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Working memory performance is correlated with
local brain morphology in the medial frontal and
anterior cingulate cortex in fibromyalgia patients:
structural correlates of pain—cognition interaction
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Fibromyalgia (FM) is a disorder of unknown aetiology, characterized by chronic widespread pain, stiffness and
sleep disturbances. In addition, patients frequently complain of memory and attention deficits. Accumulating
evidence suggests that FM is associated with CNS dysfunction and with an altered brain morphology.
However, few studies have specifically investigated neuropsychological issues in patients suffering from FM. We
therefore sought to determine whether neuropsychological deficits found in FM patients may be correlated with
changes in local brain morphology specifically in the frontal, temporal or cingulate cortices. Twenty FM patients
underwent extensive testing for potential neuropsychological deficits, which demonstrated significantly reduced
working memory and impaired non-verbal long-term memory (limited to free recall condition) in comparison
with normative data from age- and education-matched control groups. Voxel-based morphometry (VBM) was
used to evaluate for potential correlations between test results and local brain morphology. Performance on
non-verbal working memory was positively correlated with grey matter values in the left dorsolateral prefrontal
cortex, whereas performance on verbal working memory (digit backward) was positively correlated with grey
matter values in the supplementary motor cortex. On the other hand, pain scores were negatively correlated
with grey matter values in the medial frontal gyrus. White matter analyses revealed comparable correlations for
verbal working memory and pain scores in the medial frontal and prefrontal cortex and in the anterior cingulate
cortex. Our data suggest that, in addition to chronic pain, FM patients suffer from neurocognitive deficits that
correlate with local brain morphology in the frontal lobe and anterior cingulate gyrus, which may be interpreted
to indicate structural correlates of pain—cognition interaction.
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Introduction FM, the disorder is frequently associated with depression,
Fibromyalgia (FM) is a disorder of unknown aetiology  fatigue and sleep disturbances (Wolfe et al, 1995). In
(Merskey and Bogduk, 1994), characterized by chronic  addition, patients often complain of memory and attention
widespread musculoskeletal pain, stiffness and multiple  deficits. There are only a few studies that have specifically
tender points. While pain is the defining characteristic of  investigated neuropsychological issues in patients suffering

© The Author (2008). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

220z 18nbny 0z uo1senb Aq Z¢€1262/222E/2L/LEL/eIoIe/UIRIg/WOO dNo dlWepeoe//:sd)y wol) papeojumod



VBM and working memory in chronic pain

from FM, and results remain heterogeneous. Some have
described significant cognitive deficits, mostly in working
memory performance (Park et al., 2001; Dick et al., 2002;
Leavitt and Katz, 2006), others have either failed to
detect such differences (Walitt et al., 2008) or found that
differences between groups disappeared after correcting for
fatigue, pain and depression (Suhr, 2003). For example, Park
et al. (2001) reported memory and vocabulary deficits with
intact processing speed in FM patients. In contrast, Suhr
(2003) suggested that most of the neuropsychological deficits
found in FM can be explained by depression and fatigue.

By some authors FM is considered a stress-related disorder
due to its frequent onset and exacerbation of symptoms in
the context of stressful life events (Clauw and Crofford, 2003;
Mease et al., 2005). However, the specific pathophysiology
responsible for FM remains unknown, and it is a still matter
of debate whether pain in FM patients is predominantly
caused by peripheral or central mechanisms (Vierck, 2006).
Brain imaging studies in FM patients point to alterations in
regional cerebral blood flow (Mountz et al., 1995), in cerebral
processing of sensory and nociceptive stimuli (Gracely et al.,
2002; Cook et al., 2004) and in dopamine response to tonic
pain (Wood et al., 2007). So far, there are two studies that
have specifically investigated brain morphology in FM
patients using voxel-based morphometry (VBM). In a
study that evaluated 10 FM patients and 10 healthy controls,
Kuchinad et al. (2007) found decreased grey matter volume
in several brain regions, including the cingulate, insular and
medial frontal cortices, as well as in the left parahippocampal
gyrus. In contrast, Schmidt-Wilcke et al. (2007) found a
decrease in grey matter in the right superior temporal gyrus
and the left posterior thalamus, as well as an increase in grey
matter in the left cerebellum and in the striatum bilaterally.
Altered brain morphology has been described in various
other clinical pain conditions, including chronic back
pain (Apkarian et al., 2004; Schmidt-Wilcke et al., 2006;
Buckalew et al., 2008), chronic tension type headache
(Schmidt-Wilcke et al., 2005), migraine (Kim et al., 2008;
Schmidt-Wilcke et al., 2008; Valfre et al., 2008) and phantom
limb pain (Draganski et al., 2006). Different pain conditions
appear to be associated with different patterns of altered
brain morphology, and it remains unclear whether prolonged
pain experience causes brain changes or whether an altered
brain morphology predisposes to pain amplification and/or
chronification. However, there are various anatomical sites
that are described time and again that are involved in pain
perception, pain modulation and stress, such as the insular
cortex (Schmidt-Wilcke et al., 2005; Kuchinad et al., 2007;
Kim et al., 2008), the cingulate cortex (Schmidt-Wilcke et al.,
2005; Kuchinad et al., 2007; Schmidt-Wilcke et al., 2008), the
orbitofrontal cortex (OFC) and the dorsolateral prefrontal
cortex (DLPFC) (Apkarian et al., 2004; Schmidt-Wilcke et al.,
2008). One important question that arises is whether the
symptoms that chronic pain patients display other than pain,
such as behavioural or cognitive deficits, might be associated
with the morphological alterations described. The anterior
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cingulate cortex, for example, has been shown to play an
essential role not only in pain perception and pain control,
but also in selective attention, working memory and error
awareness (Klein et al., 2007). The prefrontal cortex is
critically involved not only in pain modulation (Petrovic and
Ingvar, 2002), but also in executive functioning (Rusch et al.,
2007), working memory and recognition (Turriziani et al.,
2008), especially in the free recall. Thus, changes in the
frontal or cingulate cortex might be associated with impaired
working memory performance or executive functioning. On
the other hand, changes in the medial temporal lobe, as
described by Kuchinad et al. in FM patients and by Schmidt-
Wilcke et al. in patients with chronic tension type headache,
could possibly go along with deficits in long-term memory
storage and retrieval. Although brain imaging has permit-
ted insights as to the neural substrates of pain and pain—
cognition interaction (Petrovic and Ingvar, 2002;
Seminowicz and Davis, 2007; Baliki et al., 2008), the mecha-
nism of chronic pain interference with cognition and its
relation to other concomitant disorders, such as depression,
anxiety and chronic fatigue, need to be further elucidated.
VBM has evolved into an important tool to investigate
potential correlations between brain morphology and
cognitive performance that has been predominantly applied
not only in psychiatric disorders such as schizophrenia
(Rusch et al., 2007), depression (Vasic et al., 2008) and
dementia (Chetelat et al., 2003), but also in patients with
Huntingtons disease (Peinemann et al., 2005; Wolf et al.,
2008) and high blood pressure (Gianaros et al., 2006). To our
knowledge, there are no investigations that have specifically
attempted to link cognitive data to brain morphology in FM
or in other chronic pain conditions. We therefore sought
to elucidate neuropsychological deficits in FM, as previously
reported, and to determine how levels of performance on
neuropsychological subtests might correlate with local brain
morphology, specifically in the frontal, temporal or cingulate
cortex. Twenty FM patients were evaluated and underwent
extensive testing for potential neuropsychological deficits.

Patients reported herein had been compared with healthy
controls in a previous study (within a cohort analysis,
investigating differences in brain morphology between
groups). A conspicuous pattern of altered brain morphol-
ogy in several regions, including the thalamus, the
cerebellum and the striatum had been described. Results
of this cohort analysis were reported by our group as noted
above (Schmidt-Wilcke et al. (2007).

Methods

Subjects

Twenty patients with FM [19 females, 1 male, mean age 53.6 years
(SD=7.7)] were recruited from the clinic for rheumatology,
Asklepios-Klinikum Bad Abbach. All patients had been examined
by an experienced rheumatologist and fulfilled the diagnostic
criteria for FM according to the guidelines put forth by the
American College of Rheumatology (Wolfe et al., 1990). Patients
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were not asked to alter their medications prior to study. All
participants were thoroughly informed and gave written consent.
Procedures of the study were explained in detail prior to testing.
The study had been approved of by the local ethics committee.

Clinical pain

The clinical pain experience of FM patients was assessed using the
pain experience scale (Schmerzempfindungsskala, SES), a validated
German adaptation of the McGill Pain Questionnaire (Melzack,
1975). The SES consists of 24 items (14 affective and 10 sensory)
that are rated by patients on a four-point scale based on the degree
to which a given descriptor fits their experience: ‘not applicable’ (1),
‘somewhat’ (2), ‘well’ (3) or ‘exactly’(4). The mean duration of pain
among FM patients was 173 months (SD =86.5).

Depressive symptoms

The Beck Depression Inventory (BDI) is a 21-item self-report used
to assess the severity of depressive symptoms, including cognitive,
behavioural, affective and somatic domains. Each item contains four
statements indicating the degree of severity of the symptom. The
BDI score is the sum of all items and ranges from 0 to 63. Scores of
10-19, 20-25 and >25 indicate mild, moderate and severe
depressive symptoms, respectively (Beck and Steer, 1984).

Neuropsychological assessment

Verbal and non-verbal cognition was measured using a short form
of the German version of the revised Wechsler Adult Intelligence
Scale (Tewes, 1994) with subtests assessing general knowledge,
comprehension, similarities, block design matrices, digit symbol
test and picture completion. Verbal long-term memory was
measured with the California Verbal Learning Test (CVLT);
non-verbal long-term memory was measured with the Rey Visual
Design Learning Test (RVDLT). Verbal working-memory was
measured with the digit span backward and non-verbal working-
memory with the Corsi block span. Trail Making Tests (Parts A
and B; TMT A and B) provide a measure of complex conceptual
tracking, planning and flexibility. All tests have been described and
characterized by Lezak (Lezak, 1995). For clinical assessment, raw
scores were transformed into z-scores adjusting for age, sex and
education, using population-based, normative data (means and
standard deviations), provided by the respective test author. For
a complete list of tests and test authors see supplementary
data (Table Al). A z-score between —1 and 1 indicates that
an individual’s performance is within 1 SD of the average
performance of normal (healthy), age- and education-matched
controls (i.e. within normal range). For each test a mean z-score
was calculated from individual z-scores, indicating group perfor-
mance (Fig. 1). A z-score of <1 was chosen as cut-off value to
indicate an impaired performance. This was done in accordance
with several other studies that investigated subtle cognitive deficits
in neurological (Ziemus et al., 2007; Heo et al, 2008) and
psychiatric diseases (Schmidtke and Hermeneit, 2008). From a
clinical perspective, comparison with normative data has the
advantage of enabling comparison of individual patients to a large,
standardized group of age- and education-matched controls. In
addition, the adjusted data were analysed for effects of depression
with a correlation between BDI and z-scores. Working memory
and long-term memory scores were compared using a paired t-test
for differences of means in order to check for intra-subjective
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differences between working memory and long-term memory.
This method is well suited to assess neuropsychological measures
in a selected clinical patient group and has been applied in studies
performed at our institute before (Ziemus et al., 2007).

MR imaging and analysis

Data acquisition

Magnetic resonance imaging was performed on a Siemens Sonata
system operating at 1.5t. For each subject, a T,-weighted gradient
echo MP-RAGE sequence (TR 1880 ms, TE 3.93 ms, flip angle 15°,
matrix size 256 x 192) yielding 176 sagittal slices with a defined
voxel size of 1 x 1 x 1.08 mm. Inspection of individual MR images
revealed no gross morphological abnormalities.

VBM protocol

VBM is based on high-resolution structural 3D-MR images, which
are transformed into a common stereotactic space. It is designed
to identify significant regional differences between groups and/or
correlations between independent variables and grey/white matter
values in one or more groups by applying voxel-wise statistics in
the context of Gaussian random fields (Ashburner and Friston,
2000). VBM has been cross-validated with region-of-interest
(ROI) measurements and functional data in a number of studies
(May et al., 1999; Gitelman et al., 2001).

Data pre-processing and analysis were performed using SPM2
(Wellcome Department of Cognitive Neurology, London, UK)
running under Matlab, 7th Jan (Mathworks, Sherborn, MA, USA).
Pre-processing of the data involved spatial normalization,
segmentation and spatial smoothing with a Gaussian kernel. To
facilitate optimal segmentation, we estimated normalization
parameters while removing non-brain voxels (skull, sinus) using
an optimized protocol (Good et al, 2001). The optimized
parameters, estimated while normalizing extracted grey matter
images to the customized grey matter template, were reapplied to
the original whole-brain images. The images were then aligned
with the stereotactic space as defined by the Montreal Neurolo-
gical Institute (MNI; www.loni.ucla.edu/ICBM/ICBM_Databases.html)
and then corrected for non-uniformities in signal intensity and
partitioned into grey matter, white matter, cerebrospinal fluid and
background using a modified mixture model cluster analysis.
Subsequently, all grey matter images were smoothed by convolving
them with an isotropic Gaussian kernel of 10 mm full-width at
half maximum and all white matter images with a Gaussian kernel
of 16 mm full-width at half maximum.

Statistical analysis

The SPM analysis is an implementation of the general linear model
using the theory of Gaussian random fields. We performed
regression analyses to identify brain regions that show a significant
correlation between grey/white matter values and behavioural data.
One multiple regression analysis was conducted for verbal and non-
verbal working memory data (verbal: digit span backward; non-
verbal: Corsi block span); a second multiple regression analysis was
conducted for long-term memory data (verbal: CVLT; non-verbal:
RVDLT). Statistical analysis used the ‘covariate-only’ model in
SPM2. Cognitive scores were entered as independent covariates
(predictors) with age and global volume entered as nuisance
variables. In order to elucidate possible correlations between pain
experience, cognitive performance and local brain morphology,
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Fig. I Cognitive scores. Digit span backward (verbal working memory); Corsi block span (non-verbal working memory); CVLT (verbal
long-term memory); RVDLT (non-verbal long-term memory); TMT A, TMT B (attention); full-scale IQ from revised Wechsler Adult

Intelligence Scale.

we performed in a second step multiple regression analyses including
working memory scores and pain scores (SES total, SES-A and
SES-B). To avoid possible edge effects around the border between
grey and white matter and to include only relatively homogenous
voxels, we excluded all voxels with a matter value of <0.1 (of a
maximum value of 1). In an analogous fashion, we performed white
matter analyses, including age as a nuisance variable.

The correlation analysis tests the null hypothesis that the slope
of a fitted regression (using least square solution) describing the
relation between a predictor and an outcome variable is zero.
A positive correlation means that grey matter values are highest
in participants with high scores, while a negative correlation
means that grey matter values are highest in participants with
low scores. In a first step, we used a threshold of P<0.001
(uncorrected for multiple comparisons). Results were declared
significant either on the cluster level (P<0.05 corrected) or on the
peak level (P<0.05 corrected for multiple comparisons, family-
wise error). For peak level analysis, our a priori hypotheses based
on previously performed brain imaging studies and our behav-
ioural data (pointing to a dysfunction of the frontal cortex)
permitted the performance of ROI analyses for frontal brain areas
(each frontal lobe) as a second step. Only results significant after
correction for multiple comparisons will be reported.

Results
Neuropsychological assessment

Comparison to normative data

While FM patients showed a tendency towards reduced
cognitive performance on most of the tests in comparison
to normative data, only results from non-verbal working
memory (block span, mean z-score=-—1.27) and non-
verbal long-term memory in the free recall condition (mean
z-score=—1.81) were significantly reduced. Non-verbal
long-term recognition (mean z-score=—0.23) was within
normal range, indicating normal information storage but
impaired retrieval.

Verbal working memory (digit span backward, mean
z-score = —0.88), the verbal long-term memory free recall
(mean z-score=—0.26) and recognition (mean z-
score=—0.78) were within normal range in comparison
with normative data, as were measures of attention (TMT B;
mean z-score=-—0.59), and full-scale IQ (mean
z-score=—0.97). Data and results are summarized in
Table 1 and Fig. 1.
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Table I Results of the neuropsychological assessment, transformed into z-scores

Patient no. BDI SES SES-A SES-B Corsi Digit span CVLT free

CVLT RVDLT RVDLT TMTB TMTA Full

backward recall recognition free recall recognition scale IQ
| 6 45 3l 14 0.5 —-09 090 —1.70 —0.90 -0l 0.3 1.3 1.4
2 29 65 4l 24 05 -25 —0.14 —1.70 —3.00 0.7 -30 -30 27
3 16 79 48 3l -22 03 0.30 0.70 —0.10 -0l 1.4 —0.2 LI
4 I3 51 32 19 -22 -—10 —0.30 —0.50 —2.40 —0.8 -19 —13 —1.6
5 28 72 4l 3l -22 -—10 0.50 0.70 —0.70 0.7 1.2 0. -2l
6 19 82 55 37 —14 =25 —1.50 —1.70 —2.00 —0. -0l -08 —19
7 27 45 3l 14 —14 -0.2 1.20 0.70 —2.50 -0l -30 0. —0.8
8 5 57 3l 26 —14 —-09 —0.20 0.70 —190 0.7 —0.6 0. —1.3
9 7 39 2 18 -2 —10 1.20 0.70 —1.50 -0l 1.8 1.5 -0.2
10 22 74 A4 33 -22 17 0.20 0.70 —1.00 -0l -05 —-04 07
Il I3 58 33 25 -2 03 —0.20 —3.00 1.00 —0.8 0 —1.0 -1l
12 37 89 53 36 0.5 —17 —1.70 —1.70 —2.50 —0. —09 0.2 0.1
13 27 65 39 26 -2 -7 —140 —1.70 —240 —0.8 0 -08 —I5
14 I 5 35 16 —14 —17 —0.50 —0.50 —3.00 -0l —1.6 06 —07
15 20 70 44 26 —-24 -09 —0.18 —290 —3.00 —0.8 —26 —-05 23
16 2 68 39 29 0.5 -09 —2.90 —0.50 —2.20 0.7 -30 -22 23
17 30 64 44 21 -1.2 1.0 0.80 0.70 —110 -0l —-09 —1.6 04
18 20 60 40 20 -22 -03 —1.80 —-290 —3.00 —1.6 -07 -05 -2l
19 7 6 4 28 —14 0.6 —0.50 —1.20 —1.80 —0.8 —0.3 0 —0.5
20 3 67 4 36 -2.2 -03 090 —0.50 —2.30 —0.8 0. —-27 -05

Comparison of working memory to long-term memory
In order to assess intra-individual differences between the
performance on tests of long-term memory and working
memory, t-tests for comparison of means were performed
between measures of working memory and long-term
memory. There was a significant difference between the
mean z-score of digit span backward and the mean z-score
of verbal long-term memory free recall (mean digit span
backward=—0.88, mean CVLT free recall=—0.49,
T=-3.687, df=19, P=0.02). However, there was no signi-
ficant difference between the mean z-score of digit span
backward and the mean z-score of verbal long-term
memory recognition.

Mean z-scores of non-verbal working memory were
significantly different from mean z-scores of non-verbal
long-term memory recognition (Corsi block span=—1.27,
RVDLT recognition = —0.23 T'=—5.156, df=19, P<0.001).
There was no significant difference between the mean
z-score of non-verbal working memory and the mean
z-score of non-verbal long-term memory free recall.
Notably, performance on both verbal and non-verbal
working memory evaluations was significantly lower than
on those for long-term memory (Table A2).

BDI and SES scores, interference with
neuropsychological performance

The CVLT free recall was negatively correlated with the
SES total score (r=-—0.49). Moreover, neither BDI scores
nor pain scores (SES-A and SES-B scores) were signifi-
cantly correlated with neuropsychological performance

(z-scores and raw scores). BDI scores and SES-A (affective)
scores, but not SES-B (sensory) scores, were positively
correlated (r=0.55; Table A3).

VBM

Grey matter analyses

Performance on the non-verbal working memory task (Corsi
block span) was positively correlated with grey matter values
in the left middle frontal gyrus (MFG; x=-29, y=50,
z=—1; z-score=4.73; r=0.89). Performance on the verbal
memory task (digit span backward) was positively correlated
with grey matter values in the right and left medial frontal
cortex (superior frontal gyrus/supplementary motor area;
x=5, y=19, z=63; z-score=4.06; r=0.82). SES-B scores
were negatively correlated with gray matter values in the
right medial frontal gyrus (x=3, y =36, z=48; z-score = 4,22;
r=—0.84) and positively correlated with grey matter values
in the left orbitofrontal cortex (OFC; x=-—15, y=3I,
z=—12; z-score =5.27; r=0.92). Conjunction analysis (grey
matter, global null) for verbal working memory performance
and SES-B scores revealed conjoint parametric maps in
the right medial frontal gyrus (x=3, y=16, z=59;
z-score =5.20), extending down to the anterior cingulate
gyrus (x=3, y=22, z=40; z-score =3.93).

White matter analyses

White matter analyses revealed a positive correlation for
verbal working memory scores (digit span backward) and
white matter values in the mid-cingulum bilaterally (x=4,
y=-=9, z=39; z-score=3.98; r=0.80; x=-8, y=5, z=39;
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Table 2 Areas of significant correlations between grey/white matter values and neuropsychological performance

Test Region Brodmann Talairach Cluster size  z-values  r-values
area coordinates in at P<0.00I (peak within a cluster)
mm (peak within a
cluster)
X y z k

I. Multiple regression, Corsi block span and Digit backward as predictors (age and global volume as nuisance variable)—grey matter analysis

MFG L
SFG/SMA  R/L

BAI0O -29
BA 6 5

Corsi Block span
Digit backward

2. Multiple regression, Digit backward and SES-B as predictors (age and global volume as nuisance variable)}—grey matter analysis

Digit backward SFG/SMA BA 6 5
SES-B Medial FG R BA 8 3
OFC L BA2547 -I5

3. Multiple regression, Digit backward and SES-B as predictors (age as nuisance variable)}—white matter analysis

Digit backward Midcingulum/ACC  R/L -8
—13

4

SES-B Perigenual ACC/OFC L —14
ACC R/L —6

50 —1 45| 473 —0.89
9 63 75l 406° —0.82
9 63 556 390 —0.8l
36 48 1829 422° —0.84
30 —12 910 5.27¢ —092
5 39 8309 4)8°
20 34 4)5°

-9 39 398°
3l —I13 4676 493° —0.89
5 33 219 411° —0.8l

Significant correlations between neuropsychological scores/pain scores and grey/white matter values are tabulated in terms of the

brain region.

The corresponding Brodmann areas; the x, y, z coordinates are according to the atlas of Tailrach and Tournoux.

Each location is the peak within a cluster (defined as the voxel with the highest z-value).

L =left; R =right; Medial FG = medial frontal gyrus; MFG = middle frontal gyrus; SFG = superior frontal gyrus.

Corrected for multiple comparisons (peak level, ROl analysis, left frontal lobe). *Corrected for multiple comparisons (cluster level).

“This result was already reported in Schmidt-Wilcke et al. (2007).

z-score =4.18; r=0.82) and the left anterior cingulate cortex
(ACC; x=-13, y=20, z=34; z-score=4.15; r=0.82).
Furthermore there was a negative correlation for SES-B
scores and white matter values in the right mid-cingulum
(x=6, y=—10, z=40; z-score=4.05, r=—0.80) and the
left ACC (rostral ACC: x=—6, y=15, z=33; z-score=4.11,
r=—0.81; and perigenual ACC/OFC: x=—14,y=31,z=—13;
z-score=4.93, r=—0.89). Conjunction analysis (white
matter, global null) revealed conjoint parametric maps in
the right midcingulum (x=4, y=—9, z=40, z-score =4.69),
left ACC (x=—9, y= 14, z=34; z-score = 4.78) and left medial
frontal gyrus (x=—19, y=—10, z=53; z-score = 4.02).

There were no regions demonstrating significant correla-
tions (whether positive or negative) between grey matter
values and long-term memory performance or executive
function (TMT A or B). Performing statistical analyses with
z-scores rather than raw scores (without age as nuisance
variable) yielded comparable results. Brodmann areas,
coordinates and z-scores are listed in Table 2, some of
the corresponding parametric maps are shown in Fig. 2.

Discussion

This study investigated morphological correlates of cogni-
tive performance in FM in an effort to extend previous
investigations into morphological changes in pain patients
by providing concomitant neuropsychological data.
Although cognitive complaints are a well-known
phenomenon among FM patients, literature on

neuropsychological investigations in FM 1is sparse, and
results remain heterogeneous. Neuropsychological deficits
in patients suffering from FM have been described in
several studies before, mostly in working memory perfor-
mance (Park et al., 2001; Dick et al., 2002; Leavitt and Katz,
2006), which seems to be especially susceptible to distrac-
tion (Leavitt and Katz, 2006; Glass et al., 2007). Others have
either failed to detect significant differences in cognitive
performance between FM patients and controls (Walitt
et al., 2008) or found that differences between groups
disappeared after correcting for fatigue, pain and depression
(Suhr, 2003). In our evaluation, cognitive performance of
FM patients was impaired in non-verbal working memory
and non-verbal long-term memory in the free recall
condition. Non-verbal recognition was within normal
range, indicating normal information storage but reduced
retrieval. Furthermore, FM patients displayed an impaired
verbal working memory when compared to their verbal
long-term memory performance. There were no significant
correlations between BDI scores or SES scores and cognitive
impairment, apart from a negative correlation between SES
(total) scores and CVLT scores (free recall condition). Our
data point to a dysfunction of the frontal cortex (rather
than the temporal/hippocampal regions) which is critically
involved in working memory and free recall of memory
contents. This is in line with a recently performed study by
Glass et al. (2007), who demonstrated that working
memory impairment in FM patients is due to difficulties
in managing competing/distracting information rather than
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Positive correlation with working memory scores (gray matter)
Figure 2A: non verbal working memory (Corsi block span)
Figure 2C: verbal working memory (digit backward)

Negative correlation with SES-B scores (grey matter)

Positive correlation with verbal working memory (white matter)

L JOXOX

Negative correlation with SES-B Scores (white matter)

Fig. 2 Statistical parametric maps of regression analyses. (A—-D)
Statistical parametric maps demonstrating correlations between
predictors and grey/white matter values (within the patients’
group). Significant correlations are super-imposed in red (positive
correlations working memory scores/grey matter values. (A)

Non verbal working memory scores/grey matter values; (C) verbal
working memory scores/grey matter values), in yellow (negative
correlation SES-B scores/grey matter values), in turquoise [positive
correlation verbal working memory scores/white matter values;
(B) and (D)] and in blue [negative correlation SES-B scores/white
matter values; (B) and (D)]. The left side of the picture is the left
side of the brain (B). Voxels significant at P <0.00l.

to an accelerated loss of information. The reason why FM
patients display, in addition to chronic pain, such cognitive
deficits is unclear. Memory impairment and pain might
either be concomitant, in terms of a co-occurrence, possibly
sharing the same underlying pathophysiological process;
alternatively, pain and cognition might share the same or
at least communicating networks, whereby pain has an
occupying and/or disabling effect on the working memory
network (Seminowicz and Davis, 2007). Thus, one’s having
to cope with pain during the performance of a cognitive
task might lead to a decreased availability of resources for
cognitive performance (Park et al., 2001).

We therefore sought to determine whether neuropsychol-
ogical deficits or pain scores correlate with local brain
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morphology and whether potential correlations might be
found in the same and/or neighbouring brain regions. Non-
verbal working memory was positively correlated with grey
matter values in the left middle frontal gyrus, whereas
performance of the verbal working memory (digit span
backward) was positively correlated with grey matter values
in the supplementary motor area (SMA), respectively white
matter values in the anterior cingulate cortex. No other test
performance was significantly correlated with grey matter
values in any brain region. SES B scores, on the other hand,
correlated negatively with grey matter values in right medial
frontal/prefrontal cortex and the cingulate cortex bilaterally.

Our results are in line with other studies investigating
structural correlates of working memory performance. For
example, Amici et al. (2007) describe verbal working
memory deficits (digit span backward) in 58 patients with
neurodegenerative diseases that were correlated with grey
matter values in the right and in the left DLPFC, as well
as in the left inferior parietal lobule. Gianaros et al. (2006)
found a positive correlation between grey matter values and
verbal working memory performance in the SMA, in the
superior frontal gyrus and the anterior cingulate gyrus in
male patients with high blood pressure. Functional imaging
studies have previously revealed a network of cerebral
structures activated during working memory performance.
This functional network contains the DLPFC and the SMA,
among other cortical and subcortical regions, (Jonides
et al., 1998; Cabeza and Nyberg, 2000; Ziemus et al., 2007).
In young adults, activation in the DLPFC is predominantly
left lateralized for verbal working memory and right later-
alized for non-verbal working memory. However, the
degree of hemispherical lateralization is variable and
seems to be age-dependent (Reuter-Lorenz et al., 2000).
In older adults, both verbal and non-verbal memory tasks
tend to induce bilateral activation patterns in frontal
regions; even paradoxical laterality is reported, possibly as
an expression of compensation (i.e. functional plasticity)
for neural decline. In our study, age is unlikely to be the
driving force as it was added as a nuisance variable in all
regression analyses. By means of interpretation, either the
left MFG is critically involved in non-verbal working
memory in FM and the cluster reported herein refers to
a primary pathology, or it may be hypothesized that this
finding indicates a cortical adaptation supporting cognitive
performance, formerly based on right-sided processing,
which then could be understood as a form of adaptive
structural plasticity.

The medial frontal cortex, including the supplementary
motor cortex (SMA, BA 6/8; adjacent to the ACC), seems
to play an essential role not only in working memory but
also in executive function, especially in the hierarchical
organization of information processing (Rushworth et al.,
2004; Alexander et al., 2007) and error awareness (Klein
et al., 2007). In our study, digit span backward scores and
SES-B scores showed significant correlations with grey
matter values in neighbouring brain regions (SMA and
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medial frontal/prefrontal cortex, with partial overlap),
whereas correlation analyses with white matter values
revealed significant correlations in the corresponding
subcortical areas, extending down to the cingulate cortex.
Recent functional imaging studies have demonstrated a role
for the SMA and medial frontal cortex in pain—cognition
interaction, thereby suggesting that the processing of
(experimental) pain and cognitive contents share similar
neuronal networks, with a critical role indicated for the
SMA, DLPFC and ACC in this interaction (Douaud et al.,
2006; Craggs et al., 2007; Seminowicz and Davis, 2007).
Interestingly, experimental pain was demonstrated to
enhance functional connectivity within brain networks
evoked by cognitive tasks (Seminowicz and Davis, 2007).

Little is known, however, regarding the impact of chronic
(spontaneous) pain on this system. In an investigation of
patients with chronic low back pain, Baliki et al. (2008)
demonstrated that patients and healthy controls showed
a similar activation pattern (including medial frontal cortex
and ACC) when performing a visual spatial attention task,
but patients exhibited significantly less deactivation than
healthy subjects in the medial prefrontal cortex (including
perigenual regions), which suggests an impairment
(decreased deactivation) of the task negative (default
mode) network. This network is involved in self-referential
(emotional) processes and shows a deactivation when a
cognitive task is being performed (Seminowicz and Davis,
2007; Baliki et al., 2008). Thus, chronic pain, being asso-
ciated with a hyperexcitability of the default network,
possibly disables cognitive performance, which requires a
deactivation of this system. In our study, the grey matter
cluster that was correlated with SES-B scores lies at the
frontal-prefrontal intersection, thus in the transition zone
between the task-positive (including the SMA) and the
task-negative (including the medial prefrontal cortex)
network. Correlations for SES-B scores and verbal working
memory with white matter values even showed a clear
overlap in the medial frontal cortex and cingulate cortex.
Thus, morphological changes associated with pain and
deficits in working memory project to neighbouring and
partially overlapping regions, which from a functional point
of view possibly subserve opposing networks. However, for
FM so far no imaging studies investigating pain—cognition
interaction exist, and analogies should be regarded with
caution.

VBM cannot disclose the neurobiological basis for
morphological differences that are revealed. Assumptions
regarding the underlying cytoarchitecture remain specula-
tive for now. Variance in grey matter values could be
caused not only by varying numbers of neurons, inter-
neurons or glia cells, but also by differences in cell size. On
a neurobiological level, it has been postulated that a decline,
possibly caused by a persistent nociceptive input to the
brain, could account for neural hyperexcitability on various
levels of the central nervous system promoting the
development of chronic pain (Moore et al, 2002).
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Cognitive networks could either be influenced directly by
such a persistent nociceptive input or indirectly, following
changes in the (communicating) pain network. It is quite
conceivable that such a decline (of inhibitory interneurons)
would be detectable by VBM (Apkarian et al., 2004).

In recent years, it has been postulated that a hypodopa-
minergic state might also contribute to the development
and/or maintenance of chronic pain in FM patients (Wood,
2004; Holman and Myers, 2005; Wood et al, 2007).
Moreover, the impact of dopamine and dopamine defi-
ciency in the prefrontal cortex on working memory
performance has extensively been investigated (Apud
et al., 2007; Xu et al., 2007). Following this line of thought,
one could hypothesize that, in FM, a chronic lack of local
dopamine (caused, for example, by a disruption of meso-
cortical projections to the medial frontal and prefrontal
cortex) has an impact on local brain morphology and
promotes cerebral vulnerability to the development of pain
and working memory impairment.

Some limitations of this study need to be addressed.
Metabolic and pharmacological issues, such as the amount
and/or type of pain medication might play a role in both
cognitive performance and brain morphology. As stated,
there was no washout period prior to scanning. However,
no medications that have been noted specifically to influ-
ence working memory, such as dopaminergic or antipsy-
chotic drugs, were being taken by our subjects. While some
of subjects were taking non-steroidal anti-inflammatory
drugs, there are no data to suggest that these have a signif-
icant impact on cognition (Kang et al., 2007; Grodstein
et al., 2008). Function of the frontal lobe, such as free recall
of memory contents, is for example influenced by ketamine.
However, none of our subjects were taking ketamine
or related compounds. Temporal lobe functioning, on the
other hand, is affected by benzodiazepines and opioids
(Ghoneim, 2004), these effects are measurable particularly
after application of a single dosage or in the period of
augmentation. However, when taken chronically, which
allows for the establishment of a steady state, the reported
effects on recognition are no longer detectable (Friswell
et al., 2008). From this point of view, it is unlikely that pain
medication had a major impact on cognitive performance
in our study. As to brain morphology, there is evidence that
antidepressants (SSRI) lead to an increase in hippocampal
volume (Bremner, 2006) and protect against stress-induced
insults to neuronal function and integrity. Furthermore,
opioids have an impact on neuronal branching and spine
density (Robinson and Kolb, 2004). In our study, only two
patients took SSRIs and four patients took opioids at the
time of scanning. Generally, we cannot rule out the
possibility that the differences in medication intake and/
or metabolic issues might account for some of the reported
variance. This problem is not easy to resolve. Besides
obvious ethical concerns, there are not criteria established
to determine the length of a washout period in order to
reverse potential behavioural and structural alterations that
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might be caused by medication intake. Limitations of VBM
concerning the underlying neurobiology have already been
addressed, and functional interpretation of morphological
results remains speculative. Thus, the question whether pain
and cognitive impairment share an underlying pathophys-
iological process or if cognitive impairment is primarily
caused by a pain-induced network overload cannot be
answered. Finally, it remains unclear whether the changes
found are associated with chronic pain or whether they are
specific to FM.

In summary, our results extend the findings of other
studies that have reported patients suffering from FM
display neuropsychological impairments. In addition, we
show that the degree of some of these impairments cor-
relates with local brain morphology in the frontal lobe and
the cingulate cortex. This is a first attempt to map
neuropsychological deficits in FM patients to a specific
brain region and to show that changes associated with such
deficits and those associated with pain project to neigh-
bouring, partially overlapping regions. Changes might
either refer to a primary pathology or reveal a morpholog-
ical adaptation in terms of a compensatory mechanism.
Although our data demonstrate once more that pain and
concomitant symptoms in FM are associated with altera-
tions in the CNS, it cannot be concluded from these
findings that FM is primarily a CNS disorder, since the
alterations found could also represent a consequence of
prolonged nociceptive input. Future longitudinal studies
investigating the onset and course of FM are required to
elucidate the interaction between brain plasticity, chronic
pain and cognitive impairment. The notion that at least
a subset of FM patients suffer from objective cognitive
deficits has clinical implications, because it suggests that
FM patients may benefit from sensitive neuropsychological
evaluation, and that targeted treatment could result in an
amelioration of these symptoms.

Supplementary material
Supplementary material is available at BRAIN online.
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