients often
regain some of their lost function after therapy, most remain chronically
disabled. Functional recovery is achieved largely through reorganiza-
tion processes in the damaged brain. Neural reorganization depends
on the information provided by sensorimotor efferent-afferent feedback
loops. It has, however, been shown that the motor system can also be
activated “offline” by imagining (motor imagery) or observing move-
ments. the discovery of mirror neurons, which fire not only when an ac-
tion is executed, but also when one observes another person performing
the same action, also show that our action system can be used ”online”
as well as offline. It is an intriguing question as to whether the infor-
mation provided by motor imagery or motor observation can lead to
functional recovery and plastic changes in patients after stroke. This
article reviews the evidence for motor imagery or observation as novel
methods in stroke rehabilitation.
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B.1 Introduction

Stroke is a major cause of impairment and functional disability in millions
of people worldwide. Due to ageing of the world population, the number of
people affected by strokes will increase substantially over the coming years.
A stroke can be seen as a massive distortion of the capacity of the brain to
process neural information, with heterogeneous consequences. Not only the
motor system is affected after a stroke, but also the cognitive and emotional
systems may be seriously impaired (for an overview of cognitive impairments,
see Hochstenbach and Mulder (1999)). Although we are well aware of the
multifaceted character of stroke, in this paper we focus mainly on the recovery
of motor skills (for a recent overview of cognitive rehabilitation after stroke,
see Cicerone et al. (2005)). Motor impairments frequently occur after stroke.
It is estimated that after acute stroke approximately 80% of the patients have
some form of motor impairment (Barker and Mullooly, 1997). About 20%
of these patients regain at least part of their lost motor functions in the sub-
sequent months; thus, of the patients surviving stroke, 50–60% are left with
a chronic motor disorder (Hendricks et al., 2002). These disorders are of-
ten related to balance, timing and coordination, and to loss of strength and/or
spasticity in the affected limbs. These motor impairments may substantially
compromise quality of life after stroke. For instance, independent gait is esti-
mated to be impaired in 50% of the post-stroke population (Friedman, 1990).
Therefore, much therapeutic effort is invested in functional recovery of motor
skills after stroke.

Functional recovery is attributed to reorganization processes in the dam-
aged brain. Within-system reorganization (self-organization) may be possible
when damage to a functional system is partial. However, when a functional
system is completely damaged, recovery is achieved largely by a process of
substitution, i.e. other brain areas are recruited to take over the functions
of the areas damaged by stroke (Seitz and Freund, 1997; Ward, 2005). The
efficiency and speed of the (motor) recovery process depends partly on the
availability of (sensory) information provided by motor activity (Kwakkel
et al., 2004b). Traditionally, 5 sources of information can be distinguished
in relation to motor (re-)learning: (i) proprioceptive information; (ii) tactile
information; (iii) vestibular information; (iv) visual information; and (v) (to a
lesser extent) auditory information. It is an intriguing question as to whether
information provided by imagination (motor imagery) and observation may
also play a role in the re-learning process.

Indeed, recent papers suggest that information provided by imagination
and observation of movements might form an additional source of informa-
tion that could be useful for motor rehabilitation after stroke (Jackson et al.,
2001; Jeannerod and Frak, 1999; Page et al., 2001b; Sharma et al., 2006).
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The rationale behind this is that brain areas that are normally involved in
movement planning and execution are also active during the imagination of a
movement. It is known that the imagination of a movement activates more or
less the same brain areas as the actual execution of a movement. Several stud-
ies using brain-mapping techniques have found that, during motor imagery,
brain areas related to motor execution were activated (Decety et al., 1994;
Gerardin, 2000; Grafton et al., 1996; Hanakawa et al., 2003; de Lange et al.,
2005; Lotze et al., 1999; Malouin et al., 2003; Parsons et al., 1995; Porro et al.,
2000, 1996; Roth et al., 1996; Samuel et al., 2001; Stephan et al., 1995).The
areas that were activated during imagery as well as during the execution of
the movement are the prefrontal cortex, the pre-motor cortex, the supplemen-
tal motor area, the cingulate cortex, the parietal cortex and the cerebellum.
Some functional magnetic resonance imaging experiments also found activa-
tion in the primary motor cortex (Gerardin, 2000; Lotze et al., 1999; Porro
et al., 2000, 1996; Roth et al., 1996), although, in other studies, primary mo-
tor cortex activity was found to be absent (Hanakawa et al., 2003; de Lange
et al., 2005; Parsons et al., 1995).

The same is true for the observation of a movement. During observation of
a movement, areas in the pre-motor cortex be-come activated that are also ac-
tive when the (same) movement is executed. The concept of mirror neurones
plays a central role in these findings (Rizzolatti, 2005). This concept refers to
neurones that fire when a monkey performs a movement, but also when some-
one else executes the movement and the monkey observes that performance.
Fadiga et al. (1995) provided the first evidence in favour of the existence of
a mirror system in humans, by showing that the observation of a movement
resulted in motor facilitation. To date, however, no systematic studies exist in
the field of neurological rehabilitation that employ observation-based activa-
tion for the re-learning of motor control.

It has been shown that motor imagery can be effective in optimizing the
execution of movements in athletes (Driskell et al., 1994; Feltz and Landers,
1983). A meta-analysis Feltz and Landers (1983) showed that practice using
motor imagery is better than no practice at all. They showed that subjects
who mentally trained for a specific task usually displayed less improvement
than those who trained physically. However, compared with control subjects
who did not practice at all, it could be shown that motor imagery, indeed,
facilitated performance. Some studies showed that the neural reorganization
following motor imagery training is similar to the changes that take place as
a result of actual physical training (Jackson et al., 2003; Pascual-Leone et al.,
1995).

However, to date it is not clear what the causal mechanisms are behind
“learning to move without moving”. As indicated above, the primary motor
cortex is not consistently found to be active during motor imagery. This is a
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relevant aspect since many studies show that neural reorganization related to
motor recovery takes place in the primary motor cortex (Hluštı́k and Mayer,
2006). Further-more, while many parallels can be drawn between imagery,
observation and execution, the exact correlation between these processes and,
specifically, the role of mirror neurones herein is still poorly understood. This
paper discusses these problems and reviews the available evidence for mo-
tor imagery training and observation-based learning. We argue that a better
under-standing of these novel neuroscientific findings may be of value for the
improvement of neurological rehabilitation.

B.2 A Definition of Motor Imagery
Mental imagery, which is the capacity to imagine objects and/or events that
are not there, is one of the most interesting cognitive abilities of humans. We
are able to imagine that we are flying an aeroplane or that we are a profes-
sional football player or a rock star. We can imagine how objects would look
from the opposite side while we are sitting motionless in a chair in front of
the object. We can imagine how it would feel if we picked up the object, we
are able to describe its form and basic features without actually touching it.
These are all different varieties of mental imagery. Although visual imagery
has traditionally received most attention from cognitive science (Anderson,
1978; Pylyshyn, 1973, 2002), a rapid growth of interest in motor imagery has
been seen during the past 10 years.

Motor imagery can be defined as the covert cognitive process of imagin-
ing a movement of your own body(-part) without actually moving that body(-
part) (Jeannerod, 2001; Mulder et al., 2005).Kosslyn et al. (1998) showed
that visual and motor imagery depend on distinct neural processes. In their
experiment, motor areas of the brain were found to be activated during the
mental rotation of pictures of hands, but not during the mental rotation of
three-dimensional (3-D) cubes. The mental rotation of 3-D cubes was associ-
ated primarily with activity of visual cortical areas.

Motor imagery should be distinguished from another form of mental
movement-related imagery: motion imagery. Motion imagery processes are
concerned with the prediction of path and direction of movements of non-
bodily objects moving in space; for example, the trajectory of a ball. Another
important distinction that has to be made concerns the first and third person
perspective. An individual knows where their arm is in space and they also
know how it would look to others. These, however, are different varieties
of mental imagery, and research suggests that they are also related to differ-
ent neural subsystems (David et al., 2006; Neuper et al., 2005). The first,
knowing were one’s arm is, e.g. feeling the (angular) position of one’s arm
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relative to one’s body, is defined as the first person perspective or kinetic im-
agery, whereas the other perspective, knowing how one’s arm would look like
if one were watching it from the outside as another person, is termed the third
person perspective and is more visual in nature. In this paper we are inter-
ested primarily in research on motor imagery concerned with the first person
perspective, or kinetic perspective, and its possibilities for neurological move-
ment rehabilitation.

B.3 Similarities Between Execution and Motor
Imagery

Over the past decade, neuroimaging and psychophysical research on motor
control has shown that there are striking similarities between real and imag-
ined movements. These findings have led to a theoretical position termed
“the simulation hypothesis” (Jeannerod, 2001). This hypothesis states that
overt movement and motor imagery (covert movement) are essentially based
on the same processes. Movement execution, motor imagery and action ob-
servation are all driven by the same basic mechanism. Motor imagery and
action observation are conceived as off-line” operations of the motor areas in
the brain. The similarity hypothesis is based on 2 different lines of evidence.

First, it has been shown that there are similarities in the behavioural do-
main. For instance, the time to complete an imagined movement is known
to be similar to the time needed for actual execution of that movement; this
phenomenon is known as mental isochrony. Parsons (for a review see Parsons
(2001)) showed that the time needed to judge whether a rotated picture of a
hand is a left or a right hand is related to the degree of the rotation of that pic-
ture. Moreover, and even more remark-ably, he showed that when the hand
positions depicted were awkward or biomechanically difficult to perform the
imagined rotation time increased more than for equally rotated pictures in
biomechanically easy positions and that the rotation time was similar to real
hand rotation time for these positions. The fact that motor imagery seems to
respect the normal biomechanical constraints of real online movements indi-
cates that these tasks are not accomplished by mere visual imagery, but must
be solved by imagining the movement of one’s own arm and hand.

These results were confirmed in an experiment by Frak et al. (2001). Par-
ticipants judged whether a glass cylinder that was placed in different orien-
tations would be graspable or not. They showed that the time it took the
participants to make a judgement was similar to the time it would take them
actually to grasp the glass cylinder. Here also, more awkward movements
took longer to imagine than biomechanical easy movements. Thus, if imag-
ined movements obey the same biomechanical laws as real movements, would
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that mean that they also rely on the same brain areas?
A second line of evidence for the simulation hypothesis shows that the

neural system, used for action control is, indeed, activated during imagination
of these actions. An increasing number of brain imaging studies have shown
this similarity at the neural level (Jackson et al., 2001; Jeannerod, 2001). The
parts of the neural system that are most frequently reported to be involved in
motor imagery are areas of the brain that are related to functions of planning
and control of movements including the pre-motor cortex, the dorsolateral
pre-frontal cortex, the inferior frontal cortex, the posterior parietal cortex, the
cerebellum and the basal ganglia. However, as indicated, there is ongoing dis-
cussion about the involvement of more executive areas of the central nervous
system, such as the primary motor cortex.

B.4 The Primary Motor Cortex
In the above-mentioned definition of motor imagery, a key aspect is the ab-
sence of any imagery-related motor output. If the primary motor cortex is
primarily involved in the execution phase of an action, as is the traditional
view, then no activity would be expected during motor imagery, since dur-
ing imagery no actual movements are executed. However, a few studies do
find imagery-related motor cortex activity. For example, Ehrsson et al. (2003)
showed an activation of specific limb-areas in the primary motor cortex. They
showed that imagined toe movements could be distinguished from imagined
finger and tongue movements. Finger movement imagination activated the
associated finger area in the primary motor cortex, whereas imagination of
toe and tongue movements activated the toe and tongue area, respectively.

However, other studies do not report motor imagery-related activity in the
primary motor cortex. For example, a study by de Lange et al. (2005) showed
clear evidence of pre-motor activation during a mental (motor) rotation task,
but showed no activity in the primary motor cortex, suggesting that motor
imagery is primarily related to the planning phase of motor control and not to
the execution phase.

It could be that these differences are due to methodological differences
in research designs. For example, some of the studies that report primary
motor cortex activity did not control for small muscle movements during the
scan. In addition, the scanning techniques and motor imagery tasks employed
differed across studies. A possible solution in this debate came from recent
transcranial magnetic stimulation (TMS) studies by Ganis et al. (2000) who
showed clearly that the left primary motor cortex was involved in mental mo-
tor rotation in right-handed participants. They showed that a short magnetic
pulse over the primary motor cortex hand area led to an increased reaction
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time in the mental rotation of hands, but not of feet. These results were con-
firmed by an experiment by Tomasino et al. (2005) in which a neurological
patient received electrical stimulation via an implanted electrode grid over his
motor cortex. His reaction time was considerably impaired in a mental mo-
tor rotation task but not in a visual rotation task. Based on these stimulation
experiments, these authors subscribed a more cognitive role to the primary
motor cortex during offline movement representation in addition to the mere
executive role with which it has been identified in the past (Ganis et al., 2000;
Tomasino et al., 2005).

However, a study by Sirigu et al. (1995) showed that after hemiplegic
stroke a patient with a primary motor cortex lesion was as accurate as con-
trols on a motor imagery task. The fact that the patient’s accuracy was as high
as that of control subjects suggests that the primary motor cortex may not con-
tain representations of movements itself, but is involved in other information-
processing tasks related to the movement planning and control based on repre-
sentations that are located in other areas of the brain. Indeed, if it was involved
in movement representation, this patient could not have shown a perfect ac-
curacy on the motor imagery task. The studies of Ganis et al. (2000) and
Tomasino et al. (2005) showed impaired reaction times, but they also showed
that there were no decrements in accuracy scores following stimulation, sug-
gesting that participants were still perfectly able to imagine a movement and
that stimulation only slowed down their response times. Taken together, these
results seem to suggest that the primary motor cortex is not necessarily in-
volved in motor imagery, it can be activated by motor imagery as is shown
in some neuroimaging studies, but its activity is not necessary for accurate
movement representation.

However, since a detailed discussion of the exact role of the primary motor
cortex in motor imagery is outside the scope of the present paper, we conclude
that the role of the primary motor cortex in motor imagery remains a matter
of debate that requires further research.

B.5 Observation and Imitation
Movement observation can be defined as perception of the actions of oth-
ers. Similar phenomena, as described above for motor imagery, have been
found for the observation of movements.Grèzes and Decety (2001) performed
a meta-analysis on activation patterns of execution, observation, motor im-
agery and verbalization of an action. They showed, in their analysis of 30
neuroimaging studies, that the areas of the pre-motor cortex, the temporal
gyrus, occipital areas, and the parietal cortex were all consistently activated
by the observation of movements. As with motor imagery, activation of the
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primary motor cortex was not consistently found during action observation.
However, a recent TMS study by Maeda et al. (2002) did show involvement
of the primary motor cortex during action observation.

Maeda et al. (2002) applied a short magnetic pulse over the primary motor
cortex during observation of hand movements and during rest. They showed
that the motor evoked potential was significantly larger during observation
of hand movements than during rest. Contrary to the neuroimaging studies,
these results suggest an increase in motor-spinal activation during movement
observation. However, the same discussion exists for movement observation
as for motor imagery. Also here a definite explanation of the, sometimes
puzzling, experimental results is still lacking.

Taken together, these results show that a similarity exists not only between
action and motor imagery, but also between action and observation. As Jean-
nerod and Decety (1995) argued more than a decade ago: “Motor imagery is
a cognitive state that can be experienced by virtually everyone with minimal
training. It corresponds to many situations experienced in everyday life, such
as watching somebody’s action with the desire to imitate it, anticipating the
effects of an action, preparing or intending, to move, retaining from moving,
or remembering an action.” ((Jeannerod and Decety, 1995), p. 727).

The study by Maeda et al. (2002) also shows that “passive” movement ob-
servation, as opposed to observation with “the intention to imitate”, activates
brain structures normally involved in planning and execution of movements.
Hence, an active intention to imitate does not seem to be crucial for move-
ment observation related neural activity in motor areas. Other studies also
showed that the motor system can also be used for “passive” movement obser-
vation (Brass et al., 2001; Grèzes and Decety, 2001). In a recent experiment
by Brass et al. (2001) subjects had to execute either an upward finger lifting
movement or a downward finger tapping movement. While they executed one
of these movements they watched a video of a hand performing the same fin-
ger movement. This video could be congruent, that is, the observed fingers
were moving in the same direction as the movement they were executing, or
incongruent, where the observed fingers moved in the opposite direction as
their real fingers.

They showed that performance of the finger movements improved when
the video was in the congruent format, whereas their movements were im-
paired when the video was in the incongruent format. The fact that the sub-
jects passively observed the video without any intention to imitate and that
this observation impaired their performance suggests that imitation is based
on an automatic use of our action system. It seems that when we watch human
movements we are also covertly using our own movement representations.
These results confirm the well-known “echo effect”, which can be observed
when 2 people mirror each other’s movements, for example by crossing the
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legs when the other crosses his/her legs, without the willful intention to do
so. It can be argued that this coupling between execution and observation has
important consequences for daily life.

First, these results suggest that we can use our own action system to un-
derstand the meaning of the behaviour of others. By (mentally) simulating
a perceived action as performed by another person, it is possible to predict
the potential outcome of that action and to change our own behaviour accord-
ingly. Action observation in this sense enables us to interact with other people
and thus has a clear social function. Secondly, we can use this shared action
system for learning new actions. Research has shown that even very young
children learn by observing how their parents do things (Meltzoff and Moore,
1977) and that they are able to match their own action system with the ob-
served action of others. Hence, action perception enables the learning of new
movements.

B.6 Mirror Neurons

The above-mentioned results show that motor imagery, observation and ex-
ecution are closely related phenomena sharing neural control processes. Al-
though differences exist between execution, observation and motor imagery,
these results suggest the existence of a general system involved in the repre-
sentation of our own bodily actions that plays a role in the control of action
as well as in imagination and observation. It has been argued that mirror
neurones may play a crucial role in this process (Rizzolatti, 2005).

Mirror neurones were initially discovered in monkeys. In 1987, Rizzolatti
et al. (1987) found that a group of cells in monkey area F5, in the pre-motor
cortex, fired when a monkey reached for a peanut. These neurones also fired
when the monkey saw the experimenter reaching for the peanut. When the
peanut was occluded behind a screen the same neurones fired when the exper-
imenter reached for the object behind the screen. However, when the peanut
was removed before the screen was put in place these neurones did not fire.
These results suggest that mirror neurones are involved in the coding of the
goal of actions. In other words, mirror neurones are related to intentional be-
haviour and seem to be involved in understanding the actions of others. It has
been shown that mirror neurones also exist in humans and many researchers
believe they may play a role in (motor) learning (Gallese, 2005), although it
is, to date, not entirely clear what exact role they play in these processes.
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B.7 Rehabilitation: Clinical Evidence

Although the discussion, so far, indicates that the neural mechanisms behind
motor imagery are not yet fully understood, it is clear that we use our ac-
tion system not only for online actions (execution) but also for offline actions
(imagination, observation). Moreover, it has been shown that we can improve
our movements by using this offline action system. In sport sciences it has
been shown that repeated motor imagery, in particular imagery from the first
person perspective, can facilitate the learning of movements (Driskell et al.,
1994; Feltz and Landers, 1983). Positive effects of motor imagery training
have also been described outside the sport domain. For example, Yue and
Cole (1992) showed that muscular force increased following motor imagery
training.

More recently, Mulder et al. (2004) showed that subjects could learn to
abduct their big toe without moving the other toes by means of motor imagery.
In this experiment subjects were randomly assigned to a group where they had
to train by means of motor imagery, to a group were they had to physically
practice the outward movement of the toe or to a control group that did not
practice at all.

They showed that motor imagery significantly improved the ability to
abduct the toe, whereas the control group showed no improvement. Further-
more, it was shown that motor imagery only improved the toe movement in
subjects who already had some ability to perform the abduction movement
and not in subjects who found it impossible to abduct the toe at the start of the
experiment. These results suggest that a representation of a movement must
exist for motor imagery training to be effective.

Although numerous reports of motor imagery training in sport science
exist, clinical studies using motor imagery in re-habilitation are scarce. The
same is true for the therapeutic use of observation and imitation. We are not
aware of any studies that use these processes for rehabilitation. There is an
ongoing study by Buccino et al. (2006) that shows some promising results
of observation therapy in stroke rehabilitation. However, these results are
preliminary and need to be confirmed when the study is completed. Therefore,
in the next section we will focus primarily on the empirical findings that exist
in relation to motor imagery.

Before that, however, the reader is referred to a study of Altschuler et al.
(1999) which comes close to a motor imagery study. Patients after stroke
were trained to use their hemiplegic arm with the aid of a mirror. The mirror
was placed in front of the patients on top of a table somewhere around the
body’s midline. In mirror therapy a reflection of one limb gives the illusion
of watching the other limb move. This illusion of limb movement was first
used by Ramachandran et al. (1995) to treat phantom limb pain and might
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also prove to be a valuable tool to train hemiplegic stroke patients.
In the Altschuler et al. (1999) study patients after stroke were instructed

to simultaneously move their arms, both the impaired and the healthy arm,
in the same manner. While moving their arms they watched the reflection of
their healthy arm in the mirror. This evoked the visual illusion of having a
normal moving arm. It was interesting that a number of patients reported an
illusion of feeling their impaired arm moving in a normal way although the
movement pattern in fact was significantly disturbed. Although this was not
an observation or motor imagery study in the strict sense, it did show that
significant changes occurred following information generated by the illusion
of the arm in the mirror. It seems likely that this illusion primes the action
system in a similar way to observation or motor imagery (Ehrsson et al., 2004;
Naito et al., 2002).

A study by Page (2001) was the first randomized control-led study that
showed that after stroke patients could improve following motor imagery in-
tervention. Thirteen patients after stroke received one hour of physical ther-
apy 3 times a week during a 6-week period. Eight of these patients received
additional motor imagery training, whereas 5 received a control intervention
consisting of exposure to general information about stroke. Contact time was
the same for both groups. They showed that the patients who received motor
imagery training improved significantly more on motor impairment tests then
those in the control group. The patients in this study were all relatively early
patients after stroke, varying from 2 to 11 months post-stroke, which poses
the question as to whether patients after chronic stroke with a more stabilized
motor status could also improve after motor imagery training.

In another study Page et al. (2005) investigated this question. They trained
6 one-year post-stroke patients for 6 weeks with physical therapy combined
with mental practice (motor imagery) and compared improvements in hand
function with a control group that received physical therapy combined with
relaxation exercises.

They showed that arm function and daily arm use improved more for the
group that received the combined physical therapy and motor imagery training
than the group that received the combined physical therapy and relaxation
training. This study shows that motor recovery might be possible even if the
patients are one-year post-stroke and show stable motor deficits.

Liu et al. (2004) showed that a group of 26 patients after stroke who re-
ceived mental imagery in addition to physical therapy for one hour a day for
3 weeks improved significantly more on tasks related to daily living than a
control group of 20 patients after stroke who received additional assistance
from the therapist. However, their intervention protocol was not aimed at
re-learning basic motor skills.

Their intervention emphasized learning sequences of movements for solv-
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ing daily living tasks, such as the steps necessary in folding laundry. Specific
instructions for forming a kinesthetic image or to use first person imagery
were absent from this study. This suggests that these patients did not use mo-
tor imagery but instead used imagery in the third person or visual imagery.
Although they did show a beneficial effect on daily living tasks, they failed
to show a significant difference in motor performance between the groups, as
measured with Fugl-Meyer test.

Moreover, the patients in the mental imagery group did improve on neu-
ropsychological tasks that measure attentive processing, the colour trial test,
suggesting that their capacity in attentive processing might also been in-
creased following mental imagery training. This suggests that visual imagery
might be used for relearning the more cognitive and planning aspects of move-
ments, whereas motor imagery could potentially lead to recovery of basic
motor skills. However, this argument refers to just a single study. The differ-
ential effects of first person and third person motor imagery is still a question
deserving further research.

Several other studies have shown beneficial effects of motor imagery train-
ing on post-stroke motor recovery(Crosbie et al., 2004; Dickstein et al., 2004;
Dijkerman et al., 2004; Jackson et al., 2004; Malouin et al., 2004c; Page
et al., 2001a; Stevens and Stoykov, 2003; Yoo et al., 2001). However, the
methods and research designs used vary considerably across studies, thus it
is extremely difficult and risky to compare them. The majority of motor im-
agery studies to date can be characterized as case studies or non-controlled
small sample studies (Dickstein et al., 2004; Jackson et al., 2004; Page et al.,
2001a; Stevens and Stoykov, 2003; Yoo et al., 2001).

The training methods used also show a large variability. Some studies
used guided imagery sessions as a therapeutic intervention (Liu et al., 2004;
Page et al., 2005, 2001a), whereas in other studies patients had to exercise at
home with the aid of written instructions (Dijkerman et al., 2004). Some stud-
ies did not use motor imagery as defined by us in the present paper, but instead
seem to use a more visual imagery training strategy (e.g. for example see Liu
et al. (2004)). A review by Sharma et al. (2006) showed that, to date, only 5
studies exist that are methodologically well designed. They conclude that the
results of motor imagery justify some optimism for stroke rehabilitation, but
that definite conclusions cannot be drawn yet.

B.8 Measuring Motor Imagery Ability
Failure to measure motor imagery ability accurately is a major limitation of
all of the reported clinical motor imagery studies. Research by Sirigu et al.
(1996) suggests that left parietal lesions can affect motor imagery ability. It
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is not unlikely that, in some of the clinical studies, patients with impaired
motor imagery ability were included, leading to confounding results. Pre-
liminary results of our own research1with 40 patients after stroke show that
approximately 18% of the patients were selectively impaired in their motor
imagery ability, whereas approximately 40% were simultaneously impaired
on motor and visual imagery. Furthermore, it is not clear yet which patients
could benefit most from motor imagery training, and why some are unable
to imagine movements. The correlation between imagery ability and motor
imagery training outcome in patients after stroke has not yet been studied. It
therefore seems clinically relevant to determine whether a patient after stroke
is, indeed, able to imagine movements before starting an imagery therapy.
There are 3 different methods often used to measure motor imagery ability:
questionnaires, mental chronometry and computer tasks.

B.8.1 Questionnaires
Motor imagery ability is often measured using a questionnaire such as the
Motor Imagery Questionnaire (MIQ) (Hall and Martin, 1997) or the Vivid-
ness of Movement Imagery Questionnaire (VMIQ) (Isaac et al., 1986). On
the VMIQ, subjects have to indicate whether they are able to imagine a cer-
tain movement, such as walking or jumping. They have to rate this mental
image with a score from 1–5. Often these questionnaires dissociate between
first person, kinesthetic imagery and third person, visual imagery. Although
frequently used, the scores remain a subjective reflection of the estimated
capacity. Using these questionnaires in stroke rehabilitation is further com-
plicated by the very nature of the brain damage itself, so that the results, even
if validated in age-matched cohorts, are difficult to interpret and might not
always reflect what they are supposed to measure.

B.8.2 Mental chronometry
Another way to probe someone’s motor imagery ability is by using mental
chronometry. Mental chronometry refers to the measurement of the duration
of cognitive processes. Mental isochrony is based on the fact that the duration
of mentally performed movements is more or less equal to the duration of ac-
tually performed movements. For example Decety and Boisson (1990) mea-
sured the mental and actual duration of writing a sig-nature, drawing a cube
and a hopping movement in unilateral stroke patients and spinal cord injury
patients. They showed that motor imagery of the hemiplegic side of stroke
patients was comparably slower than imagery of a movement performed by
the non-affected side. Motor imagery of the hemiplegic side was slowed, as
was the actual movement of the affected limb. Motor imagery of movements
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by the non-affected side was not slowed at all. The match between imagined
movement time and real impaired movement time suggests that the motor
system used for online actual execution was also used for imagination of the
movement duration. Consistent duration times of repeated measurements of
the same movement are also a good indication of reliable motor imagery (De-
cety and Boisson, 1990).

B.8.3 Computer tasks
A third, and promising, method may be found in the employment of computer
tasks based on the mental rotation paradigm. Mental rotation tasks are based
on the fact that the mental rotation time of a picture depends on the angular
rotation of that picture. An example discussed earlier in this paper is the use
of the hand recognition task (Parsons, 2001). In this task, pictures of hands
in different orientations are shown on a computer screen. Patients have to
decide as fast as possible, by pressing 1 of 2 buttons, whether the picture is a
left or a right hand. Response time and accuracy (number of errors) are reg-
istered via these key presses. As we have seen earlier in this paper, response
times showed an angular dependence but more importantly, and in contrast
with non-bodily stimuli, the response times were dependent on biomechani-
cal constraints, in that the responses for biomechanically difficult orientations
were slower than the response times for biomechanically easy rotations. Re-
call, that this fact indicates that the motor system is used covertly to solve
this task. A few studies have successfully used different versions of these
kinds of tasks in neurological patients (Dominey et al., 1995; Johnson, 2000;
Tomasino et al., 2003b).

B.9 Motor Imagery and Neural Reorganization
If motor imagery training results in significant changes in task performance,
then it seems plausible that at the neural level a reorganization should have
taken place, similar to the one related to normal (physical) training. There
are a few studies that, indeed, report imagery-related neural reorganization.
A well-known study by Pascual-Leone et al. (1995) showed that motor im-
agery of finger movements resulted in the same reorganizational changes as
actual physical practice. Subjects were taught a 1-handed 5-finger sequence
on a piano keyboard. One group of subjects trained this task physically and
another group of subjects practiced the task with motor imagery. The sub-
jects were trained for 5 consecutive days, 2 hours a day. After each training
session, TMS was used to determine whether the motor cortical map of the
fingers had changed. The study showed that the obtained improvement in
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performance was reflected in changes in the cortical motor map of the fingers.
Similar findings have been reported in a number of recent neuroimaging stud-
ies (Jackson et al., 2003; Lacourse et al., 2005; Lafleur et al., 2002). Jackson
et al. (2003) showed that the same changes in the cerebellum were observed
for mental and physical practice. Cerebellum reorganization was also ob-
served in a study by Lacourse et al. (2005).

B.10 Conclusion
The literature reviewed here shows that imagery and/or observation-based
training may be valuable new methods for post-stroke motor rehabilitation.
Although the underlying mechanisms are not yet clear, it is evident that mo-
tor imagery, observation and execution rely on the same neural processes.
Future research should pay particular attention to the role of the primary mo-
tor cortex in covert action representation processes and in motor recovery.
Furthermore, it has been shown that neural reorganization may take place in
a similar manner as would have occurred following physical practice.

The first clinical studies are promising and suggest that motor imagery
training influences motor recovery in a positive way. Patients after early stroke
and patients after chronic stroke both showed beneficial effects as a result of
motor imagery training.

To date, reports on observation-based learning for post-stroke motor re-
covery are lacking. The designs of the clinical studies on motor imagery as
well as the interventions used are very heterogeneous. Besides, almost all
studies are characterized by very small sample sizes. Therefore, it is not pos-
sible to draw any general conclusion on “best practice guidelines” for post-
stroke motor imagery. Moreover, imagery ability and its relation to motor
recovery remain (largely) unexplored in the reported studies.

The study by Liu et al. (2004) showed that different imagery training
strategies can potentially improve different aspects in post-stroke movement
rehabilitation. It might be that a third person, visual strategy might be impor-
tant to improve the relearning of new skills, whereas motor imagery could
play a role in the recovery of actual motor co-ordination processes. Evi-
dence from outside the rehabilitation setting seems to support the idea that
co-ordination and timing of motor skills is learned better using first person
imagery than using the third person perspective. The latter would result in a
better performance on motor tasks that emphasize the form of a movement
(Féry, 2003). The dissociation between kinesthetic imagery and visual im-
agery, and the fact that different neural processes were found that regulate
these processes (David et al., 2006; Neuper et al., 2005), seem to support this
hypothesis. This suggests that third person and first person imagery have to
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be used differently in a rehabilitation setting, depending on the aim of the
therapy. However, the exact nature of the correlation between kinesthetic and
visual imagery and their relationship to motor learning is not yet fully under-
stood and the differential use of these both methods requires further study.

Hence, on the basis of the evidence reviewed in this paper, the use of
motor imagery and observation seem to be justified. This justification is based
primarily on theoretical grounds, since robust evidence-based clinical results
are lacking. It is expected that the results of clinical trials will appear within
the next few years. We hope that the present paper will be seen as a modest
contribution to the further development of a neuroscience-based neurological
rehabilitation.



C
Incidence of Motor and Visual

Imagery Impairment After
Hemiparetic Stroke

Abstract

Background and purpose: Motor imagery might be a valuable tool
for post stroke movement rehabilitation. However, it is not known to
what extent a hemiparetic stroke affects motor imagery ability and how
other modalities of imagery ability relate to motor imagery impairment.
This study aimed at studying the effects of hemiparetic stroke on motor
imagery and visual imagery ability. Method: Thirty-nine hemiparetic
stroke patients were examined with two varieties of a mental rotation
task. A hand laterality recognition task, known to involve the imagina-
tion of the movements of one’s own hand, was used to investigate motor
imagery ability. Second, to be certain that motor imagery was affected
selectively, an alphanumeric rotation task, known to involve visual im-
agery, was used as a control condition Results: Twenty-one patients,
54% of the total patients, were as accurate as age matched controls
on the motor imagery task. Four patients were selectively disturbed on
motor imagery, whereas 14 patients were impaired in visual imagery as
well as in motor imagery. Only 2 patients were affected on visual im-
agery solely. Conclusion: These results show that approximately 50%
of the hemiparetic stroke patients in this study lose the ability to imag-
ine actions they can no longer perform. This result forms an important
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caution for the uncritical inclusion of all hemiparetic stroke patients
in mental practice rehabilitation. Also, a substantial group of stroke
patients had visual imagery deficits after hemiparetic stroke. The con-
sequences of these high incidences of imagery impairment for stroke
rehabilitation and imagery strategy use are being discussed.

This appendix has been based on:
de Vries, S., Tepper, M., & Mulder, T. (2009). Do all hemiparetic stroke

patients retain their motor imagery ability? (Proceedings of VRA/BSRM).
Clinical Rehabilitation, 23(5), 467-471. doi:10.1177/0269215509102979
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C.1 Introduction

Mental practice is a training method consisting of a repeated internal imagi-
nation of movements. Mental practice has been shown to have positive effects
on performance and motor skill learning (Driskell et al., 1994; Feltz and Lan-
ders, 1983; Mulder et al., 2004) and has already been widely used in sport
settings (Driskell et al., 1994; Feltz and Landers, 1983). Several researchers
(Jackson et al., 2001; Sharma et al., 2006; de Vries and Mulder, 2007) have
suggested that mental practice also has a potential value for motor rehabili-
tation in stroke patients. However, not all stroke patients are able to imagine
movements of their hemiparetic limb (Sirigu et al., 1996) and, until now, it is
unclear how many hemiparetic stroke patients still have intact motor imagery
ability after stroke. In this study we investigated the effect of hemiparetic
stroke on motor imagery ability.

There is some clinical evidence that motor imagery might be effective in
post stroke movement rehabilitation. A number of recent case- and small-
sized studies showed positive results of mental practice in stroke patients
(Crosbie et al., 2004; Dijkerman et al., 2004; Jackson et al., 2004; Page et al.,
2001b, 2005; Stevens and Stoykov, 2003). More importantly, a Randomised
Control Trial from Page et al (2007) showed that a group of 40 stroke pa-
tients significantly improved in arm function and daily arm use after 6 weeks
of mental practice (Page et al., 2007). However, a large size recent RCT of
Ietswaard et. al. could not confirm these positive results (Ietswaart et al.,
2011). They showed that mental practice in the first months after stroke did
not lead to greater motor recovery than a control intervention. Moreover, their
study also suggests that the benefit of mental practice depends on the combi-
nation of mental and physical practice. Mental practice could consolidate
earlier physical practiced movement patterns but mental practice alone might
not have a positive influence on motor recovery.

Whatever role motor imagery may play, it seems critical that patients re-
tain their motor imagery ability in order to be able to profit from mental prac-
tice. However, not all stroke patients retain the ability to imagine movements
of their hemiparetic limbs and therefore not all stroke patients might be able
to benefit from motor imagery training. For example, a study from Sirigu
et al. showed that damage to the parietal cortex can affect motor imagery
ability (Sirigu et al., 1996). Johnson also showed that 2 patients, one with a
right posterior parietal area lesion, and another with a lesion to the left frontal
area, were impaired in motor imagery (Johnson, 2000). However, until now
the incidence of motor imagery impairment in the hemiparetic stroke patient
population is largely unknown.

A common task used to measure motor imagery ability is the hand later-
ality judgement task (Parsons, 1994). In this task you have to judge whether a
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rotated picture of a hand is a left or a right hand. Several studies have shown
that poor performance on this task is related to affected motor imagery ability
and the task is (therefore) used in a variety of clinical populations to study
motor imagery ability (de Lange et al., 2005; Parsons et al., 1998; Sirigu and
Duhamel, 2001; Tomasino et al., 2003b).

The task is hypothesised to be solved by (implicitly) imagining moving
a mental representation of your own hand until the imagined position is in
accordance with the orientation of the hand stimulus. Neuroimaging research
shows that similar neural structures that are activated when actually moving
the hand are also activated in the hand laterality judgement task (de Lange
et al., 2005). Moreover, reaction time distributions show that when hand
stimuli are depicted in awkward orientations response times get longer and
are correlated to actual execution time to move the hand toward the depicted
position (Parsons, 1987b).

This research shows that the biomechanical constraints that normally dic-
tate movements also exist when a hand movement is imagined. A number of
studies have used the hand laterality judgement task to identify motor imagery
ability in stroke patients and it is increasingly being used in clinical practice
(Vromen et al., 2011). However, it is not known to what extend hemiparetic
stroke patients are affected in this task and whether performance on the hand
laterality judgement task could also be affected by impairments in other im-
agery modalities.

Indeed, a recent study shows that stroke patients, when motor imagery
ability is impaired, are able to use different strategies to solve motor imagery
tasks (Daprati et al., 2010). It could be that stroke patients use other, still
intact, imagery modalities to solve motor imagery problems. Until now, the
relation between stroke patient’s performance on the hand laterality judge-
ment task and performance on other imagery modality measures has not been
studied extensively. With the present study we wanted to study how many
hemiparetic stroke patients are affected on a hand laterality judgement task
and what the relationship between motor and visual imagery ability in these
patients is.

To learn more about the clinical potential of mental practice in stroke re-
habilitation, we wanted to investigate incidence of motor and visual imagery
ability impairement in a representative sample of unselected stroke patients.
This study had three main goals 1) To study in a representative group of hemi-
paretic stroke patients to what extend performance on a hand laterality judge-
ment task was impaired. 2) To study whether performance on visual imagery
tasks after hemiparetic stroke patients were also impaired. 3) To study what
strategy is used by impaired and unimpaired hemiparetic stroke patients in
solving a hand laterality judgement task.

In this study we investigated impairment of implicit motor imagery abil-
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ity in hemiparetic stroke patients by means of a hand laterality judgement task
(Parsons, 1994). If implicit motor imagery ability is still intact, hemiparetic
stroke patients would be able to recognize hands (orientation and sidedness)
just as accurately as control subjects. However, if implicit motor imagery
ability is affected, results on the laterality judgement task would be less accu-
rate.

We also hypothesized that in patients with affected implicit motor imagery
ability an awkwardness effect (Parson, 1994) on reaction times would be ab-
sent, whereas in patients with intact implicit motor imagery the effect would
be present for the hand laterality judgement task. To control for the selec-
tive impairment on the hand laterality judgement task we tested hemiparetic
stroke patients also on a control task, an alphanumerical mental rotation task,
known to involve visual imagery rather than motor imagery.

C.2 Methods

C.2.1 Subjects

Thirty-nine (19 male, age: 37-70 M = 54, 5 left handed) hemiparetic stroke
patients participated in the study. All patients gave informed written consent.
The experiment was conducted in accordance with the Declaration of Helsinki
and approved by the local ethics committee. The focus of this study was on
impairment of motor imagery ability in hemiparetic stroke patients. Only pa-
tients were selected with an impairment in arm/hand movement. Patients had
a mean of 28 on the 66-point scale of the upper extremity section of the Fugl-
Meyer Assessment of Motor Recovery After Stroke (FM) (Fugl-Meyer et al.,
1975). Twenty-five patients were classified as left hemiparetic and 14 were
classified as right hemiparetic by a rehabilitation specialist. Patients had to
have intact vision and a good overall cognitive function and ability to com-
prehend verbal commands and no other neuropsychological diagnosis that
could interfere with the aim of this study as assessed by a trained neuropsy-
chologist. The patients mean Mini-mental state score was 27 (Folstein et al.,
1975). All patients were able to dissociate left and right, to name or point to
their left and right hand, to name or point to the experimenters left and right
hand, and they were all able to discriminate the character R from the character
F. Patients stroke incident was at least 4 weeks prior to the testing date (mean
of 12 weeks). The patient’s data were compared to the data of 16 age matched
control subjects (5 male, aged: 31 – 70, mean of 56).
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C.2.2 Procedure
All subjects performed 2 mental rotation tasks, viz. a motor imagery task and
a visual imagery task, during a single 1 hour testing session. The motor im-
agery task was a hand laterality judgement task (HLJT) known to depend on
motor imagery of the subjects own hand (Parsons, 1994). The visual imagery
task (VI) was a mental rotation task, consisting of images of alphanumeric
characters R and F, known to involve visual imagery (de Lange et al., 2005).
In the motor imagery task, subjects were asked to determine whether a rotated
drawing of a hand represented a left or a right hand. In the visual imagery task
subjects were asked to determine whether a rotated picture of a character was
a normal canonical character or its mirror image. Stimuli were presented on a
computer screen in black on a white background using E-prime (Psychologi-
cal Software Tools, Pittsburgh, PA). Parsons line drawings (Parsons, 1994) of
left and right hands in back and palm view and in 6 orientations (0, 60, 120,
180, 240, 300 degrees rotated from upright position) were used for the motor
imagery task (see Figure C.1), resulting in a total of 24 stimuli in the mo-
tor imagery task. We used mirror and canonical images of the alphanumeric
characters R and F, also in 6 orientations (0, 60, 120, 180, 240, 300 degrees
rotated from upright position), as control stimuli in the visual imagery task,
resulting in a total of 24 different total stimuli.

Figure C.1: Hand Laterality Judgement task stimuli. Left- and right-handed stimuli
rotated medial and lateral from 0° to 180° from back and palm view were used as
stimuli (left handed stimuli are shown here). The figure shows awkward Lateral
orientation (L60, L120) versus comfortable Medial orientations (M60, M120).

Subjects sat in front of a computer screen located at about 60 cm from their
frontal plane. Stimuli were presented randomly in the centre of the screen for
a maximum of 15 s. All Subjects first performed the motor imagery task and
then, after a 15 minute break period, performed the visual imagery task. Be-
fore the start of each task subjects had 48 practice trials to become familiar
with the task. Each task was divided in 2 experimental blocks of 288 trials.
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There was a pause of 5 minutes between the 2 blocks. The maximal stim-
ulus display time, number of practice trials, number of experimental trials,
number of blocks and rest period between blocks was the same in both tasks.
Responses were recorded using E-prime by means of a response-box (Psy-
chological Software Tools, Pittsburgh, PA). Subjects responded by pressing
one of two buttons on the response-box with the index or middle finger of
their non-impaired hand. The response box was placed on the table in front of
the subject at their non-impaired side. The non-responding hand was placed
palm facing downwards on the table.

C.2.3 Data analysis
Responses faster than 300 ms and longer than 13000 ms were considered in-
valid trials (based on upper and lower boundaries of similar studies in healthy
and stroke patients (Daprati et al., 2010; Parsons, 1994; de Vries et al., 2011))
and were eliminated from the analysis. The mean accuracy scores for each
subject were calculated as the proportion of correct responses on valid trials.
For each task, all 24 stimuli were grouped to compute one overall mean accu-
racy score per task. In order to assess whether patients differed on motor or
visual imagery from control subjects the mean accuracy scores of the visual
and motor imagery task were simultaneously analysed in a repeated measures
ANOVA with group (Controls, Patients) as between subjects factor and stim-
ulus type (Hands, Characters) as a within subject factor.

Next, to determine how many patients were impaired selectively on motor
or visual imagery, and to determine whether a dissociation between motor and
visual imagery existed, the mean accuracy scores of all 39 individual patients
were compared with the performance of the control group with a modified
t-test (Crawford and Howell, 1998) with p < .05.

Subsequently, these scores were used to divide the patients in two groups
as either able, showing intact motor imagery ability, or unable, showing im-
paired motor imagery ability. To determine whether there was a relation be-
tween paretic side (left versus right) and motor imagery ability (able versus
unable) a chi-square test was performed on all right handed patients.

Finally, to determine which strategies were used by both groups of pa-
tients, separate repeated measures ANOVAs were performed on the Reaction
Times (RTs) for the unimpaired and the impaired right handed patients. First,
to control for skewness of the data, the mean RTs on correct trials were log-
transformed. Response times on lateral rotated depicted hands are known to
be slower than RTs on medial rotated hand stimuli, reflecting the biomechan-
ical awkwardness of actually rotating your hand in similar positions (Parsons,
1987b). To determine whether stroke patients still use a motor strategy in
solving a motor imagery task, the stimuli were collapsed in sets of comfort-
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able (medial) and awkward (lateral) orientations (see Figure 1) resulting in
three within-subjects factors for the HLJT: lateralization (left, right), biome-
chanical orientation (awkward, comfortable) and rotation (60 degrees, 120 de-
grees). A corresponding analyse setup was also used for the VI ANOVA with
alphanumeric character (mirrored, canonical), orientation (clockwise, anti-
clockwise) and rotation (60 degrees, 120 degrees) as within-subject factors.

C.3 Results

C.3.1 Imagery ability: Patients versus controls
The patients and control-group accuracy scores for each task are illustrated
in Figure C.2. As Figure C.2 shows, hemiplegic stroke patients performed
poorer on the imagery tasks than control subjects. The control-group was sig-
nificantly more accurate than the patient group F(1,53) = 14.57 , p < .001.
Although the better performance of the control group was seen on both tasks,
there was no significant interaction between group and task (F < 1.00), in-
dicating that the visual imagery performance of the patients group was also
affected. Both groups, patients as well as controls, made more errors in the
motor imagery task than in the visual imagery task. In general, motor im-
agery task performance was significantly less accurate than visual imagery
task performance F(1,53) = 14.89, p < .001.

C.3.2 Imagery ability: Individual differences
As can be seen in Table C.1, 18 of the 39 patients scored below the lower range
of the control group in the motor imagery task, yielding a total of 46% percent
of the patients that were impaired on motor imagery ability, whereas in 54%
of the patients motor imagery was unimpaired. From the 18 patients that
were impaired on the motor imagery task, 14 also differed significantly from
the control group on the visual imagery task. Only, 4 patients were selectively
impaired on the motor imagery task. Two subjects differed significantly from
the control-group on the visual imagery task selectively.

C.3.3 Imagery Ability: Paretic Side
A chi-square test of independence was performed to examine the relation
between paretic side and motor imagery impairment. Analysis of the right
handed patients showed that right-sided paretic patients were significantly
less likely to be impaired on motor imagery than patients with a paresis to
their left hand, x² (1, N = 34) = 4.44, p <.05.
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Motor imagery Visual imagery

Controls 86 (66-97) 95 (78-99)

Patients (nr.)
Selective impairement of motor imagery
20 48 88
39 48 94
29 54 85
19 59 81

Selective impairement of visual imagery
1 70 67
37 91 50

Simultaneous impairment of motor and
visual imagery
17 54 54
25 59 52
18 48 58
15 49 59
11 51 66
43 55 50
35 55 50
21 50 53
6 55 50
26 59 67
36 52 53
50 52 54
5 50 50
32 56 57

Table C.1: Mean accuracy scores for patients that were impaired on the motor and
or the visual imagery task versus control subjects (range in parentheses). Patient

scores below the range of control subjects were considered impaired. Impairment of
individual patients versus controls was confirmed with a post hoc modified t-test,
with p < .05. Table shows that 18 of the 39 patients were impaired on the motor
imagery task, and 14 of these 18 patients were impaired on the motor and visual

imagery task simultaneously.
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Figure C.2: Motor and visual imagery accuracy: patients vs. controls.

C.3.4 Imagery Strategy: Reaction Time Analysis

A repeated measures ANOVA on the reaction time scores showed a main
effect of orientation and rotation. As can be seen in Figure C.3, in the imagery
able group, patients were significantly slower on lateral orientated pictures
of hands than on medial orientations with the same extend of rotation, with
F(1,18) = 27.97, p< .0001. Also, there was a main effect of rotation: pictures
rotated 120 degrees showed significantly longer reaction times than pictures
that were rotated 90 degrees, with an F(1,18) = 55,46, p < .0001. Analysis
of the reaction times of patients with impaired motor imagery ability did not
show a main effect of orientation and rotation. No further main or interaction
effects were found for both groups.

A repeated measures ANOVA on the reaction time scores of the visual
imagery task showed only a main effect of alphanumeric character and rota-
tion in patients with intact motor imagery ability, with F(1,18) = 23.90, p <
.0001 and F(1,18) = 32.33, p < .0001 respectively. Mirror images of alphanu-
meric characters showed larger RTs than canonical alphanumeric characters
and more rotated images of alphanumeric characters were also recognized
more slowly in the imagery able group. No further main or interaction effects
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were found for both groups.
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Figure C.3: Mean reaction time scores of impaired (dashed lines) and unimpaired
(continuous lines) patients on biomechanical awkward (Lateral; L60, L120)

orientations and comfortable (Medial; M60, M120) orientations of pictures of
hands. Mean reaction time scores for mental rotation of alphanumeric characters
for both patients are plotted below. The figure shows significant longer reaction

times for awkward movements only for the unimpaired group.

C.4 Discussion
The primary motivation behind this study was to learn more about the propor-
tion of hemiparetic stroke patients that retained the ability to imagine move-
ments of their hemiparetic limb. To get a good estimate of the incidence of
imagery impairment after hemiparetic stroke, it is important to study a rel-
atively unselected group of hemiparetic stroke patients. Our results showed
that hemiparetic stroke can result in loss of motor imagery ability. Indeed,
our patients made significantly more errors on the motor imagery task than
age matched controls. However, imagery ability was not affected in all pa-
tients. In this study, 54 percent of the hemiparetic patients were still able to
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perform the hand laterality judgement task as accurately as healthy matched
controls.

The incidence of motor imagery impairment found in our study is rel-
atively high, and not in accordance for example with a study by Johnson
who showed that motor imagery remained relatively unimpaired in hemi-
plegic stroke patients (Johnson, 2000). In that study only 2 out of 11 patients
showed imagery deficits. Also, in a second study Johnson showed relatively
intact motor imagery ability (Johnson et al., 2002). However, in this study pa-
tients with parietal and premotor lesions were excluded. This contrasts with
our study where we wanted to learn more about the incidence of imagery im-
pairment in an unselected group of stroke patients. Pre-selection on the basis
of lesion location could result in a positive selection bias whereby only rel-
atively good stroke patients are included. Therefore, the high incidence of
motor imagery impairment level in hemiparetic stroke patients as found in
the present study might be a more precise estimate of imagery ability after
hemiparetic stroke.

Also, the patients in Johnson´s study were all chronic hemiparetic stroke
patient where the time since the stroke onset was more than 11 months. In
our study subacute patients were included with a mean time since stroke of 12
weeks. Our findings suggest that subacute and acute patients might have more
motor imagery problems than chronic hemiparetic stroke patients. Indeed, in
another study we showed that motor imagery ability can recover in the first
weeks after stroke (de Vries et al., 2011) .

This finding could have implications for the use of mental practice early
in rehabilitation programs. Patients that were impaired on the hand laterality
task in our study, performed around chance level, showing that these patients
were essentially guessing at the laterality of the depicted hand. Moreover,
the distinction between intact and impaired motor imagery ability was con-
firmed by looking at the reaction time distributions between impaired and
unimpaired patients. On correct trials, the group of patients who scored signif-
icantly lower on motor imagery accuracy than controls had the same reaction
times for awkward and comfortable depicted orientations of hands, reflecting
their incapacity of using a motor imagery strategy to solve the hand lateral-
ity judgement task. On the other hand, patients with high accuracy scores
on the hand laterality judgement task showed longer reaction times for awk-
ward orientations than for comfortable orientations. Moreover, this effect on
reaction time was absent on reaction times for depicted alphanumerical char-
acters, showing that this biomechanical effect was not an effect of the mental
rotation of the stimuli but was related to the biomechanical orientation of the
depicted hand stimuli. This suggests that these patients could use their intact
motor imagery capacity to solve the handedness laterality judgement task and
is in accordance with what would be expected based on earlier studies, that
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showed that these biomechanical characteristics are also reflected in corre-
sponding brain activity (de Lange et al., 2005).

Hence, with this task, based on accuracy scores, a distinction could be
made between impaired and unimpaired motor imagery ability in hemiparetic
stroke patients. This is an important finding as it shows that patients scoring
above chance can still use a motor imagery strategy and might be able to
benefit from mental practice. However, these results also show that motor
imagery ability was impaired in about half the stroke patients in our study.
These results suggest that mental practice could be less effective in a large
portion of patients in the subacute to acute hemiparetic stroke population. It
should be noted that in our study we assessed implicit motor imagery ability
with the hand laterality judgement task. This task is used a measure of implicit
motor imagery. It is unclear how measures of implicit motor imagery relate to
other motor imagery measures such as explicit mental chronometry paradigms
and self-report ratings of motor imagery ability. Further studies should look
into if and how these measures are related. Impaired motor imagery capacity
might hamper a patient potential to benefit from mental practice rehabilitation
programs. Therefore, we suggest that stroke patients should be assessed more
in detail concerning their imagery abilities before admitting them to a mental
practice training regime.

We also found a relation between motor imagery and visual imagery abil-
ity. We, showed, that motor and visual imagery capacity could be simul-
taneously impaired after hemiparetic stroke. Fourteen of the 18 patients that
were affected on the hand laterality recognition task were also impaired on the
character rotation task. This shows that problems in motor imagery, and hence
the possibility to participate in mental practice programs, are also related to
visual imagery capacity. Subsequently, these results show that otherwise un-
detected, general imagery impairments can interfere with the performance on
motor imagery measurement and poses the questions whether problems of
motor imagery after stroke can in some cases be attributed to problems in the
visual-spatial domain. Indeed a study by Vromen and colleagues shows that
patients that have a right hemispheric stroke and have a neglect, are signifi-
cantly more impaired on a version of the hand laterality judgement task then
right hemispheric patients without a neglect (Vromen et al., 2011). The re-
sults of their study could not be attributed to general cognitive effects because
the two groups of patients in their study did not differ on any other cognitive
functions such as attention and memory. However, in their study they did not
control for the patient’s visual imagery ability and they did not compare left
and right hemispheric patients. Indeed, the right hemispheric contribution to
visual-spatial cognition might explain this high rate of simultaneous motor
and visual imagery impaired patients in our study as well. Right hemispheric
patients performed significantly worse on the hand laterality judgement task
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compared to patients with a left hemispheric stroke in our study. However,
these conclusions are based on a small sample and the hemispheric contribu-
tion to motor imagery should be explored further. In clinical practice, using a
combination motor and visual imagery measures as well as measures that as-
sess neglect and attentional problems could give a better picture of individual
patient’s characteristics.

Our study did not focus on specific lesion locations of the individual pa-
tients. However, previous neuroimaging research has shown that motor and
visual imagery depend on closely coupled but modularly organized neural
networks, where motor imagery is predominantly associated with activation
in frontoparietal regions and visual imagery is associated with activation in a
parieto-occipital network (Kosslyn et al., 1998; de Lange et al., 2005; Sirigu
and Duhamel, 2001). More specifically, a few studies (de Lange et al., 2005;
Kosslyn et al., 2001b) have shown that visual imagery as well as motor im-
agery activated the ventral area of the intraparietal sulcus and this activa-
tion was positively correlated with the rotation-angle of both type of stim-
uli. Therefore, it is not unlikely that when stroke damages the parietal area,
and specifically the ventral area of the intra-parietal sulcus, that both mo-
tor imagery and visual imagery can be damaged. Another explanation might
be that in our patients the stroke has damaged a larger area containing both
the frontal parietal regions supporting motor imagery function as well as the
parieto-occipital regions supporting visual imagery. Both explanations should
be addressed in future research.

The results of the present study also support research that shows a double
dissociation between motor and visual imagery (Pelgrims et al., 2009). Two
out of 39 patients, patients 1 and 37, in our study were selectively impaired
on visual imagery and 4 out of 3patients, patients 19, 20, 29 and 39 ,were
selectively impaired on motor imagery in our study. Although, more often
both imagery modalities are simultaneously impaired, these cases that show
independent imagery modality impairment support the existence off a double
dissociation. Hence, these results tentatively show that visual imagery and
motor imagery are processes that rely on different neural mechanisms and
can be selectively damaged. Lesions that impair visual imagery can coexist
with selectively preserved motor imagery ability and lesions that impair motor
imagery can coexist with selectively preserved visual imagery ability.

Together with the finding of simultaneous impairment of both types of
imagery this result indicates that visual and motor imagery depend on closely
coupled but modularly organized neural networks and a stroke in these net-
works can have general as well as specific effects on these types of im-
agery. These imagery deficits are previously unreported and pose the ques-
tion whether these imagery deficits can play a role in the ability of a patient
to benefit from other cognitive rehabilitation strategies relying on visual im-
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agery, such as for example the Lighthouse Strategy for training patients with
visual perceptual deficits (Niemeier, 2002).

C.5 Conclusion
The number of patients with intact motor imagery ability after hemiparetic
stroke was smaller than what could be expected, based on other studies. The
results showed that, in the present study, approximately 50% of the stroke
patients retained the ability to imagine arm movements they could no longer
perform. Analysis of reaction time distributions confirms that these patients
indeed use their intact motor representation. It is argued that for these patients,
mental practice might be helpful for post stroke motor recovery, although
other factors such as subjective ratings of motor imagery ability could also
play an important role in identifying imagery able stroke patients. However,
the relationship between motor imagery ability and potential to profit from
mental practice, although supported from research from the sport sciences,
has yet to be validated in the rehabilitation setting. At the same time, the
results showed that approximately half of the patients were unable to implic-
itly imagine a movement of their hemiparetic limb. These results reflect the
important observation that a substantial part of the hemiparetic stroke popu-
lation might suffer from impaired mental imagery ability and therefore might
not be able to benefit from mental practice; future research should explore
this question further. A second novel finding in this study is the high rate of
visual imagery impairment in hemiparetic stroke patients. Overall, the dif-
ferences in incidence on these tasks could potentially have implications for
cognitive rehabilitation strategies relying on imagery in stroke patients. By
using more precise measurements specific mental practice training regimes
can be designed corresponding to the individual patient’s current abilities.
Moreover, more information on specific types of imagery and how they are
affected can lead to better understanding of the imagery and action network,
thereby advancing our understanding of the nature of mental representation
and its position in the planning and control of actions and cognition.
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English summary

Although a large percentage of the acute stroke patients that have some form
of motor impairment regain some degree of motor function in the weeks and
months following stroke, 50-60 % of the patients are left with a considerable
degree of motor impairment. Cognitive rehabilitation approaches, such as
observation of movement and motor imagery, could have potential for reha-
bilitation after stroke. However, it is not clear how performance on different
(motor) imagery ability measures are affected by hemiplegic stroke. For in-
stance, it is unclear how many patients show decreased performance on mo-
tor imagery measures after stroke and how performance on different imagery
measures correlate. Also, little is known about the longitudinal change of
performance on motor imagery ability measures after stroke. Therefore, this
thesis presents research focused on the question if and how mental imagery
and in particular motor imagery is affected after hemiplegic stroke. Most of
the research is done in a clinical rehabilitation setting using different imagery
measures to gain knowledge about motor imagery and the possible use of
these measures in stroke rehabilitation.

In chapter 1 the theoretical and empirical background of mental rotation,
visual imagery and motor imagery are discussed. More specifically, the re-
search discussed suggests that visual and motor imagery seem to depend on
partially different neural mechanism and can be measured separately using
two versions of a mental rotation task. Studies with subjects who are asked
whether alphanumerical characters are normal depictions or mirror reversed
images when rotated (visual imagery), show that reaction times are related to
the degree of rotation of the stimuli, whereas reaction times on rotated images
of left or right hands (the hand laterality judgement task or HLJT) reflect the
biomechanical position of the depicted hand. These studies show the poten-
tial of these tasks in some of the empirical studies described in this thesis. In
chapter 1, the specific aims of this thesis are put forward: (1) use the HLJT
to study the effects of stroke on implicit motor imagery ability; (2) dissoci-
ate the effects from visual imagery impairments; (3) to study practice effects
and longitudinal change in performance on the HLJT; (4) to compare HLJT
performance with a self-report measure of motor imagery ability.

In chapter 2 - 4 the results of three studies aimed at studying the lon-
gitudinal development of motor imagery ability after hemiparetic stroke are
described. In chapter 2 a study is described with 12 stroke patients in the
post-acute phase after stroke. Patients completed the HLJT and the visual im-
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agery task at 3 and 6 weeks after their stroke onset. Implicit motor imagery
ability and visual motor imagery ability improved significantly at 6 weeks
compared to 3 weeks post-stroke. These results shows that motor imagery,
as measured with the HLJT, can recover in the first weeks after stroke. Sub-
sequently, in chapter 3 we studied the practice effects on the hand laterality
judgement task. Thirty-three healthy individuals performed the HLJT and
two control tasks twice at a 3-week interval. Differences in the accuracy and
the response times were analysed. The results for all three tasks showed a
decrease in the response time between the first and the second assessments
(8–20%), and, for the HLJT, also a small (3%) but relevant increase in accu-
racy. This result shows that improvement over time on the HLJT can in part
be explained by a practice effect. In chapter 4 we described the results of
a longitudinal 1 year follow-up study with stroke patients. Twenty-three pa-
tients with diminished arm/ hand function were included. The accuracy score
on the hand laterality judgment task was used to assess motor imagery and
the Fugl-Meyer Assessment was used to evaluate the recovery of arm/hand
function. The patients were assessed 3, 6, 16, 26, and 52 weeks after stroke.
In the first year after stroke, the percentage of patients with moderate to good
performance on HLJT improved from 78% after 3 weeks to 94% after 1 year.
This recovery took place in the first 6 weeks after stroke, was larger than the
practice effect found in chapter 3, confirming the results of recovery in the
first weeks after stroke reported in chapter 2. No correlation was found be-
tween motor imagery and arm/hand function, despite the fact that the greatest
improvement in both occurred in the first 6 weeks.

The final study described in chapter 5 focusses on the relationship be-
tween implicit and explicit measures of motor imagery ability after hemi-
paretic stroke. In this study we compared performance of a group of 16 hemi-
paretic stroke patients and a control group (n=16) and on the HLJT and the
MIQ-RS, a self-report questionnaire for motor imagery ability. Our study
shows that neither in the healthy controls nor in patients, a correlation is
found between the HLJT and the MIQ-RS. Although the patient group scored
significantly lower than the control group on the visual motor imagery com-
ponent and the kinesthetic motor imagery component of the questionnaire,
there were no significant differences between patients and controls on accu-
racy scores of the HLJT. Analyses of the reaction time profiles of patients and
controls showed that patients were still able to use an implicit motor imagery
strategy in the HLJT task. Our results show that after stroke performance on
tests that measure two different aspects of motor imagery ability, e.g., im-
plicit and explicit motor imagery, can be differentially affected. These results
articulate the complex relation the phenomenological experience and the dif-
ferent components of motor imagery have and caution the use of one tool as
an instrument for use in screening, selecting and monitoring stroke patients in
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rehabilitation settings.
Finally in chapter 6 the main findings of the studies presented in this

thesis are discussed and suggestions for future research are given.





Nederlandse samenvatting
–Summary in Dutch–

Ondanks dat een groot percentage van de mensen die na een CVA motorische
beperkingen hebben in de weken en maanden daarna gedeeltelijk herstelt,
blijft 50-60 procent van de patiënten kampen met motorische beperkingen.
Cognitieve revalidatiebenaderingen zoals het observeren en voorstellen van
bewegingen zouden van waarde kunnen zijn bij het revalidatieproces. Echter,
het is tot nu toe onduidelijk hoe een CVA de prestaties op verschillende (mo-
tor) imagery taken beı̈nvloedt. Het is bijvoorbeeld onduidelijk hoeveel pro-
cent van de patiënten na een CVA verminderde prestaties op motor imagery
(motorische verbeelding) taken laat zien en hoe verschillende imagery taken
met elkaar correleren. Er is ook weinig bekend over het longitudinale verloop
van motor imagery na een CVA. Dit proefschrift richt zich op de vraag of en
hoe mentale verbeelding, en motorische verbeelding in het bijzonder, door
een CVA wordt beı̈nvloed. De meeste studies hebben plaats gevonden in een
revalidatiesetting. Hierbij zijn verschillende imagery taken ingezet om inzicht
te krijgen in motor imagery na een CVA en de mogelijkheden om deze taken
bij dergelijke patiënten in te zetten.

In hoofdstuk 1 wordt de theoretische en empirische achtergrond van men-
tale rotatietaken, visual imagery en motor imagery beschreven. Het onder-
zoek dat hier besproken wordt laat zien dat visual imagery en motor imagery
gedeeltelijk aparte neurale mechanismen lijken te veronderstellen welke ook
met verschillende versies van een mentale rotatie taak gemeten kunnen wor-
den. Reactietijdprofielen laten zien dat, wanneer gevraagd wordt of alfanu-
merieke tekens (bijvoorbeeld een afbeelding van een letter ‘F’) normale of
gespiegelde afbeeldingen zijn, de reactietijd van proefpersonen gerelateerd is
aan de rotatie van de stimulus (visual imagery). Terwijl reactietijdprofielen
op de hand herkenningstaak (HLJT, impliciete motor imagery) laten zien dat
deze ook gerelateerd zijn aan de houding waarin de hand op de afbeelding
zich bevindt. De reactietijd op stimuli van handen in moeilijker te maken be-
wegingen zijn langer dan die van afbeeldingen van makkelijkere posities. De
besproken onderzoeken laten zien dat deze taken inzicht kunnen geven in mo-
tor imagery en daarmee van waarde zijn bij het onderzoek met patiënten die in
dit proefschrift centraal staat. In hoofdstuk 1 worden verder de doelen van dit
proefschrift benoemd, te weten: (1) De HLJT gebruiken om de effecten van
een CVA op impliciete motor imagery te onderzoeken (2) deze te dissociëren
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van visual imagery effecten (3) de langetermijneffecten op de taakprestaties
op HLJT te onderzoeken (4) de taakprestaties op HLJT te vergelijken met een
motor imagery vragenlijst.

In hoofdstuk 2-4 worden de resultaten van drie onderzoeken beschreven
waarin de longitudinale ontwikkeling van motor imagery centraal stond. In
hoofdstuk 2 wordt een onderzoek beschreven met twaalf post-acute patiënten
na een CVA. De HLJT en de visual imagery taak werden bij patiënten 3 en
6 weken na het CVA afgenomen. Zowel de prestaties op de impliciete motor
imagery als op de visual imagery taak verbeterden significant. Deze resulta-
ten laten zien dat motor imagery, gemeten met de HLJT, kan herstellen in de
eerste weken na een CVA. In hoofdstuk 3 hebben we onderzocht hoe groot
het effect is van het herhaald aanbieden (practice effect) van de HLJT op
prestaties bij gezonde proefpersonen. Bij drieëndertig gezonde proefperso-
nen werden de HLJT en twee controle taken twee keer met een interval van 3
weken afgenomen. De verschillen tussen deze twee afnames op accuratesse
en reactietijd werden geanalyseerd. De resultaten lieten zien dat op alle drie
de taken de reactietijd sneller werd tussen de eerste en de tweede afname (met
8-20%). Op de HLJT werd ook een klein maar relevant hogere accuratesse
gevonden van 3% tussen de eerste en de tweede afname. In hoofdstuk 4 wor-
den de resultaten beschreven van een longitudinaal, 1 jaar durend, follow-up
onderzoek met CVA patiënten. Drieëntwintig patiënten met een verminderde
arm-hand functie werden geı̈ncludeerd. De accuratesse score op de HLJT
werd gebruikt om motor imagery te meten en de Fugl-Meyer score werd ge-
bruikt om te evalueren of de arm-hand functie verbeterde. De patiënten wer-
den 3, 6, 16, 26 en 52 weken na het CVA onderzocht. Het onderzoek laat zien
dat in het eerste jaar na een CVA het percentage patiënten die middelmatig
tot goed scoren op de HLJT toeneemt van 78% na drie weken tot 94% na een
jaar. Het herstel vindt plaats in de eerste 6 weken na een CVA. Dit herstel is
groter dan het practice effect gevonden in hoofdstuk 3 en onderschrijft de re-
sultaten beschreven in hoofdstuk 2. Er werd geen correlatie gevonden tussen
motor imagery en hand functie alhoewel beiden het meest verbeterden in de
eerste 6 weken.

Het laatste onderzoek, beschreven in hoofdstuk 5, focust op de relatie die
impliciete en expliciete motor imagery taken hebben na een hemiparetisch
CVA. In dit onderzoek werden de prestaties van een groep van 16 hemipare-
tische CVA patiënten vergeleken met die van een controle groep (n=16) op
de HLJT en de MIQ-RS, een subjectieve motor imagery vragenlijst. Het on-
derzoek laat zien dat zowel voor patiënten als controleproefpersonen er geen
correlatie te zien is tussen de HLJT en de MIQ-RS. Hoewel de patiëntengroep
significant lager scoorde op de visual motor imagery en kinesthetische motor
imagery schaal van de MIQ-RS dan controleproefpersonen, werden er geen
significante verschillen gevonden op de accuratessescores van de HLJT tus-
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sen patiënten en controleproefpersonen. De reactietijd analyses laten zien dat
patiënten in staat zijn een impliciete motor imagery strategie te hanteren op
de HLJT. Deze resultaten laten zien dat na een CVA de prestaties op taken
die verschillende aspecten van motor imagery meten ook selectief aangedaan
kunnen zijn. De resultaten onderstrepen de complexe relatie die de fenome-
nologische ervaring en de verschillende motor imagery componenten hebben
en waarschuwen voor het gebruik van maar één instrument bij het screenen,
selecteren en monitoren van CVA patiënten in het revalidatieproces.

Tot slot worden de resultaten van de onderzoeken die in dit proefschrift
besproken worden bediscussieerd in hoofdstuk 6 en worden er suggesties
voor vervolgonderzoek gedaan.
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van de loopvaardigheid van CVA patiënten. Hier heeft hij zijn promotieon-
derzoek uitgevoerd onder begeleiding van Prof. dr. Theo Mulder tot 2010.
Vanaf 2010 is de begeleiding overgenomen door Prof. dr. Bert Otten.

Vanaf 2009 werkt hij als docent en onderzoeker op het gebied van mens,
technologie en arbeid bij hogeschool Saxion in Deventer.

Sjoerd is getrouwd met Hella de Vries. Samen hebben ze drie kinderen,
Fenna, Evie en Neele en wonen ze in Drachten.


