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Abstract

The primary symptom of fibromyalgia (FM) is chronic, widespread pain; however, patients report
additional symptoms including decreased concentration and memory. Performance based deficits
are seen mainly in tests of working memory and executive function. Neural correlates of executive
function were investigated in 18 FM patients and 14 age-matched HCs during a simple go/no-go
task (response inhibition) while they underwent functional magnetic resonance imaging (fMRI).
Performance was not different between FM and HC, in either reaction time or accuracy. However,
fMRI revealed that FM patients had lower activation in the right pre-motor cortex, supplementary
motor area (SMA), mid cingulate cortex (MCC), putamen and, after controlling for anxiety, in the
right insular cortex (IC) and right inferior frontal gyrus (IFG). A hyper-activation in FM patients
was seen in the right inferior temporal gyrus/fusiform gyrus. Despite the same RTs and accuracy,
FM patients show less brain activation in cortical structures in the inhibition network (specifically
in areas involved in response selection/motor preparation) and the attention network along with
increased activation in brain areas not normally part of the inhibition network. We hypothesize
that response -inhibition and pain perception may rely on partially overlapping networks, and that
in chronic pain patients resources taken up by pain processing may not be available for executive
functioning tasks such as response inhibition. Compensatory cortical plasticity may be required to
achieve performance on par with control groups.
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Per spective: Neural activation (fMRI) during response inhibition was measured in fibromyalgia patients and controls. FM patients
show lower activation in the inhibition and attention networks and increased activation in other areas. Inhibition and pain perception
may use overlapping networks: resources taken up by pain processing may be unavailable for other processes.
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Introduction

The primary symptom of fibromyalgia (FM) is chronic, widespread pain accompanied by
diffuse tenderness.*8: 49 Individuals with FM, however, often report additional complaints
and symptoms including perturbed mood, fatigue, disturbed sleep, reduced functional status,
stiffness, and problems with concentration and memory.18: 19. 29 This latter complaint,
problems with memory and concentration is termed “fibrofog” in patient parlance and
“dyscognition” in the medical literature. Performance based tests of dyscognition in FM find
deficits in working memory, executive control and attention.12: 13 18. 26, 32 These deficits are
most often found in tasks with high demands on attention (e.g., when distraction is present).
Performance differences are not always observed in less demanding tasks.

Executive control is an umbrella term for many cognitive processes, including maintenance
of long-term goals, planning, the ability to ignore distracting information, and to suppress
inappropriate responses. As such, executive control is an important part of the working
memory system, responsible for maintaining relevant items in the short-term memory store,
removing items no longer needed, and ignoring items that are not relevant to the task at
hand. Since individuals with FM rarely perform poorly on tests of short-term memory
storage,23 26 it is likely that memory problems in FM are attributable to deficits in executive
functions. Likewise, executive deficits in the ability to inhibit pre-potent or habitual
responses may contribute to the poor performance observed in FM on attention control
tests.12. 13, 18, 26 Fyrthermore, failures in executive function leading to a susceptibility to
distraction could make cognitive problems very troubling for FM patients in real-world
settings where distractions are ubiquitous.1? 13 Thus, neuroimaging studies of brain function
during executive function tasks could be very informative about the nature of cognitive
dysfunction in these patients.

Several neuroimaging studies have documented altered brain activity in FM compared to
healthy controls (HC) during painful stimulation; (i.e. individuals with FM showed
augmented activity in cortical areas of the brain associated with pain perception).3: 9 20
Specifically, the magnitude of the neuronal activation in these cortical regions involved in
pain processing was greater than seen in controls given the same intensity stimulus. It is
important to note that many cortical regions involved in the processing of pain are also
involved in other sensory and cognitive tasks (i.e. prefrontal cortex, anterior and mid
cingulate cortex (ACC and MCC), supplementary motor area (SMA), and insula cortex
(1C)).1 Along these lines it has been suggested that individuals with FM experience
cognitive problems when these overlapping brain systems are preferentially engaged in
processing painful stimuli.36 This idea has been supported by neuroimaging findings from
studies conducted in chronic fatigue syndrome (CFS), a condition similar to FM that also
includes cognitive problems, fatigue and often wide-spread pain. In particular, these studies
show a pattern of increased activity in multiple brain areas during effortful working memory
tasks in patients that exceed that of HCs.> 10. 24 Thus, the patients demonstrated a pattern of
recruiting additional or atypical cortical areas compared to HC in order to perform the same
task. A similar finding would be expected in FM where the influence of pain would be
expected to be more profound. In addition, behavioural tests of cognitive function in FM
frequently show a negative correlation with reported level of pain, although it should be
noted that this relationship is not always observed and some studies also find negative
correlations with depression, anxiety and fatigue.

In order to investigate neural correlates of executive functioning in individuals with FM
during a cognitive task, we administered the Go/NoGo task (a test of response inhibition)?1,
to a group of individuals with FM and a group of HCs while undergoing functional magnetic
resonance imaging. This simple and easy task was chosen so that FM patients could perform
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as well as the controls, albeit requiring different levels of effort/neural processing. In
contrast, a more difficult task where the patients would not be able to perform as well as
controls would limit our inferences regarding mechanisms. Go/NoGo tasks involve speeded
reactions, usually key presses, in response to stimuli (the Go trials). On some trials, a
stimulus is presented that indicates participants should withhold their response (the NoGo
trials). Since the Go trials are more numerous than the NoGo trials, participants build up a
prepotency to respond, and thus have to actively inhibit a response on the NoGo trials. Prior
research using such tasks has revealed a pattern of neural activation and de-activation in
healthy participants during trials where the reaction is withheld. The brain areas commonly
involved in this response-inhibition network include the right inferior frontal cortex (IFC),
the SMA, the pre-SMA, the ACC, and structures of the basal ganglia (caudate and
subthalamic nucleus).8: 15 35 Although there is some debate about the specific roles that
each of these brain areas fills during response inhibition, it appears that the IFC responds to
the NoGo stimulus and facilitates the inhibitory processes carried out via the pre-SMA,
SMA, and basal ganglia structures. Medial frontal areas such as the ACC appear to be
involved in error detection and resolving competing response options. Given that the pain
system and the response inhibition network share common resources, such as structures in
the medial frontal wall, (i.e. the SMA, and the ACC)! we hypothesized that the pattern of
neural activity in FM patients would differ from controls during the NoGo trials.
Specifically, individuals with FM may be actively engaging this network for both NoGo
response inhibition and for pain processing/inhibition. If this is the case, the subtraction of
Go trials activation from NoGo trials activation will result in lower activation levels in these
areas among the FM patients.

To summarize, although competition for this network’s resources could result in increased
errors on the NoGo trials, on this simple taskwe expect to find comparable performance
withutilization of expanded cortical resources not common to HC. Thus we expected to find
that FM patients would show an activation pattern with less activation in the response-
inhibition network, but increased activation in other cortical areas. Furthermore, we
investigated correlations between neural activation in FM patients during response inhibition
and several symptom categories (fatigue, depression and anxiety). These factors are often
negatively correlated with performance on cognitive tasks. We did not have a priori
hypotheses about the direction of relationship between various brain areas and these
symptom categories. As a final step, we conducted post-hoc analyses of functional
connectivity in cortical areas where FM patients showed greater activation than HC. This
allows further exploration of possible compensating mechanisms in FM that can be
investigated in future studies.

We investigated 18 individuals with FM and 14 age-matched HCs. Initially 20 individuals
with FM and 16 HCs were consented for participation. One individual with FM was
excluded due to a misunderstanding of the Go/NoGo instructions. The other three
participants (1 FM, 2 HC) were excluded due to mechanical failures in collecting the Go/
NoGo data in the context of the fMRI scanner. All participants were taking part in a larger
randomized controlled clinical treatment trial for FM in which a subset of participants
underwent baseline neuroimaging. This study was conducted within the Chronic Pain and
Fatigue Research Center (CPFRC) at the University of Michigan. The study sample was
drawn from a registry of individuals diagnosed with FM who had previously indicated
interest in participating in clinical research within the Center. The study was conducted in
accordance with the Institutional Review Boards of the University of Michigan, and the
Department of Defense (co-sponsor). All participants were females.
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In order to participate in the study, individuals with FM needed to (1) fulfill the American
College of Rheumatology (ACR) research classification criteria for FM,*9 (2) be 18 years of
age, and (3) be under the standard medical care of a physician for FM. Participants were
ineligible if they had any of the following: (1) a severe physical impairment (e.g., complete
blindness, or deafness, paraplegia) or co-existing physical injury (e.g. sprained ankle, neck
injury etc.), (2) co-morbid medical illnesses (e.g. morbid obesity, autoimmune diseases,
cardiopulmonary disorders, uncontrolled endocrine or allergic disorders or malignancy
within 2 years, (3) any present psychiatric disorder involving a history of psychosis, current
suicide risk or attempt within 2 years of the study, or substance abuse within 2 years, and (4)
a pending status associated with disability or the receipt of disability compensation for less
than two years. HCs needed to meet the same inclusion/exclusion criteria except for meeting
ACR criteria for FM.

Demographic and clinical data

The following clinical features were assessed: (1) demographics (i.e., age, education), (2)
pain (i.e., average weekly pain intensity and percentage bodily pain distribution), (3) mood
(depression and anxiety), and (4) co-occuring symptoms (i.e. medical symptoms, fatigue,
somnolence, and perceived cognitive difficulties).

Demographics — a standardized demographics form was used to record age, education, and
sex (i.e., all female in this study) as well medical status.

Clinical Pain— pain was assessed using a patient experience diary (PED), a Palm Pilot-like
device programmed to collect pain ratings 68 times per day on a real-time random basis.
This approach to clinical pain assessment is considered to be superior methodologically to a
single weekly recall of pain intensity.44 Data was then aggregated to determine the weekly
average pain rating ranging between “0” for “no pain” and “100” for “extreme pain”.
Participants were also asked to complete a body map from the Brief Pain Inventory (BPI)’
which was segmented into 70 body regions that could be shaded to indicate the presence of
pain. The percentage of the body regions (%BR) that were shaded indicated the extent to
which pain was localized or wide-spread, an approach similar to that being used for the
clinical gagnosis of fibromyalgia using the new American College of Rheumatology
criteria.

Mood - State depression was assessed using the Center for Epidemiological Studies-
Depression Scale ((CES-D).3* The CES-D is a 20-item self-report instrument that was
developed by the National Institute of Mental Health to detect major or clinical depression
in adolescents and adults in both clinical (medical) or normal populations. The questions are
easily interpreted and address most of the areas included in the diagnostic criteria for
depression. Most commonly a single summary score is obtained with a cut-off of 16 used to
indicate a high degree of depressive symptoms. The CES-D has been used in urban and rural
populations, and in cross-cultural studies of depression. Studies using the CES-D indicate
that it has very good internal consistency, acceptable test-retest stability, and construct
validity (Hertzog, Van Alstine, Usala, Hultsch, & Dixon, 1990).

State anxiety was assessed using the State-Trait Personality Inventory (STPI), a refinement
of the State-Trait Anxiety Inventory.4? The STPI is an 80-item self-report questionnaire with
eight 10-item scales for measuring state and trait anxiety, anger, depression, and curiosity.
For purposes of this study, a subset of 20-items were used to assess state anxiety. The STPI
retains the strong psychometric properties for the assessment of anxiety found in the State-
Trait Anxiety Inventory.*!

J Pain. Author manuscript; available in PMC 2013 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Glass et al.

Page 5

Co-occuring symptoms — Medical symptoms that commonly co-occur with FM were
assessed with the Complex Medical Symptom Inventory (CMSI),4” a 48-item checklist.
based upon the diagnostic criteria for commonly co-morbid conditions such as chronic
fatigue syndrome, irritable bowel syndrome, headache, etc. The checklist can be summed to
reveal a metric of symptom burden.

Mental fatigue was assessed using the Multidimensional Fatigue Inventory (MFI).39 The
MFI contains 20-items and has 5 factor analytically confirmed subscales assessing general
fatigue, physical fatigue, reduced activity, reduced motivation, and mental fatigue. The MFI
differs from other multidimensional fatigue measures by purposely retaining a relatively
short list of items, and by eliminating somatic items. The mental fatigue scale is one of the
five independent fatigue dimensions assessed by this instrument. Support exists for the valid
use of this instrument in the assessment of fatigue in individuals with FM.16. 27

Somnolence (i.e., daytime sleepiness), was assessed by the corresponding scale from MOS
Sleep Scale.*2 The Medical Outcomes Study Sleep Scale (MOS Sleep Scale) was originally
developed as part of the Medical Outcomes Study (MOS) which was a four-year
observational study of health outcomes for chronically ill patients. The MOS Sleep Scale
represents the portion of this larger assessment protocol that specifically focused upon
sleep.%3 The MOS Sleep Scale is a non-disease specific measure of multiple aspects of sleep
problems. The instrument contains 12 items that can be scored to reveal 6 subscales, one of
which is somnolence. Support for valid use of the MOS Sleep Scale comes from numerous
clinical studies including those specific to FM.4

Perceived cognitive difficulties were assessed using the Multiple Abilities Self-Report
Questionnaire (MASQ).3” The MASQ was purposely designed to assess the self-perception
of cognitive difficulties in contrast to the more traditional “objective” neuropsychological
assessment by a clinician.3” The MASQ contains items about perceived cognitive
difficulties in 5 domains of clinical neuropsychological evaluation (i.e., Language, Visual-
Perceptual ability (VP), Verbal Memory, Visual-Spatial Memory (VSM), and Attention/
Concentration (AC). A total MASQ score can be derived that combines each of these areas
of perceived cognitive problems. Support for the psychometric integrity of the MASQ is
found in the original publication.3’

2.3 Data acquisition and analysis

2.3.1 fMRI Task—A Go/NoGo task was used to probe response inhibition. Participants
were instructed to respond to target letters (i.e letters other than X) by pressing a button (Go
trials) but make no response to infrequent non-target stimuli (i.e., X; NoGo trials). Stimulus
duration was 500 msec, followed by a 3500 msec screen with a fixation cross. There were
five runs of 49 trials, each lasting 3 min 24 sec and containing 11, 12, or 13 NoGo trials (a
total of 60 NoGo trials out of 245 total trials). Before scanning, all participants had a
practice session of 49 trials on a desktop computer. False-alarm rate (i.e. responding to the
NoGo signal) and reaction times (RTs) for correct responses were calculated as performance
measures.

2.3.2 MRI Data acquisition—Whole-brain BOLD functional images were acquired on a
3.0 Tesla GE Signa scanner (Milwaukee, Wisconsin) using T2* weighted single-shot
combined spiral in-out sequence with the following parameters: TR = 2000 msec, TE = 30
msec, FA = 90°, FOV =200 mm, matrix size = 64 x 64; in plane resolution = 3.12 mx 3.12
mm, and slice thickness = 4 mm. The entire volume of 29 axial slices was acquired every 2
sec. Participants’ motion was minimized using foam pads placed around the head along with
a forehead strap.

J Pain. Author manuscript; available in PMC 2013 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Glass et al.

Page 6

2.3.3 Pre-processing and statistical analyses—Data were quality checked, pre-
processed and analyzed using SPM (Statistical Parametric Mapping) software packages,
version 5 (Functional Imaging Laboratories, London, UK), running under Matlab 7.5b
(Mathworks, Sherborn, MA, USA). Pre-processing steps included motion correction
(realignment to the first image of the time series), normalization to the standard SPM - EPI
template (generating 2 x 2 x 2 mm resolution images) and smoothing (convolution with a 6
mm FWHM Gaussian Kernel).

First level analyses were performed using the general linear model implemented in SPM.
Three regressors of interest (i.e. (1) all Go trials, (2) correct NoGo trials, and (3) failed
NoGo trials) were convolved with the canonical hemodynamic response function, with event
duration of 4 sec from stimulus presentation. Motion parameters were modelled as
regressors of no interest. The main contrast of interest was a model of inhibition (i.e. correct
NoGeo trials versus Go trials), as described in previous studies.?! First level analysis was
performed by linearly combining parameter estimates over all five runs of the task. Failed
NoGo trials were not included in the analysis. A random effect model was used for second
level analyses. The following analyses were performed:

Analyses 1a and 1b — to find statistically significant group differences in inhibition
associated brain activation: ANCOVAs (Analysis 1a: two sample t-test, with age as a
covariate of no interest; Analysis 1b: two sample t-test with age and anxiety as covariates of
no interest).

Analyses 2a, 2b, 2¢c and 2d — to delineate associations between behavioural measures (pain
intensity, percentage body area in pain, depression, anxiety and mental fatigue) and brain
activation related to inhibition (i.e. NoGo > Go) in individuals with FM. To this end, linear
regression analyses with PED, %BR, mental fatigue, depression and anxiety scores as
predictors and brain activation associated with inhibition (i.e. NoGo > Go) as dependent
variable were performed. Age was included as a covariate in all analyses.

Analysis 3 was performed as a post hoc analysis to investigate functional connectivity (fc)
of the right inferior temporal gyrus/fusiform gyrus, a region where individuals with FM
showed more inhibition associated activity than HCs (see results section below), in order to
further explore possible compensating mechanisms in FM. To accomplish this, a seed region
(SR, cluster of hyper-activation in FM in the right inferior temporal gyrus/fusiform gyrus,
see also results of Analysis 1a and 1b) was created using MarsBaR-software (http://
marsbar.sourceforge.net). Connectivity analyses were performed using SPM (Statistical
Parametric Mapping) software packages, version 8 (Functional Imaging Laboratories,
London, UK), as well as the functional connectivity toolbox Conn (Cognitive and Affective
Neuroscience Laboratory, Massachusetts Institute of Technology, Cambridge, USA, http://
www.nitrc.org/). For first level analyses, the SR signal was correlated with voxel signal
throughout the whole brain, thereby creating SR-to-voxel connectivity maps (i.e. one map
for each individual). Connectivity maps were then used for second level (random effects)
analysis (i.e. Analysis 3), determining the interaction between task (NoGo > Go) x group
(FM > HC).

All statistical maps were corrected for multiple comparisons on the cluster level (p < 0.05,
derived from an uncorrected p < 0.005 on the voxel level, with a cluster extent of 92
contiguous voxels, as estimated by the AlphaSim application (http://afni.nimh.nih.gov/afni/
doc/manual/AlphaSim), implemented in the Analysis of Functional Neurolmages (AFNI)
software.
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3 Results

3.1 Subjects and behavioural data

Table 1 displays a comparison of the FM and HC groups with respect to each of the
demographic and clinical variables assessed in this study. There was no significant
difference in age between the FM sample (43.6 years) and the HC group (41.1 years, p >
0.5). As would be expected, the FM group did differ statistically from the HC group on most
clinical variables by demonstrating more medical symptoms, more depressive and anxiety
symptoms, more mental fatigue, more somnolence and more perceived cognitive problems.
For the patient sample, the mean duration of FM was 9.1 years with an average pain
intensity of 52.7 on a 0-100 point scale (SD = 17.4); see Table 1 for all mean values and
statistical comparisons.

3.2 Performance in the Go-NoGo task

As shown in Table 1 and Figure 1, as we hypothesized, there were no significant differences
between FM and HC groups in mean RT (577.50 vs 570.63 msec, respectively, F(1, 30) =
0.117, p =.735) and in mean false alarms (2.78 vs 3.20 false alarms, respectively, F (1,30) =
0.146, p = .705) of the Go/NoGo task. Furthermore, there was no effect of run block on RT,
nor was there a run block by group interaction. Similar results were seen for false alarms,
with no effect of run block and no run block by group interaction. There was a non-
significant trend for false alarms to be higher during the first run block in both groups.

Correlations between Go/NoGo performance and symptoms of pain, depression, anxiety,
sleepiness, mental fatigue and self-reported cognitive function were calculated. There were
no significant correlations between RT or false alarms and any other variables.

3.3 Brain activation during response inhibition

Direct comparison of brain activation associated with inhibition (NoGo > Go) between the
FM and HC groups (Analysis 1a) revealed several areas of significantly decreased activation
in the FM group: mid-cingulate cortex (MCC)/SMA bilaterally, right premotor/precentral
cortex (middle frontal gyrus, BA 6/9), right inferior parietal lobule, left dorsolateral
prefrontal cortex (middle frontal gyrus, BA 9) and left lentiform nucleus. On the other hand,
FM patients showed /ncreased activation in the right inferior temporal gyrus/fusiform gyrus.
When anxiety was controlled as a covariate (Analysis 1b), additional hypo-activations in the
FM group were seen in the right insular cortex and in the left putamen. The hypoactivation
in the right inferior parietal lobe, however, was no longer significant. Overall, hypo-
activations were more pronounced in FM after controlling for anxiety, as was the hyper-
activation in the right inferior temporal gyrus/fusiform gyrus. For details see Table 2a, as
well as Figure 2a—d.

Correlation analyses within the FM group with pain intensity, percentage body area in pain
(%BR) and anxiety (Analyses 2a, 2b, 2c and 2d) yielded the following results (see Table 2b
and Figure 3). At the previously determined extent threshold (92 voxels) neither pain
intensity nor %BR scores showed a positive or negative association with bold response,
however a negative correlation between %BR scores and BOLD response, with a cluster
extent of 72 voxels, was observed in the midbrain (right lateral tegmentum) in the FM
group, projecting to the nucleus cuneiformis and extending medially to the periaqueductal
gray (PAG) and the nucleus coeruleus (NC) (peak voxel: x =12,y =-28,z=-18, k=72
voxel). Due to its high peak voxel z-value and the fact that brainstem structures, because of
their small anatomical extension (compared to cortical structures) are less likely to show as
many contiguous voxels, this finding is reported as a trend and will be briefly commented on
in the discussion.
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Anxiety scores correlated positively with BOLD response in the right IC, right IFG, right
ACC, right superior frontal gyrus, putamen bilaterally, and left middle/superior temporal
gyrus. Anxiety scores were negatively correlated with inhibition associated BOLD response
in the gyrus rectus bilaterally, superior frontal gyrus bilaterally (BA 9/10) and right inferior
temporal gyrus/fusiform gyrus.

Mental fatigue correlated positively with BOLD response in the left IC and putamen; a
negative correlation was observed in the right inferior temporal gyrus/fusiform gyrus, the
right orbitofrontal cortex and the left cerebellum.

Functional connectivity analysis with the SR in the right inferior temporal gyrus/fusiform
gyrus (Analysis 3) revealed an increased connectivity between this region and the ACC and
medial frontal gyrus in FM patients, projecting to the preSMA, as compared to HCs during
inhibition (NoGo > Go, see also Table 2b).

4 Discussion

To our knowledge this is the first study investigating neural correlates of executive
functioning (i.e., inhibition) in individuals with FM using fMRI. Behaviourally, the groups
showed no differences in RTs and/or accuracy. This is not surprising, given that a simple
Go/NoGo paradigm was used, and deficits in performance in individuals with FM are
typically only seen on very demanding tasks.18 26 FMRI analyses on the other hand
revealed significant differences between the FM and HC groups with a hypo-activation in
FM in the pre-motor cortex, SMA, MCC, putamen, and after controlling for anxiety in the
right IC. Hyper-activation was seen in the right inferior temporal gurys/fusiform gyrus.
Overall differences were more pronounced when anxiety was controlled for as a covariate,
(i.e., anxiety influenced brain activation associated with inhibition in FM in a manner more
similar to that seen in HCs). Conversely, correlation analyses in FM showed a positive
association between anxiety scores and brain activation in the right IC and IFG.

Medial frontal wall, premotor cortex and inferior frontal gyrus

In recent years the cerebral activation involved in re-orienting and response inhibition has
been extensively investigated with a variety of brain imaging tools, such as fMRI, PET and
MEG.! The brain areas most commonly associated with response inhibition include several
structures in the medial frontal wall (e.g. SMA, the pre-SMA, the anterior cingulate cortex
(ACQ)), the premotor cortex, the right ventrolateral cortex (especially the IFC), and
subcortical structures like the caudate and the subthalamic nucleus (STN).11 15,30 Cyrrent
research now focuses on pinpointing the brain regions that contribute specifically to certain
aspects of inhibition, such as attention, decision making and motor response selection
(specialisation). On the other hand it becomes increasingly clear that the brain is organized
in different networks and along these lines the term /nhibition network has been used
(integration).11: 15 |t should be noted however that depending on the methodological
approach, different authors have defined networks (and their structural parts) differently, and
often cortical regions participate in several networks. For example the ACC and IC are both
parts of the pain system, the salience network and a presumed control network;14 the right
anterior IC and IFG, together with the temporo-parietal cortex make up key components of
the ventral attention system, while the (right) frontal eye field (in the premotor cortex) and
the inferior parietal lobule are components of the dorsal attention system; the middle frontal
gyrus in turn seems to be, at least at resting state, a link between the two attention
networks.11

Based on the current literature in FM?28 and on the fact that the role of the medial frontal
wall in both inhibition and pain perception is well established, we had hypothesized to find
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altered brain activity in FM patients in this region. Indeed one of the areas showing less
activation in FM patients projected to the posterior ACC, MCC and SMA. While the SMA is
tightly connected (structurally) with the motor cortex and thought to be involved in planning
of motor action, the pre-SMA is supposed to play a critical role in action control and
response selection. Connectivity analyses (for inhibition tasks) now suggest that the pre-
SMA receives input from the premotor cortex and the IFC (as part of the ventral attention
system) and projects to the caudate nucleus (basal circuitry).1> Activation of the ACC on the
other hand has often been attributed to task relevant parameters such as attention, control
and error detection.3® Given that this area is also critically involved in pain perception, in
fact being a key structure within the medial pain system with a pivotal role in stimulus
evaluation,33 45 we hypothesize that individuals with FM show decreased BOLD response
associated with inhibition, because resources are taken up by ongoing neural activity
associated with pain perception.

Patients also showed a decreased BOLD response in the premotor cortex, projecting close to
the right frontal eye field, and the right inferior parietal cortex; both regions are part of the
dorsal attention network. Interestingly, recent imaging studies have provided evidence for
altered resting state networks, including the executive attention network, in chronic pain
patients.b: 31 For example Napadow et al. found that pain in FM correlated with intrinsic
connectivity between the IC and the right executive attention network, indicating that the
executive attention network is hyper-integrated in the pain system.31 The current study is
now the first to provide evidence for a task related hypo-activation of this system.

Two other regions that showed hypo-activation in FM were the IFG and the IC. As outlined
above, both structures are part of the ventral attention system, which is active during the
detection of targets that are both salient and behaviourally relevant (for a review, see
Corbetta and Shulman, 2002).11 Strikingly, anxiety scores correlated positively with the
BOLD response and differences between groups in these regions were significant only after
controlling for anxiety as a covariate of no interest. Mood disturbances such as anxiety and
depressive episodes are commonly associated with FM, and both threat related affect and
anxiety traits have been shown to interfere with cognitive function.22 Interestingly there is
evidence that anxiety is associated with a decrease in sustained activation, but an increase in
transient activation in the right ventrolateral cortex when performing a working memory
task,1” which has been interpreted as brain regions “working harder” to perform at
equivalent levels to those of non-anxious participants. Given that pain and/or other
mechanisms in FM lead to a hypo-activation in the IC and IFG, or even to the disruption of
the attention network, it is conceivable that anxiety in a well defined setting, such as the Go-
NoGo task, partially reverses this process. Critically it must be noted that anxiety and
depression scores were highly correlated (r = 0.88) in our sample (and usually are in FM
cohorts). Even though conceptually, anxiety and depression constitute different constructs, it
was not possible to separate them statistically. Against this background the correlation
analysis between anxiety and BOLD response in the present study should be interpreted in
the light of mood disturbance (rather than anxiety alone).

Inferior temporal gyrus and fusiform gyrus

The inferior temporal gyrus and fusiform gyrus are part of the visual association cortex, and
are as such critically involved in object recognition. With respect to executive functioning,
activation in the fusiform gyrus has been reported in both Go-NoGo (simple and complex)
(for a metanalysis see)38 and working memory paradigms.#: 51 Interestingly MCI patients
have been reported to show increased activation in the fusiform gyrus within different
working memory paradigms, which has been interpreted as the recruitment of additional
neural resources to improve task performance.>0
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Along these lines we hypothesize that recruitment of the inferior temporal gyrus/fusiform
gyrus might be a compensating mechanism for decreased neural resources in the medial
frontal wall and premotor area. Given that this area is related to item recognition, we wonder
whether individuals with FM make up for decreased resources available for response
selection and motor preparation, by engaging in early/effective item recognition.
Intriguingly this area showed increased functional connectivity to the medial frontal gyrus,
projecting to the SMA and preSMA during inhibition (compared to HCs). Of note, the
connectivity clusters were located anterior and above the cluster showing decreased
activation in the MCC/SMA in the cohort analysis. Critically, it must be noted that fc
analyses are based on correlations and cannot be used to determine the directedness of the
signal exchange between seed and target regions. As such the increased connectivity seen in
FM could reflect a top down modulation of the frontal cortex to the visual association
cortex, for example in the context of attentional modulation; on the other hand it is
conceivable that the increased fc is due to an increased bottom up information transfer.
Interestingly, both anxiety and mental fatigue were negatively correlated with activation in
the inferior temporal gyrus/fusiform gyrus, (i.e., it appears that depending on anxiety levels
different neural strategies are adopted). Our data suggest that higher anxiety in FM leads to
increased activity in the IC and IFG, leading to a more normal activation pattern in this area
(compared to HCs). Individuals with FM with low anxiety scores on the other hand,
additionally recruit the right inferior temporal gyrus/fusiform gyrus that connects to the
preSMA. Our data suggest that higher anxiety/fatigue levels in FM lead to increased activity
in the IC and IFG, leading to a more normal activation pattern in this area (compared to
HCs). Individuals with FM with low anxiety/fatigue levels on the other hand, additionally
recruit the right inferior temporal gyrus/fusiform gyrus that connects to the preSMA during
inhibition.

Although not in the primary scope of this investigation and falling slightly short of the
required extent threshold (k = 92 voxels) to correct for multiple comparisons, we would like
to briefly comment on the negative correlation between the extent to which pain is wide-
spread (i.e. %BR) and inhibition related BOLD response found in the right lateral
tegmentum in the FM group. The peak of the cluster projected to the nucleus cuneiformis,
extending medially to the PAG and the NC. For both the nucleus cuneiformis and the PAG
there is strong evidence for a key role in anti-nociception. The NC on the other hand, being a
major brain norepinephrine containing nucleus, is critically involved in mediating phasic
alertness and attention shifting. There is evidence that pain in FM is associated with
dysfunctional antinociceptive systems and it has been suggested that brainstem nuclei may
play a role in this dysfunction.?: 2° Given that the underlying pathophysiology is not
restricted to nociceptive/antinociceptive nuclei, but might include neighbouring and/or
communicating structures involved in attention, it is conceivable that individuals with more
pain, also show less attention associated BOLD response. However, at this stage
assumptions concerning the underlying pathophysiology are rather speculative and further
research with more advanced fMRI techniques is needed to confirm this finding with better
resolution of brainstem structures.

The current study has some limitations that may be addressed in future studies. Although our
sample size is adequate for comparing group neuroimaging differences, more participants
would allow for more in-depth analyses of the contributions of pain, mood, and fatigue to
patterns of neural activation in fibromyalgia. Our functional connectivity analysis was post-
hoc; however, these results lay the groundwork for future connectivity analyses. Finally,
although it was helpful in this initial study to use a cognitive task where performance was
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not different between fibromyalgia patients and healthy controls, it will be more revealing to
examine differences in neural activation on tasks that do show performance differences.
Again, we believe this study lays the groundwork for future neuroimaging studies of
cognitive function in fibromyalgia and other chronic pain disorders.

Taken together our data suggest that despite the same RTs and accuracy, activation in
response to an executive function task is different in individuals with FM than in HCs.
Specifically there is less activation in various cortical structures known to be part of the
inhibition network, especially in the areas involved in response selection and motor
preparation (SMA, premotor cortex), the dorsal attention network (IPL and premotor cortex/
frontal eyefields) and the ventral attention network (IC and IFG). We hypothesize that
inhibition and pain perception rely on partially overlapping networks (with an intersection in
the pACC/MCC/SMA) and that resources taken up by pain processing in chronic pain
patients are not available for the inhibition task. With respect to both equal performance
across groups and increased activity in the inferior temporal cortex/fusiform gyrus seen in
those with FM, our results also indicate a certain (functional) plasticity in FM (as far as this
can be concluded from cross-sectional studies), i.e. the capability to either normalize brain
activity (in the IC and IFG, a process associated with the degree of anxiety) or to recruit
other brain regions to a higher extent, possibly compensating for neural resources less
available elsewhere (i.e. in the medial frontal wall and premotor cortex).

Along these lines more research is needed to further examine various aspects of cognitive
function in FM, and its interaction with clinical pain and other psychophysical factors such
as depression, fatigue, locus of control, etc. To this end, studies that include patients with
mood disorders and/or CSF as a non-pain control group could be very informative. It will be
of special interest to further investigate within longitudinal study designs, whether
improvement in pain leads to normalization in brain activation and re-recruitment in regions
such as the medial frontal wall.
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Figure 1. Go/no-go Reaction Times and False Alarms
Performance measures from the Go/No-Go task for Healthy Controls and individuals with
Fibromyalgia, separated by Run. Error bars reflect standard errors. Figure 1A shows reaction
times for ,,Go* trials: there were no significant differences between FM and HC. Figure 1B
shows false alarms (incorrect responses to the ,,No-Go* trials): there were no significant
differences between FM and HC.

J Pain. Author manuscript; available in PMC 2013 July 18.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Glass et al.

Page 16

LMCC/SMA

x =-10, left mid cingulate cortex y = 8, nght premotor/left mid cingulate cortex

D

x = 44, nght infenor temporal gyrus x = 38, nght insular cortex

Figure 2. Group differencesin brain activation associated with inhibition between fibromyalgia
patients and healthy controls

Statistical parametric maps (SPMs) demonstrating differences between groups associated
with inhibition (NoGo > Go) superimposed on a template provided by MRIcron. Figure 2a,
2b, 2d: greater activation in HCs (HCs > FM). Figure 2c: greater activation in FM patients
(FM > HCs): Figures 2a, 2b and 2c: two sample t-test with age as covariate of no interest.
Figure 2d: two sample t-test with age and anxiety scores as covariates of no interest. IC =
insular cortex, ITG = inferior temporal gyrus, MCC = mid cingulate cortex, PMC =
premotor cortex, SMA = supplementary motor area, L = left, R = right. Figure 2b: the right
side of the image ist he right side of the brain; SPMs are corrected for multiple comparisons
(p < 0.05 cluster level).
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Figure 3. Correlation analysis between BOL D response and per centage body areain pain/
functional connectivity analysis between inhibition associated BOLD responsein theright
inferior temporal gyrusand medial frontal wall

a. SPM demonstrating a negative correlation between %BR in pain and BOLD response in
the brainstem (FM patients). b. greater functional connectivity in fibromyalgia patients
(compared to healthy controls) between right inferior temporal/fusiform gyrus (= seed
region) and MFG (= medial frontal gyrus), SFG (= superior frontal gyrus), and SMA (=
supplementary motor area), L = left, R = right. Figure 2b: the right side of the image is the
right side of the brain; SPMs are corrected for multiple comparisons (p < 0.05 cluster level).
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Table 1
Sample Characteristics
FM HC
(n=18) (n=14) Descriptive differ ences between groups (t-tests)
Demographics
Age (years) 43.6 (9.79) 41.13 (11.91) t=0.67,ns
Education Chi-Square = 0.77, ns
High School 66.7% 64.3%
Some College 5.6% 14.3%
Bachelors degree or higher 27.8% 21.4%
Pain
Average Pain Intensity (PED) 55.4 (15.5) NA NA
% Body Distribution 55.2 (21.46) 1.5 (4.20) t=9.5,p<.001
Allied Symptoms
Medical Symptoms (CMSI) 20.9 (8.32) 0.9 (0.92) t=9.3,p<.001
Depressive Symptoms (CES-D) | 16.28 (9.31) 0.71 (1.27) t=6.2,p<.001
Anxiety (STPI)) 20.1 (5.9) 12.1 (2.13) t=4.9,p<.001
Mental fatigue 12.7 (4.03) 4.7 (.96) t=7.5,p<.001
MOS (Somnolence) 50.0 (24.66) 12.0 (12.90) t=54,p<.001
MASQ 95.6 (18.74) 65.7 (14.4) t=5.1,p<.001
Performance in the Go/NoGo Task
Accurancy (false Go) 2.8 (2.84) 3.2(3.51) t=-0.4,ns
Reaction time (RT) 577.5(151.58) | 570.6 (143.42) | t=0.1,ns

FM = Fibromyalgia, HC = Healthy control, CES-D = Center for Epidemiologic Studies Depression Scale, CMSI = Complex Medical Symptom
Index, MASQ = Multiple Abilities Self-Report Questionnaire, MOS = Medical Outcomes Study Somnolence Questionnaire, PED = Patient
experience diary, STPI = State-Trait Personality Inventory (State anxiety)
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