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Abstract

The environment within an fMRI scanner can be intimidating, featuring
characteristics such as extreme noise levels, postural constraints, and claustrophobic
conditions. It is likely that these external pressures can have a detrimental affect of
cognition. We used a change detection task to investigate the impact that these
stressors may have on Visual Working Memory (VWM) performance.

24 Participants completed the change detection task, once in a normal laboratory
setting, and once in an fMRI simulator, which emulated an actual fMRI scanner in all
dimensions, and played a recording of the Echo-Planar Imaging (EPI) gradient at
80db. Analysis of correct responses comparing both environments was approaching
significance, and trends in the data suggest that the fMRI environment does have an
impact on performance. Improvements to the fMRI process are discussed.

In addition, the change detection task was designed to offer an insight into the
workings of VWM, with the aim of determining whether complex objects are stored
as separate features held together in working memory, or if they are stored as one
bound representation. We found a significant effect of condition, indicating that
complex objects are held as one bound representation in memory. Our results support
the Object Unit Hypothesis (Luck and Vogel, 1997), and also suggest that high levels
of attention are not necessary to hold features together in VWM, as the stressors of the
fMRI environment are assumed to act as an intense external distracter.

1. Introduction

In the ever advancing world of technology, neuroimaging, and in particular functional
magnetic resonance imaging (fMRI), is becoming increasingly popular within
psychological research (Illes, Kirschen, and Gabieli, 2003). This is, in part, due its
widespread availability, coupled with its non intrusive nature, and relatively high
temporal and spatial resolution. In theory, the fMRI technique seems robust, however
in practice, it is evident that the methods are far from perfect.

This report examines whether there is deterioration in cognitive ability when a task is
performed in the environment of an fMRI scanner simulator, compared to a normal
laboratory setting. We hypothesise that, due to the uncomfortable and distracting
conditions, the scanner environment will have a considerable negative impact on
performance on a Visual Working Memory (VWM) task. This investigation will also
allow us to delve into the underlying structure of working memory, observing whether
representations stored in this temporary mechanism are susceptible to interference by
external stressors.

1.1. Functional Magnetic Resonance Imaging (fMRI)

1.1.1. How does it Work?
First, we will discuss the assumptions of fMRI. FMRI is one of the most widely used
neuroimaging techniques due to its relatively high spatial and temporal resolution.
The temporal resolution of fMRI exceeds that of Positron Emission Tomography
(PET), and its spatial resolution excels that of Magnetic Encephalography (MEG) and
Electro Encephalography (EEG). It is also a non-invasive technique, resulting in the
ability to perform multiple scans within a short period of time, with no harm to the
participant.

There are three aspects which contribute to an fMRI signal in a given region; an
increase in blood flow velocity, and increase in blood volume, and an increase in the
blood oxygenation level (See Figure 1).
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Figure 1. Flow chart depicting activation of the BOLD signal. A stimulus activates the neural
response, which in return elevates Cerebral Blood Volume (CBV), Cerebral Blood Flow (CBF),
and Cerebral Metabolic Rate of Oxygen (CMRO2), which results in activation of the BOLD
signal. Adapted from D’Esposito, Deouell, and Gazzaley, (2003).

Activation of any brain region is accompanied by a significant increase in metabolism
in the neuronal and glial cells, which, in turn, results in an increase in the regional
cerebral blood flow (rCBF) in that area. RCBF typically varies with neuronal activity,
which therefore allows for functional neuroimaging in vivo. The principle behind the
signal witnessed in fMRI relies on the concept of the neurovascular coupling of
regional cerebral blood flow, regional cerebral blood volume, and neuronal
metabolism, which was originally theorised by Roy and Sherrington (1890). The
simple understanding of the theory is that active neurons must ensure adequate levels
of oxygen and glucose to match their consumption. However, in reality, oxygen
levels in the blood initially decrease during the preliminary seconds of neuronal
activation due to the sudden increase in metabolism. This decline is then
overcompensated for by a dramatic increase in oxygen concentration to meet the
metabolic demand (See Figure 2), resulting in the uncoupling of metabolism and
blood flow. This substantial increase in regional oxygen levels occurs around three
seconds after onset of activity, and it is this blood oxygenation that is measured in the
fMRI signal. This signal is therefore known as the Blood Oxygenation Level
Dependent (BOLD) signal. The early response of the initial drop in oxygen
corresponds temporally to activity onset, however this is not used as the determinant
of activity during functional imaging as it is difficult to measure.
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Figure 2. Graph plotting Oxyhemoglobin levels (OxyHb) against Time (in seconds). OxyHb
initially drops due to the high metabolism, and peaks around 7 seconds after stimulus onset.

A popular technique which tends to supplement fMRI is the practice of cognitive
subtraction. The basic principles of this technique are that separable cognitive
components are individually added to a task, and the change in neuronal activity is
measured. This method, however, relies on an additive assumption of neuronal
activity, and is not likely to represent true neuronal function, as specific cortical
activation does not occur simply by the addition of an extra cognitive demand.
Ultimately, the brain and the underlying neural dynamics are nonlinear, and cannot be
subjected to simple addition and subtraction techniques (Friston, Price, Fletcher,
Moore, Frackowait, and Dolan, 1996). Cognitive theories must also take into account
individual differences in performance and the likelihood of different individuals
adopting different strategies. The issue of individual differences in strategy selection
during any given task is a vital element to consider when interpreting any
neuroimaging data, and will now be discussed.

1.1.2. Strategies
One eternal confound of most psychological research is the issue of participants’ use
of different strategies when performing a task. When participants perform a simple
task, it can be unclear as to what strategies they are using to complete the task. The

extent of individual differences within strategy selection can cause problems within
neuroimaging, as it is presumed that different strategies will result in different patterns
of activation. For example, in a paper by D’Esposito, Deter, Alsop, Shin, Atlas, and
Grossman (1995), they researched the underlying neural basis of the central executive
component of working memory, using fMRI. Although the primary concern of this
report was this neural system, a fascinating result emerged when the authors
considered what effect individual differences may be having on their imaging data.
All six participants demonstrated significantly higher levels of activation bilaterally in
the dorsolateral prefrontal cortex (DLPFC). However, individually, participants’ data
revealed some discrepancies. With regards to activation in the DLPFC, there were
differences between individuals, with four of the six participants in this study
exhibiting greater activation in the right hemisphere. Five of the six participants
showed additional activation in the anterior cingulate cortex (ACC), and two
participants also showed activation in the pre-motor cortex in the left hemisphere.
These discrepancies may be due to differential strategy selection. This study
demonstrates the prevalent nature of individual differences within functional
neuroimaging, and suggests that aggregate data across multiple participants is unlikely
to provide a clear, generalisable picture of neuronal activity for a given task.

It is evident that neuroimaging is an exceptional technique in helping us understand
cognition on a much deeper level; however it is important to highlight the need for
caution when interpreting data. Indeed, additional caution is necessary when
interpreting discrepancies within data, such as seemingly normal healthy adults
performing differently from their experimental counterparts. If some participants do
exhibit abnormal activation, how can we interpret these data? Explanations could
include differential strategies, a misunderstanding of the task at hand, or even
undisclosed brain pathology. It is not viable to resolve which interpretation is
responsible without knowledge of participants’ individual strategies. In a paper by
Logie, Della Sala, Laiacona, Chalmers, and Wynn (1996), this idea was discussed
with respect to a verbal short term memory task. The authors discovered in their first
subdivision of their report, that a considerable number of the participants failed to
demonstrate extensively reported activation patterns in a typical short term memory
task. This is an important finding, due to the tendency for neuroimaging research to
be generalised across populations and activation patterns being used as the basis of

psychological theories. When aggregated data is generalised, it is possible that some
fairly common strategies are overlooked, and therefore any cognitive theories which
arise from aggregate data may not be generalisable to a large proportion of the
population. The authors illustrate the selection of strategies reportedly employed by
the participants. These ranged from verbal rehearsal to visual mnemonics. However,
an interesting finding was that sixty six participants actually reported using mixed
strategies, changing how they performed the task during the experimental procedure.
The authors also report that the majority of the participant sample employed strategies
that were not dependent on verbal short term memory. This is a crucial finding, and
has great implications for the use of neuroimaging data to either develop or support
any theories of cognition.

1.2. fMRI Environment

1.2.1. Precautionary Measures
In an fMRI setting, there are a number of safety measures that must be adhered to
throughout the process. There are obvious precautions, such as ensuring that there are
no metal objects in the room with the scanner, due to the high-intensity magnet that is
used. It is also necessary to ensure that the patient is able to contend with the
environment within the scanner bore, as it can be quite an intimidating experience due
to the claustrophobic and noisy surrounds. The environment of an fMRI scanner is
potentially daunting. Subjects are scanned in a supine position, in a narrow bore tube,
with a confining head restraint, and with a high level of noise from scanner operation.
There are many aspects that could affect neuroimaging data as a result of these
ecological factors, both in the physical and the psychological sense. These will now
be discussed in the following sections.

1.2.2. A Patient’s Perspective
So far, we have discussed the issue of differential strategy selection acting as a
possible confound within the fMRI procedure, which could affect activation data.
However, it must be considered that the experience is, psychologically, very stressful,
and this may have a considerable effect on behavioural data also. In a study
conducted by Mackenzie, Owens, and Dixon (1995), they instructed 500 patients due

to undergo an MRI, to complete a series of questionnaires before and after their scan.
These questionnaires measured levels of anxiety, and also encouraged patients to
provide details of any aspects of the scan which they felt were unpleasant. They
discovered that all patients exhibited some anxiety before being scanned, and that
there was a positive correlation between pre-scan anxiety levels and the likelihood of
stopping the scan prematurely. It is typical for most participants to suffer high levels
of anxiety even before the scan has begun (Raz, Lieber, Soliman, Buhle, Posner, et al.,
2005). Increased anxiety is associated with a general increase in arousal. Eysenck
(1982) discusses the idea that the relationship between arousal and cognitive
performance takes the form of an inverted ‘U’ shape. Minimal arousal results in
minimal cognitive effort, while moderate arousal is the optimum level for task
performance. Advanced levels of arousal result in over sensitivity, and behaviour
becomes disordered, impairing performance. This theory suggests that if, as is
assumed, participants experience high levels of arousal due to the anxiety experienced
in the scanner, performance may be impaired.

In addition to feeling of anxiety, patients also reported experiencing pain and/or
discomfort from having to remain completely still and in a supine position while in
the scanner, as well as the scanner noise being unsettling. However, the characteristic
of the MRI scanner with the highest number of patients rating it as unpleasant was
claustrophobia. This element of the imaging process will now be discussed.

1.2.3. Claustrophobia
Many patients rate an fMRI scanner as being very claustrophobic (Mackenzie et al.,
1995). Rachman (1990) describes claustrophobia as comprising of two principal
features: the fear of restriction, and the fear of suffocation. The design of the fMRI is
such that participants are slid head first into a narrow bore, only able to see directly
ahead of them, due to the confining head restraint.

McIsaac, Thordarson, Shafran, Rachman, and Poole (1998) investigated the nature of
the anxiety that many participants feel while undergoing an MRI scan. They filled out
a number of questionnaires, including the Claustrophobia Questionnaire and the
Anxiety Sensitivity Index. The results of this study indicated that scores on the
Claustrophobia Questionnaire were highly correlated with participants’ experience of

anxiety and panic within the scanner. Another interesting finding was that
participants who entered the scanner head first, reported higher levels of anxiety
during the scanning procedure. In total, around 25% of participants reported feelings
of moderate to severe anxiety during the scan, and 30% of participants reported that
general feelings of claustrophobia in every day life have increased since they
underwent the MRI scan.

Kilborn and Labbé (1990) investigated the likelihood of patients developing
claustrophobia after participating in an MRI scan. They instructed participants to
complete several questionnaires, including the Fear Survey Schedule, and the
Spielberger State-Trait Anxiety Inventory. Participants were assessed prior to the
scan, immediately after the scan, and one month after the scan. 9.68% of participants
reported an increase in claustrophobic feelings, such as nervousness or anxiety when
in confined spaces, one month after completing the MRI scan. Results such as these
indicate that the experience of being in an MRI scanner can have such a negative
impact on an individual that it can affect their every day lives even one month after
the scan was completed. If it is the case that so many participants feel that the bore of
the scanner is very claustrophobic, these feelings could have a significant impact on
their cognitive performance during an fMRI scan. This yet again emphasises that
possibility that data from an fMRI study may not accurately represent normal
performance, and could misguide the development of cognitive theories.

So far we have addressed the claustrophobic aspect of a typical fMRI scan. However,
other elements, such as the extreme noise levels, along with having to lie supine and
motionless, may all have a significant impact on task performance and activation
levels. We will now discuss the issue of the high intensity noise which accompanies
the imaging process.

1.2.4. Noise Levels
When thinking of possible confounds present in the fMRI scanning procedure, the
extreme noise levels rate highly amongst the areas of concern. These high noise
levels can reach up to 114 dB, depending on the strength of the scanner (Ravicz,
Melcher, and Kiang, 2000). It is necessary to investigate the effects that this may
have on both patterns of activation and, in particular, on behavioural data. Increased

activation in respect to the scanner noise could suggest that the noise is acting as an
additional stimulus. Participants may be actively processing the pulsing gradients,
and therefore it is necessary to assume that this additional external stimulus could act
as a distraction during a task.

Shah, Jäncke, Grosse-Ruyken, and Müller-Gärtner (1999) investigated the effects of
fMRI acoustic noise on the auditory cortex during a task involving phonetic
discrimination. The authors varied noise levels across three conditions by varying the
number of left sagittal slices that were imaged (4, 16, or 64 slices). This study
revealed that gradient noise does have a significant effect, with the general conclusion
that, as scanner noise decrease, the BOLD response is significantly more pronounced.
Analysis of the imaging data clearly showed a difference in levels of activation in the
auditory cortex between the 4, 16 and 64 slice conditions. Figure 4 represents the
number of activated pixels in a specific region within the auditory cortex in the left
hemisphere.

Figure 4. Image documenting activation patterns of the auditory cortex during scans taking 4, 16,
or 64 sagittal slices. Taken from Shah et al (1999).

From a behavioural perspective, participants generally reported experiencing more
difficulty with the task in the 64-slice condition, suggesting that the noise did act as a
distracter. The authors also discuss the effects of using an EPI gradient during
imaging, and argue that it is considerably louder than other possible gradients. The
use of alternative methods may be more useful in research on the auditory cortex as

these can reduce gradient noise, although not to the extent that noise is no longer a
confound. This study ultimately suggests that the noisy atmosphere of an fMRI
scanner, particularly when using an EPI gradient, can significantly alter results. It
again seems that performance on a task completed within the fMRI environment may
not be a true representation of performance on a similar task in an every-day setting.

It is necessary to acknowledge that noise levels can be subjectively perceived across
participants. Some individuals will be able to easily zone out certain levels of noise
which others may find highly distracting. This issue could have a severe affect on the
behavioural aspects of fMRI studies. BeloJevi, Öhrstrom, and Rylander (1992)
investigate the effects of subjective noise levels on the performance of a variety of
cognitive tasks. They discovered that participants who were judged to be ‘noise
sensitive’ on Weinstein’s Noise Sensitivity Scale, demonstrated significantly poorer
performance on Short Term Memory tasks when performed under noisy conditions.
This has serious implications for fMRI studies, as there may be considerable
discrepancies in the behavioural data, and possibly the imaging data, if participants
who are particularly sensitive to noise are used for the study. Furnham and Strbac
(2002) also discovered that introverts are far more distracted by background noise
when performing a task. This again raises doubts over the reliability of task
performance in an fMRI, especially regarding behavioural data. The study performed
by Furnham and Strbac (2002) investigating the effects of background noise
concluded that performance in a variety of cognitive tasks is generally poorer in the
presence of noise compared to silent conditions. This suggests that performing a task
in an fMRI scanner would result in generally poorer performance than if the task was
performed in a quiet laboratory setting due to the pulsing gradients present in the
imaging process.

Mazard, Mazoye, Etard, Tzourio-Mazoyer, Kosslyn, and Mellet (2002) investigated
the effects of the acoustic noise of an fMRI scanner on visual mental imagery. They
report a PET study of participants completing an imagery task in either a ‘silent’
environment or a ‘noisy’ environment in which noise levels were equivalent to those
within an fMRI scanner. They noticed a strong negative correlation between accuracy
and activity in the calcarine cortex; however this was only present when the task was
performed in the silent environment. This is yet another indication that brain

activation and performance may be influenced by the external stressors of an fMRI
scanner, and may not reflect true patterns of activation which would be present
exclusively for task performance. Interestingly, within the noisy fMRI-like
environment, there was a significant increase of activity in the ACC. This region is
often associated with both the online monitoring or performance, and error detection
(Carter, Braver, Barch, Botvinick, Noll, and Cohen, 1998). More specifically, it
seems to be relevant for detecting instances of response competition. This finding
suggests that participants may need to work harder when performing a task, as their
attention is more divided between the task and the external noise of the scanner,
implicating that performance in an fMRI condition may not reflect normal
performance in a normal, every-day environment.

The final study which we shall discuss in respect to the effects of scanner noise is one
by Elliott, Bowtell, and Morris (1999). The authors compared low and high levels of
scanner sound, creating low noise levels by using a ‘sparse method’. This is a
technique by which brain images are rapidly collected, followed by extended periods
of a resting state in order for activation levels to return to near baseline before the next
stage of imaging. The results of this study show that scanner noise levels do have a
significant effect on the auditory cortex, however there were no significant effects on
either the visual cortex or the motor cortex. Although this seems positive for visual
and motor tasks, indicating that the imaging process should not interfere with
activation patterns, it does not rule out the possibility that, behaviourally, there is a
probable difference in attention span, general performance, or strategy selection.

We will now address the issue of the postural constraints typical of the fMRI process.
This is yet another element of the imaging experience which is likely to have some
negative impact on cognitive performance.

1.2.5. Postural Constraints
The unnatural postural constraints which patients and experimental participants
experience within an fMRI scanner may cause considerable discrepancies in the
neuroimaging data. Raz et al. (2005) discuss the idea that different postures may
result in discrepancies in behavioural data, possibly due to the changes in the

hemodynamics of the brain. In a series of experiments by Ouchi (Ouchi, Okada,
Yoshikawa, Nobezawa, and Futatsubashi, 1999), the effects of posture on brain
hemodynamics was investigated. Neural activation was examined for humans
maintaining a variety of standing positions, (e.g. standing with feet together, standing
on one foot, etc) and the authors discovered different patterns of activation for each
position. This raises the question of how does brain activation differ in other postural
positions, such as lying down. The authors continued to expand on this study. In the
paper by Ouchi, Okada, Yoshikawa, Futatsubashi, and Nobezawa (2001), results
showed significantly raised levels of global rCBF in the standing condition compared
to both the supine and the sitting conditions. A further study by Ouchi, Nobezawa,
Yoshikawa, Futatsubashi, Kanno, et al. (2001) reported that there is a general increase
in rCBF in the amygdala, the occipital cortex, and the cerebellar anterior vermis,
when participants were sitting compared to supine. This series of studies suggest that
posture does have an effect on brain hemodynamics. However, since there tends to be
no associated increase in rCBF when participants are supine, this should not prove to
be too great a confound when performing functional neuroimaging, as the typical
supine posture is unlikely to contribute to activation. It must be considered, however,
that a task performed under a natural environment is likely to produce a slightly
different pattern of activation. The issue of postural shift is also discussed, as these
studies were unable to measure any changes in hemodynamics which may have
occurred as a result of the actual activity of postural shift. However, Krakow, Ries,
Daffertshofe, and Hennerici (2000) reported that it takes around three minutes for
certain physiological constraints, such as heart rate, blood pressure, and
oxyhemoglobin levels, to stabilise when switching from a supine position to a
standing posture. This should be considered when running any neuroimaging studies.

When a person remains in a supine position, the neurohydrostatics of the brain
undergo significant changes. Raz et al. (2005), discuss these changes in hydrostatic
pressure of different regions of the brain when in a supine position. The underlying
assumptions of these discrepancies surround the intracranial pressure (ICP) of the
brain. When calculating the ICP of an individual standing in an upright position
compared to one who is lying down, there are significant differences due to the
modification of the height of the brain. Typically, the average brain is 9.3cm high
when an individual is upright; however when the person is supine, the brain has a

height of 16.7cm (Raz et al., 2005). This causes considerable changes in hydrostatic
pressure levels affecting different regions of the brain, as can be seen in Figure 3.
When lying supine, hydrostatic pressure is much lower in the prefrontal region of the
brain compared to the occipital region. Changes in pressure can also result in a change
of pressure in the arteries, although not the veins. This contrasting effect can result in
a differential degree of blood flow pressure, therefore altering rCBF as a result of ICP
when in the supine position. This is yet another factor which must be taken into
consideration when interpreting imaging data from an fMRI scan, and also must be
considered concerning the possibility of hydrostatic changes resulting in cognitive
changes, and therefore possible discrepancies in behavioural data.

Figure 3. Image depicting the changes in ICP between an individual in an upright position and
when lying supine. Taken from Raz et al. (2005).

Remaining in a supine position can also result in psychological stress. Generally, it is
not a natural position to assume when completing a cognitive task. When lying down
in an fMRI scanner, it can make participants feel vulnerable, and with the addition of
a head restraint to prevent head movement, participants may feel very confined. The
necessity to remain completely motionless for the duration of the scan can present
itself to be uncomfortable. Mackenzie et al. (1995) researched how patients
themselves perceive the procedure of an fMRI scan, and found that many participants
reported that the pain and discomfort which they experience from lying still for such
an extended period of time rated highly as one of the most unpleasant features of the
scan. It must be considered that, if participants do feel such aversions to aspects of
the fMRI procedure, such as lying supine and motionless for an extended period of

time, would this affect their general performance in a task? And if this is the case,
how useful is fMRI data if participants are generally not performing as they would in
a real life situation?

Also, if the hemodynamics of an individual’s brain changes depending on the posture
of the individual, it is possible that the capabilities of the brain also change. If the
hemodynamics have to compensate for posture, perhaps cognition also experiences
differential change, resulting in a general increase or decrease in performance, or a
change in strategy selection.

1.3. How Useful is fMRI?

1.3.1. Reliability
Despite the increasing popularity of fMRI, it is not at all convincing that popularity
and reliability are related in psychological research, and there has also been an
ongoing debate over whether fMRI is as dependable as once thought. The first
important question is, does the fMRI scan actually measure what we think it does?
Bryan and Kraut (1998) consider whether all brain functions are indeed regionally
localised as is suggested by neuroimaging research. Most importantly, it is vital to
have robust theories of cognitive function before performing fMRI studies to research
these functions, in order to accurately evaluate the meaning of any activation patterns.

Bub (2000) poses the question of whether additional activation may be seen due to
irrelevant processes such as maintaining ask instructions. It is unquestionable that
participants will always be holding instructions in their working memory, however it
must be considered that the additional pressure of having to maintain instructions as
well as performing the task may cause disruption to activation and behaviour. Also, if
a task is being performed in an fMRI scanner, it is likely that the external stressors of
the scanner environment may cause the temporary storage of the instructions to
become fragile, resulting in additional attention being required to maintain them. This
could therefore result in a trade-off between the maintenance of instructions and task
performance. This is yet another element of imaging studies which must be
controlled for when interpreting both imaging and behavioural data.

Cognitive tasks never just tap one process; they generally implicate a complex blend
of different processes and sub goals. It is also a fact that activation patterns can vary
as a function of performance measures, such as reaction time or accuracy (Sunaert and
Thomas, 2007). This issue highlights the importance of giving exact instructions
prior to executing a task, and of understanding how participants are attempting to
perform the task. Different strategies will result in different activation patterns.

On the other hand, it is also necessary to keep in mind the issue of false negatives in
fMRI activation, which are known to occur in individuals with altered cortical
pathology. Abnormalities such as glial tumours typically result in a decrease in
BOLD activation. Also, instances of a general increase in nitric oxide which can
accompany astrocytes and microphages, alters oxygen concentration and therefore the
intensity of the BOLD signal (Sunaert and Thomas, 2007). Instances such as these
demonstrate that fMRI is not a flawless technique, and the reading of any data must
be interpreted with consideration of possible abnormalities. It is also known that
some pharmacological agents can have a significant impact on activation. For
example, antihistamines generally reduce BOLD response. Laurienti, Field, Burdette,
Maldjian, Yen, and Moody (2002) report that caffeine has a differential affect on
BOLD signal according to whether participants were high or low caffeine users,
however overall there was a positive relationship between BOLD activation and
caffeine across both groups. This study demonstrates how the intake of a common
substance like coffee has the potential to influence fMRI data, emphasising the
possibility that neuroimaging data will occasionally not reflect what researchers are
assuming it reflects. Ultimately, if confounds such as these have a noticeable effect on
activation, it is possible that there is also an effect on behaviour and cognition.

1.3.2. Head Motion
Within the domain of clinical fMRI, one of the main contributors to signal artefacts is
head motion during the scanning procedure. There are two main types of motion;
intra-image and inter-image motion. Intra-image motion is defined as a very fast and
sudden movement, generally occurring in a time frame shorter than that of the image
acquisition itself. Inter-image motion can range from lasting seconds to minutes, and
is characterised by the slow movement of a subject (Sunaert and Thomas, 2007).

Evidently, both of these motion events will serve as considerable confounds for the
interpretation of imaging data, once again calling into question just how accurate and
reliable fMRI is as a brain imaging technique. Shah and his colleagues (1999)
reported that, in all of their imaging data, they did not include the first three images in
their analysis due to the fact that most participants jerk their heads when the gradient
pulsing noise begins. This may be one way to counteract some effects of head
movement, yet it again emphasises the fact that movement is a common occurrence
during the imaging process. It also highlights the fact that the extreme noise levels do
startle participants, so much so that they jump when it begins. This aspect of fMRI
could also prove to be an important issue that could cause discrepancies in
neuroimaging data. The necessity to remain motionless when undergoing an fMRI
could put a strain on the participant, and this could in turn have a negative impact on
cognitive performance. If some of the participant’s attention is focused on the
requirement to remain still, their full attention will not be given to the task. This
could cause discrepancies within behavioural data, leading to a higher error rate on a
given task. This aspect of fMRI may also lead participants to adopt different
strategies to which they would normally use in a common laboratory setting.
However, the restrictions within the fMRI environment prevent them from using
normal procedures to complete the task, which will ultimately have serious
consequences for both behavioural and neuroimaging data.

The present study will investigate whether these environmental nuances do indeed
have a negative impact on task performance. We will do this through the means of a
Visual Working Memory (VWM) task performed in an fMRI simulator, and
compared the results to those found in a normal laboratory setting. McGlynn, Karg,
and Lawyer (2003) report how student participants preparing to enter an fMRI
simulator experience similar levels of anxiety to patients undergoing an actual MRI
scan. This is encouraging for our study as it suggests that our fMRI simulator
environment should produce similar psychological effects for our participants towards
the scanner’s environment. This should result in behavioural data comparable to that
of an actual imaging session. We have chosen a VWM task due to the extensive
literature and theories surrounding its occurrence. Also, working memory is a
common topic within fMRI studies, and it is therefore imperative that we discover
whether performance in a task performed in the fMRI environment does accurately

portray performance in an every day setting. There are also conflicting theories
surrounding its organisation, therefore this report should help resolve the speculation.
In the next section, we will discuss visual working memory and the competing
theories around its nature. We will also address how the fMRI environment could
have a negative impact on a simple VWM task.

1.4. Visual Working Memory (VWM)

1.4.1. What is VWM?
Working Memory (WM) refers to the online storage and manipulation of information,
and has evolved into many variations (for a review, see Miyake and Shah, 2003). The
most popular view states that it is made up of the phonological loop, the visuo-spatial
sketchpad, which can temporarily store and manipulate verbal and visual information
respectively, and the episodic buffer, which can relate this temporarily stored
information to information stored in long term memory (Baddeley and Hitch, 1974;
see Figure 5).
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Episodic
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Long Term Memory

Figure 5. View of Working Memory, adapted from Baddeley (2000).
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This study will focus on Visual Working Memory (VWM). There has been an ongoing debate concerning the capacity of working memory. It seems that, without
actively rehearsing the visual stimuli, the limit is around 4 (±1) objects (Cowan,
2001). However, the issue of what exactly constitutes an object has also been widely
debated.

Kemps (1999) discussed the importance of complexity when calculating VWM load.
She argued that VSM performance is susceptible to both quantitative complexity
(such as an increase in the number of items) and qualitative complexity (such as an
intricate spatial layout). It appears that it is far more difficult to confine the workings
of visual memory to a set of rules. The limits of memory for verbal material can be
expressed in units of time, however, when categorising visual memories, units have
yet to be defined (Smyth and Scholey, 1994).

1.4.2. Neural Correlates of VWM
It would appear that there is a form of double dissociation within visual memory.
Many authors argue that there are separate systems for storing information about the
appearance of an object, and for the location of the object (Darling, Della Sala, and
Logie, 2007). The neural correlates of these subsystems are located in the posterior
region of the brain. The two systems branch out from the striate cortex, with the
object appearance system located along the ventral stream, and the object location
system located along the dorsal stream. Memory for object locations tends to be more
complex than simple feature memory, due to its only recognising feature being its
relative position in comparison to either area boundaries or other objects.

As has been previously discussed, object features and location are processed in
separate cortical regions, therefore it is possible that high levels of attention are
necessary to bind these characteristics together. Lower levels of attention could hold
a bound object to its general location, but memory for more exact details requires
higher levels of attention.

Activation sites during a VWM task don’t exclusively involve the areas associated
with the storages of visual information. As has been previously mentioned, the ACC
plays an important role in task performance. It is thought to be responsible for
monitoring performance, and evaluating the likelihood of errors (Carter et al., 1998)
and instances of response conflict (MacDonald, Cohen, Stenger, and Carter, 2000). In
addition to this activation, the DLPFC is thought to be responsible for representing
and maintaining the information necessary to complete a given task, such as the
instructions (MacDonald et al., 2000).

1.4.3. Binding in VWM
There are multiple theories of how information is stored in VWM, but one of the most
highlighted issues is the question of how complex objects are held in memory. For
example, if the target object to be remembered is a red square, how is this represented
in VWM? Are the features of ‘red’ and ‘square’ remembered as separate
representations and held together in working memory, or is the red square held as one
complete representation?

There are two competing views concerning the structure of VWM. The first is a
‘feature integration theory’, which proposes that the individual features of an object,
for example the shape, colour, and size, are all held independently of each other, and
are actively associated with one another, rather being held as one bound
representation (Wheeler and Treisman, 2002). The competing view is an object-unit
theory, in which complex objects are stored as one bound unit in VWM, and high
levels of attention are not necessary to hold the individual features together (Luck and
Vogel, 1997; Vogel, Woodman, and Luck, 2001).

The need for attention to hold representations in VWM is widely debated, particularly
in respect to these two possible theories. Gajewski and Brockmole (2006)
investigated the role of attention when storing complex objects in visual working
memory. Participants in this study completed a cued recall task, throughout which
attention was manipulated by the means of an exogenous cue. The results of this
study indicate that an object is either remembered as a whole, or not at all. There was
no evidence that individual features were remembered independently. Therefore, this

study supports the theory of integrated objects being represented as a single unit in
VWM.

However, there has been evidence that older adults demonstrate difficulty in recalling
bound representations, but can in fact report back individual features of complex
objects (Chalfonte and Johnson, 1996). This may suggest that holding bound
representations in VWM does require a high level of resources, which are perhaps
limited in the elderly population. In a recent study by Brockmole, Parra, Della Sala,
and Logie (2008), the authors investigated this phenomenon of age-related differences
within VWM, using both change detection and cued recall tasks. The results of this
study show that older adults do demonstrate reduced capacity in working memory,
however there was no evidence of associative deficits for short-term binding tasks.

Rensink, O’Regan, and Clark (1997) investigated the notion that attention is necessary
to perceive changes in a change detection task. Participants viewed briefly presented
images with intermittent blank screens in a flicker sequence, and were instructed to
respond if they noticed a change. The authors report two findings; firstly, a change of
an object will only be detected if that object is first given direct attention by the
viewer, and secondly, the contents of VWM will be overwritten in the absence of
focused attention. This study places a great emphasis on the importance of attention
in change detection tasks.

1.4.4. Change Detection
A popular technique to investigate the underlying mechanisms in VWM is a change
detection task. This involves participants being shown an array of objects for a brief
period of time, and then the array is replaced with a blank screen. The array is shown
again with or without a change, and participants must respond as to whether a change
has taken place. However, often participants do not notice that there has been a
change in an array, and this occurrence is known as change blindness. Change
blindness can typically occur when full attention has not been paid to the area in
which the change transpires, and is often seen when the visual field is disrupted in
some way, no matter how brief (O’Regan, Rensink, and Clark, 1999). In a study by
Beck, Rees, Frith, and Lavie (2001), the authors aimed to distinguish between the

neural correlates of change detection and change blindness. They compared areas of
activation between trials in which participants did notice a change, to those in which
they did not. They noted differential patterns of activation between successful and
non-successful trials, concluding that the parietal and frontal regions are important for
conscious change detection. Another interesting conclusion which they discuss is that
of the need for attention in change detection. It seems critical that full attention must
be paid to an object if a change is to be noticed, and a change can go unnoticed if it
occurs during a very brief visual disruption. Another important conclusion from this
study by Beck et al. (2001) is that, if participants simultaneously perform a separate,
non-visual task, there is a negative correlation between the difficulty of this task, and
participants’ ability to notice a change. This is an interesting point to note in the
instance of fMRI. It may be possible that the environment of an fMRI scanner may
cause attentional disruption, which may in turn lead to poorer performance on a
change detection task, compared to if it was performed in a normal every day setting.
If this is the case, patterns of activation would not reflect typical cognitive processing
out with the scanner environment.

1.4.5. Articulatory Suppression
Articulatory Suppression is an important aspect to any investigation into visual
memory. As has previously been discussed, the issue of individual strategy selection
can have a significant impact on neuroimaging data, and experimental results in
general. Articulatory suppression aims to ensure that a visual memory task is
performed using only components of visual memory, and that participants do not
employ strategies such as verbally rehearsing the task objects. However, it must be
considered that articulatory suppression in itself causes excess activation. In a study
by Logie, Venneri, Della Sala, Redpath, and Marshall (2003), the authors reported
activation patterns resulting from subvocal rehearsal, and found specific activation in
the inferior parietal gyrus and the inferior and middle frontal gyri. This study again
highlights the importance of controlling for the differential use of strategies within
research. Articulatory suppression also eliminates the possibility of mixed verbal and
visual strategies, which can often occur (Logie et al., 1996). Ensuring a purely visual
approach to a VWM task can facilitate interpretation of both behavioural and
neuroimaging data.

1.5. The Present Study

The present study aims to investigate the effects of the environmental stressors of an
fMRI scanner. We also aim to build on research on Visual Working Memory,
investigating whether there is a need for high levels of attention for holding bound
representations in VWM. Participants will perform a change detection task, once in a
normal laboratory setting, and once in an fMRI simulator. We hypothesise that
overall there will be a higher error rate for all conditions of the task when it is
performed within the environment of the fMRI simulator, due to high noise levels and
claustrophobic conditions providing external distractions. Our secondary aim
concerns how complex objects are stored in VWM, therefore we shall also look at
whether participants perform equally well on arrays containing eight single-feature
objects (feature condition) compared to arrays containing four two-feature objects
(binding condition). The fMRI simulator will act as the ultimate external stressor for
VWM. If attention is required to hold bound images in VWM, there will be a definite
negative effect on the binding condition of our task in the fMRI environment
compared to the normal laboratory setting.

2. Method

2.1. Participants

A total of 24 healthy adults were recruited for this study (7 males, 17 females; 19-31
years of age; M=24.17 years). All were undergraduates, postgraduates, or recent
graduates of the University of Edinburgh. All participants had no reported history of
claustrophobia, neurological disorders or motor impairments, and all had normal or
corrected-to-normal vision. Recruitment was achieved via e-mail.

2.2. Design

A within-subjects design was used, resulting in all participants completing all aspects
of the given task. Participants were randomly allocated to one of two groups,
determining whether they would perform the visual memory task (change detection)
in the fMRI scanner simulator environment first or in the laboratory environment first.
Each participant completed six sets of forty trials; three sets in the fMRI scanner
simulator and three in the laboratory. The order in which participants completed the
three sets of trials in each environment was counterbalanced.

2.3. Materials and Testing Environments

2.3.1. fMRI Scanner Simulator
The fMRI Scanner Simulator was custom built for the Human Cognitive
Neuropsychology department within the University of Edinburgh. It was
commissioned by the University’s Media and Learning Technology Service (MALTS)
department, and is based on the University’s actual research scanner (See Appendix
A). The simulator closely resembles the dimensions of an actual research scanner,
with the bore measuring 23 inches (width) x 55 inches (length). Participants are
instructed to lie down on the scanner bed and place their head in the cushioned head
support measuring 11 inches in diameter. The screen is then attached to the top of the
head support, so that it is directly in line with participants’ field of vision. The
experimenter slowly slides the participants into the simulator bore. A digital
recording of the noise produced for Echo-Planar Imaging (EPI) was played through

loudspeakers built into the simulator at a level of 80dB ambient noise, and then the
experiment is run. Responses were made via a response glove which was attached to
participants’ left hand (See Appendix B). The response glove is connected to a serial
response box, which collects all of the responses and transfers them to the main
computer. The button under the participant’s index finger corresponds to the ‘Same’
response key, and the button at the participant’s thumb corresponds to the ‘Different’
response key. Participants were also provided with a communication button to hold in
their right hand. If this button was pressed, all of the audio sources of the EPI
gradient stopped immediately, informing the experimenter that the participant was
distressed and wished to end their participation in the experiment.

2.3.2. Laboratory Environment
The laboratory environment was a small room within the psychology department at
the University of Edinburgh (See Appendix C). The room measured 1.5m x 2.2m and
contained one PC with a QWERTY keyboard and mouse, one desk, and one chair.
The ‘1’ button on the keyboard corresponded to the ‘Same’ key, and the ‘2’ button on
the keyboard corresponded to the ‘Different’ key. All responses were made with the
left hand. Stimuli were presented on a computer screen measuring 16 inches
diagonally, with participants sitting approximately 21 inches away from the screen.

2.3.3. Task Display
The task was designed using E-Prime software. There were three conditions within
the task, each displaying a variety of shapes or colours. All stimuli measured 2cm x
2cm x 2cm and were presented on a white background. The shapes used were a
square, circle, triangle, and cross. These shapes were chosen as they are easily
recognisable, and are also physically very different and could not be mistaken for one
another during the change detection task. The four colours used were red, blue, green
and yellow. These were chosen as, again, they are easily recognisable, and could not
be easily mistaken for one another. Colour splatters all had the same outline, and
were the same shape. Allocation of all objects and colour splatters to a specific area
of the display array was random, as were change sequences. The colour-shape
combination within the Binding conditions was also random.

2.4. Procedure

2.4.1. Task
A change detection task was used to investigate the overall effects of the fMRI
environment on visual working memory. Participants were briefly presented with a
fixation cross, followed by the memory array which remained for 750ms. This was
replaced by a blank screen for 2000ms, controlling for iconic memory. The test array
was then presented, and participants had to judge whether there was a difference
between the memory array and the test array. The type of change was dependent on
which condition was being completed at that time. Participants were asked to press
the ‘Same’ key if they did not detect a change, and the ‘Different’ key if they detected
a change. There were three different conditions within the change detection task,
Shape, Feature, and Binding, each with forty trials. All participants completed a
‘’Practice Round’, featuring 5 practice trials, before each condition to ensure that they
understood the task. Within a condition, trials were presented randomly. The order in
which conditions were completed was counterbalanced. Each condition is described
in the next section of this report.

2.4.2. Condition 1: Shape
The arrays within this condition comprised four black shapes (square, circle, triangle,
cross) arranged randomly on the screen. The memory array was presented for 750ms,
and then replaced with a blank screen for 2000ms. After this delay, the test array was
presented. In 50% of the trials, two of the black shapes swapped locations. This swap
constituted a change. Figure 6 represents an example of a typical shape trial in which
a change has occurred.

Figure 6. An example of a change trial in the Shape condition. The black square and the black
triangle have swapped locations.

2.4.3. Condition 2: Feature
The second condition comprised an array of four black shapes (circle, cross, square,
triangle) and four colour ‘splatters’ (red, blue, green, yellow). There were two types
of change, each of which occurred in 25% of the trials. The first change was identical
to the shape condition change, in which two of the black shapes swapped location.
The second change involved two of the colour splatters changing location. Figures 7
and 8 shows examples of each of these changes.

Figure 7. An example of a change in the Feature condition. The blue and the red ‘splatters’ have
swapped locations.

Figure 8. A second example of a change trial in the Feature condition. In this trial, the black
cross and the black triangle have swapped locations.

2.4.4. Condition 3: Binding
This last condition comprised an array of four coloured shapes (shapes: circle, cross,
square, triangle; colours: red, blue, green, yellow). As in the feature condition, there
were two types of change. The first possibility was that two of the shapes would swap
colour; this occurred in 25% of the trials (See Figure 9). The second possible change
was that two of the shapes would swap location, however the colour would remain in
the same location, therefore becoming the colour of the other shape (See Figure 10).
This change also occurred in 25% of the trials.

Figure 9. An example of a change trial within the Binding condition. The square and the triangle
have swapped colours.

Figure 10. A second example of a change trial within the Binding condition. The triangle and the
circle have swapped locations, however the colours have remained in the same position.

2.4.5. Experimental Environments
Participants completed the task in both a laboratory setting and within an fMRI
simulator. Participants performed both sessions one after the other, but were given a
short break between sessions. The order in which they experienced these
environments was counterbalanced, with 12 participants completing the task in the
laboratory first and the simulator second, and the remaining 12 participants
completing the experiment in the simulator first, followed by the laboratory setting.

2.4.6. Articulatory Suppression
In order to ensure that the task was measuring Visual Working Memory performance,
we employed the technique of articulatory suppression. At the beginning of each trial,
before the fixation cross appeared, two numbers were presented on the screen.
Participants were instructed to repeat these numbers out loud for the duration of the
trial, until they were required to make a response to the test array. This technique
ensures that memory performance was not based on the stimuli being verbally
rehearsed, and that memory was purely visual.

3. Results

One participant pushed the communication button after around 10 minutes when
performing the task inside the fMRI simulator, reporting strong feelings of
claustrophobia and panic. After a short break the experiment was resumed, and the
data were included in the analysis.

The means and standard deviations for the Shape, Feature, and Binding conditions
within each environment (the laboratory and the scanner simulator) are reported in
Table 1.

Table 1
Mean proportions and Standard Deviations of correct responses (out of 40) within each
condition (Shape, Feature, and Binding) and under both environments (fMRI Simulator
and Laboratory).

Simulator

Laboratory

Condition

Mean

SD

Mean

SD

Shape

33.42

3.335

33.75

3.721

Feature

25.42

3.078

26.33

3.306

Binding

31.46

4.482

32.75

3.166

A 2 (Environment) x 2 (Environment Order) x 3 (Condition) mixed ANOVA was
conducted. There was no main effect of the environment (fMRI Scanner Simulator
vs. Laboratory Setting), however this approached significance; F(22,2)=3.195,
p=.088; p>.05. Figure 11 depicts participants’ mean overall correct responses on all
conditions of the change detection task when performed in each environment.

There was also no significant effect of the order in which participants experienced the
environments on overall performance of the task; F(22,2)=.413, p>0.05.
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Figure 11. Graph depicting the mean number of correct responses (with error bars) for
each environment (laboratory and fMRI simulator).

There was a highly significant overall effect of condition; F(22,2)=105.417, p<0.001,
and the means for each condition are shown in Figure 12, collapsed across
environment and order. In addition to this finding, post hoc pairwise comparisons
using Bonferroni showed that performance of each condition significantly differed
from one another.
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Figure 12. Graph depicting the mean correct responses (with error bars) for each condition
(shape, feature, and binding), independent of whether the task was completed in the fMRI
simulator or the laboratory environment.

There was a significant three-way interaction between condition, environment, and
environment order, F(22,2)=4.569, p<0.05. Figure 14 represents the mean correct
responses for each condition and for each environment, of participants who completed
the task in the fMRI simulator first, followed by the laboratory environment. Figure
15 represents the mean correct responses of the participants who completed the task in
the laboratory first, followed by the simulator. Both of these graphs emphasise the
difference between performance in the Feature condition, compared to both the Shape
and the Binding condition, regardless of the environment or the order of
environments. The graphs also demonstrate a trend in the data for performance in the
Shape condition to improve in the second experimental session, regardless of the
environment. There is also evidence that performance in the Binding condition
deteriorates when performed in the simulator, but only when this environment is
occurs in the second experimental session.
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Figure 14. Graph reporting data from those participants who performed the change detection
task in the fMRI simulator environment first, and then the laboratory environment. The graph
depicts the mean correct responses (with error bars) for each condition and for each
environment.
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Figure 15. Graph reporting data from those participants who completed the change detection
task in the laboratory environment first, followed by the fMRI simulator environment. The
graph depicts the mean correct responses (with error bars) for each condition in each
environment.

4. Discussion

The primary objective of this present study was to evaluate the effect of the fMRI
environment on cognitive performance. We examined this through the means of a
Visual Working Memory (VWM) task, which was performed once in the fMRI
simulator, and once in a normal laboratory setting.

4.1 Impact of the fMRI Environment on Task Performance

The fMRI simulator effectively emulated the claustrophobic conditions and the high
noise levels experienced in an actual fMRI scanner. A recording of the Echo-Planar
Imaging (EPI) gradient provided the high intensity noise at 80dB. It is thought that
the EPI gradient is one of the noisier imaging techniques (Shah et al., 1999;
Bandettini, Jesmanowicz, Van Kylen, Birn, and Hyde, 1997). This enabled us to
investigate the effect of some of the more elevated noise levels in fMRI sequencing,
providing the highest possible level of distraction that can be experienced during the
imaging process.

Our results indicate that there is no large effect of the fMRI environment on
participants’ performance of the VWM task. Participants performed similarly
regardless of which environment the task was being performed in, suggesting that
performance within an fMRI should typically reflect performance in every day life, at
least in the field of visual memory. However, there was a general trend for
performance to slightly deteriorate in when the task was performed in the fMRI
simulator, with our results approaching significance. It is clear that any discrepancies
in the data compared between the environments can most likely be attributed to the
external stressors within the fMRI simulator having a detrimental effect on cognition.
We can assume from our study that a combination of the high and repetitive noise
levels, postural constraints and claustrophobic conditions all contributed to any
detriment in performance, which is in agreement with previous literature (Mazard et
al., 2002).

When interpreting this data, we must take into account the fact that an fMRI simulator
was used during this task, and participants were aware that there were no magnets in

the simulator. It is possible that higher levels of anxiety would be displayed if the
participants were performing the task in an actual imaging scanner, and knew the
details of the imaging process, however this has previously been addressed by
McGlynn et al. (2003). Also, the scanner is held within the university, as opposed to
a hospital environment, which may help to ease any tension which participants may
be experiencing as the surroundings are less clinical. In addition to this, it was not
necessary for participants to remain motionless for the duration of the experiment;
although participants were instructed to remain still, it was clear that any movement
would not interfere with the results. The need to remain motionless, and the resulting
pain and discomfort during the imaging process is one of the most highly rated
stressors reported by imaging patients (MacKenzie et al., 1995). Removing this
component from the procedure removes one of the most uncomfortable stressors for
participants, and it is possible that the participants in this study did not experience the
normal levels of anxiety surrounding their movement as they would in an actual
scanner.

One participant stopped the experiment when performing the task in the fMRI
simulator after around ten minutes, reporting strong feelings of anxiety and
claustrophobia, and a strong aversion to the EPI gradient. The participant resumed the
experiment after a short break, however this occurrence emphasises the notion that the
termination of fMRI scans is relatively frequent. The cost of performing a single scan
can be a great strain on resources, and so the termination of a scan, and therefore the
loss of the data, can be extremely damaging. McIssac et al. (1998) discuss
administering claustrophobia questionnaires to participants, prior to their scan in order
to determine if they are likely to terminate. It may be good practice to try to decipher
whether a participant or a patient may terminate a scan prematurely. Developments
such as claustrophobia questionnaires and anxiety questionnaires (McIssac et al.,
1998), or certain personality traits such as introversion (Furnham and Strbac, 2002),
may help identify individuals who are more likely to experience the fMRI negatively,
and could offer them more support prior to and during the imaging process.

When questioned about their subjective experience of the fMRI simulator, all
participants claimed that they performed worse on the change detection task in the
simulator compared to the normal laboratory setting. This was not reflected in the
data per se, as there was not a significant effect of environment on task performance.
This is an interesting finding, as it suggests that participants perhaps had to work
harder and concentrate more when performing the task in the fMRI simulator, and
therefore they perceived it as more difficult, concluding that they must have made
more errors. This is an important point for imaging studies and the interpretation of
imaging data. If participants claim to have experienced more difficulty when
performing the task in the fMRI simulator, this would surely have an impact of
activation, either in respect to areas of activation, the intensity of activation, or both.
As was previously mentioned, the ACC is thought to be activated in instances of
responses competition. It is possible that, due to the distracting features of an fMRI
environment, these distractions can be seen as competitors for attention, or simply
generally causing distraction and therefore increasing the probability of errors;
another hypothesised role of the ACC. Therefore, strong activation may be seen in
areas such as the ACC during performance of the task in an fMRI scanner which
would not occur in a normal laboratory setting.

Cho, Park, Kim, Chung, Chung, et al. (1997) investigated acoustic noise levels during
an MRI scan, including pulse sequences such as Spin-Echo, Gradient-Echo, and
Echo-Planar Imaging (EPI). The authors noticed that acoustic noise and their
frequency distributions, as well as altering with the changing image acquisition
methods, are reliant on the type of scanner being used, and in particular, the coil
structures and supports within the scanner. They recommend a variety of noise
reduction techniques which would ultimately make the fMRI a less intimidating
experience. They propose suggestions such as redesigning the gradient coil currently
in a typical MRI scanner, or developing new, quieter imaging sequences.

Ultimately, the effects of the fMRI simulator did not significantly impair performance
on the VWM task, and it is likely that behavioural data within an fMRI scanner does
accurately reflect every day VWM performance in a more natural setting. It is
important to take into account that our results can only be applied to visual memory

tasks. If a similar experiment were to be performed using a verbal memory task, the
acoustic noise may be more likely to interfere with the retention of this information.
However, as this was a purely behavioural study, the results cannot reassure us that
activation patterns are comparable between performance in an fMRI scanner and a
laboratory. The issues previously discussed, such as posture, high background noise
levels, claustrophobic conditions, remain a likely confound for obtaining an accurate
activation profile.

4.2 Visual Working Memory

4.2.1. Change Detection Performance
We used a change detection task to investigate the impact of the fMRI environment
on cognition. This also had the advantage of allowing us insight into the intricate
workings of VWM. The task had three conditions: Shape, Feature, and Binding. The
Shape condition was an array of 4 black shapes, the Feature condition was an array of
4 black shapes and 4 colour splatters, and the Binding condition was an array of 4
coloured shapes.

There was a significant difference in performance between the conditions of the
VWM task. Participants scored higher on the Shape condition. This result could be
due to two characteristics of this condition. Firstly, it was the only condition in the
task to involve only one type of change; two of the black shapes swapping locations.
Therefore participants only had to look for one type of possible change. This
consequently reduced the exertion on many aspects of the task compared to the other
conditions, not only decreasing the amount of work that had to be done to complete a
trial, but also reduced the memory load for instructions.

The Binding condition had two possible types of change. The changes were either
that two of the objects in the array would swap colours, or two of the objects would
swap locations with the colours remaining in the same location. This clearly involved
more cognitive effort on behalf of the participants due to the requirement to hold two
different rules for the change detection task in memory, while simultaneously
performing the task. It also required participants to be alert to two possibilities for
change. This may explain the difference in performance between the binding

condition and the shape condition. The difference could also be due to the number of
items to be stored in VWM in these conditions. The ‘Feature-Integration Theory’
would evaluate this difference as being due to the number of items between the two
conditions, namely the Shape condition only requires four items to be held in VWM,
while the Binding Condition requires eight items to be held. However, this theory is
counteracted by the significantly poorer performance in the Feature condition.

The Feature condition also requires two rules of change to be held throughout the
duration of the task, the two possible changes being either two of the black shapes
swapping location, or two of the colour splatters swapping location. Comparing
performance between this condition and the Binding condition will allow us to
differentiate between 'Feature-Integration Theory’ and the ‘Object-Unit Theory’. If
performance on these two conditions is similar, this would support the former theory,
indicating that all features are stored separately in memory. Performance would be
expected to be worse in the Binding condition due to the extra demand of attention
being necessary to hold the features together in bound representations. However, our
perceived results indicate the opposite of this assumption. Performance in the Feature
condition was significantly poorer than both the Shape and the Binding conditions.
These results disagree with reports such as Wheeler and Treisman (2002), debunking
the ‘Feature-Integration Theory’. The minimal difference between the Shape
condition and the Binding condition supports the ‘Object-Unit Hypothesis’,
suggesting that complex multiple-feature objects are stored as one bound
representation in VWM, supporting work such as Luck and Vogel (1997).
There was a small, yet significant difference between the Shape condition and the
Binding condition, with participants scoring higher in the Shape condition. However,
this is to be expected. It is likely that, although multiple-feature objects are stored as
one bound representation, their complexity still makes it more difficult for them to be
remembered when compared to the memory capacity of a simple single-feature
object. Furthermore, the fact that there were two possible changes that could occur
during the Binding condition compared to only one possible change in the Shape
condition. The additional undertaking of remembering both of these possible
changes, as well as looking for both of them simultaneously, is an added pressure
during the Binding condition, which could result in this slight deterioration in
performance.

4.2.2. The Role of Attention
This study was also investigating the effects of attentional demands on the storage of
objects in VWM. There has been speculation about the role of attention in the
binding of features in VWM. Previous literature has used exogenous cues when
testing the role of attention in feature binding (Gajewski and Brockmole, 2006), or
had participants perform an unrelated concurrent task while performing the visual
memory task (Allen et al., 2006). This study used the fMRI simulator as the ultimate
external stressor, with the assumption that the aspects of its environment, such as the
high noise levels, claustrophobic conditions, and the necessity to perform the task in
the supine position, would act as intense external distracters. If attention was
necessary for feature binding in VWM, it is presumed that this external stressor would
significantly undermine performance in the binding condition of this task when
performance was compared to a normal laboratory setting. However, the results or
our study show no difference in performance between the environments, indicating
that a high level of attention does not seem to be necessary for feature binding in
VWM, suggesting that binding is a reasonably automatic process.

4.2.3. Strategies
Articulatory suppression was used to ensure that performance on the change detection
task relied entirely on visual memory, by occupying the phonological loop with the
constant repetition of random pairs of numbers. This also minimised the use of
different tactics by individual participants. However, this technique does not
completely eliminate the use of different strategies. When participants were asked
about the task, many of them reported using certain strategies for certain conditions.
For the Shape condition, many participants reported that they only focused on three of
the objects, as this would be enough to recognise a change in the test array. However,
not all participants did this. Neurologically, this could result in differential patterns of
activation; behaviourally, it may cause discrepancies within the data between the
subjects who did employ this strategy and those who did not. Further strategies were
reported for the other conditions. During the Feature condition, some subjects
reported that they focused on either the colour splatters or the black shapes, and would
switch their focus throughout the experiment; others reported only being able to focus
on the colours, while one participant stated that they focused on the objects on one

half of the display screen. These differential reports of strategies have serious
implications, and emphasise the need for caution when interpreting results, both
behaviourally and neurologically.

The change detection task focused on the element of location being the one changing
aspect of the visual array. In the Shape condition, a change consists of two of the
black shapes swapping location. In the Feature condition, a change can either be two
of the black shapes swapping location, or two of the colour splatters swapping
location. In the Binding condition, a change can either be two of the shapes swapping
colour (or technically two of the colours swapping location), or two of the shapes
swapping location (while their colour fills remain in the same position). Therefore,
this study controls for the changing feature involved in the change detection task
across trials, and also the level of difficulty of the change. Features are specific in
their complexity. As has been previously discussed, location is the most complex of
all object features due to its only recognisable factors being its relative position to
other objects or to the boundaries of the screen (Kemps, 1999). This study, therefore,
investigated the effects of the ultimate external stressor on the change detection of one
of the most complex features in object feature-binding. The conclusive results
indicating that the fMRI environment does not have a significant effect on a change
detection task centring around one of the most complex, and most likely, cognitively
fragile features strengthens our argument that high levels of attention are not
necessary for feature binding.

The data suggest a trend for practice effects within the Shape condition. This could
be further evidence pointing towards differential strategy use. It is possible that
participants develop a strategy in their first experimental session, which they then
carry forward to their second session. However, it is strange that the same logic
cannot be applied to either the Feature condition or the Binding condition. In fact, the
opposite appears to be true for the Binding condition, with a demonstrated trend for
participants’ performance to worsen in their second experimental session. There are
no apparent trends for the Feature condition, suggesting that participants in general
did not develop a strategy, and simply found the condition taxing in both sessions.
An alternative possibility is that an automatic strategy was formed at the beginning of

the first session, for example only focusing on colours, and was used throughout the
experiment.

The present study indicates that the fMRI environment does not have a significant
effect on cognitive performance on a VWM task. However, the results are
approaching significance, and there is a general trend for participants to perform less
well within the scanner. Perhaps the fMRI environment does not affect the rate of
correct responses on a task, however it may require participants to concentrate more,
and generally make the task more difficult for them. This would tie in with
participants’ subjective feedback which was offered after the experiment. Most of the
participants believed that they made significantly more mistakes when in the
simulator, suggesting that they experienced more difficulty with the task. Analysis of
the number of correct responses suggests that, objectively, the environment does not
have a negative impact on performance, however it is very likely that participants
could become easily distracted and have to work much harder to complete the task or
indeed initiate different strategies.

Mazard et al. (2002) reported their participants’ subjective reports of their
performance in a silent condition compared to a noisy condition, thought to emulate
the noise levels of fMRI acoustic noise. Participants reported that, when performing
the imagery task in silent conditions, they experienced no problems with either the
formation or the retention of their mental images. However, in the noisy conditions,
they claim to have experienced difficulty in the retention of their images. Although
our analysis does not indicate any difficulty in the maintenance of images in VWM in
the fMRI environment, it is probable that participants had to exert more cognitive
effort when performing the task in this environment, resulting in their belief that they
made more errors.

4.3. Future Directions
Further research must be conducted into the environmental effects of the fMRI
scanner on other aspects of cognitive performance. Areas such as verbal working
memory may be more influenced by the high noise levels, as they might interfere with
auditory stimuli. Other areas of cognition that do not rely on memory should also be

tested. Aspects such as visual imagery, mental arithmetic, or intelligence to name but
a few could be the focus of future research.

Another future direction may be to separate the features of the fMRI environment, and
investigate the individual effects of noise, postural constraints, and claustrophobia on
cognition. This would allow deeper insight into exactly which aspect of the imaging
process are most detrimental to cognitive performance and would lead the way in the
development of more advanced and patient-friendly fMRI scanners.

4.4. Conclusion

This study suggests that the fMRI environment may have a negative impact on
cognitive performance, shown by trends in the data. However, these trends were not
significant. Further research is needed in this area, focusing on additional aspects of
cognition, such as verbal memory, or other executive processes.
This study also offers an insight into Visual Working Memory. From the results of
our change detection task, it is clear that complex objects are held as one unified
representation in memory, supporting the work of Luck and Vogel (1997). The fMRI
simulator acted as the ultimate distracter of attention for a change detection task, yet
this distraction did not interfere with feature binding in VWM. These results disagree
with Wheeler and Treisman, (2002) indicating that high levels of attention are not
necessary to hold features together in bound representations in Working Memory.

5. Appendices
Appendix A: Photographs of the fMRI simulator used in this report.

Appendix B: Photograph of response glove used in fMRI simulator

Appendix C: Photograph of the laboratory setting
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