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Abstract: Functional brain imaging studies have shown abnormal neural activity in individuals recovered from anorexia nervosa (AN) during both cognitive and emotional task paradigms. It has been suggested that this abnormal activity which persists into recovery might underpin the neurobiology of the
disorder and constitute a neural biomarker for AN. However, no study to date has assessed functional
changes in neural networks in the absence of task-induced activity in those recovered from AN. Therefore, the aim of this study was to investigate whole brain resting state functional connectivity in nonmedicated women recovered from anorexia nervosa. Functional magnetic resonance imaging scans were
obtained from 16 nonmedicated participants recovered from anorexia nervosa and 15 healthy control
participants. Independent component analysis revealed functionally relevant resting state networks. Dual
regression analysis revealed increased temporal correlation (coherence) in the default mode network
(DMN) which is thought to be involved in self-referential processing. Specifically, compared to healthy
control participants the recovered anorexia nervosa participants showed increased temporal coherence
between the DMN and the precuneus and the dorsolateral prefrontal cortex/inferior frontal gyrus. The
findings support the view that dysfunction in resting state functional connectivity in regions involved in
self-referential processing and cognitive control might be a vulnerability marker for the development of
anorexia nervosa. Hum Brain Mapp 00:000–000, 2012. VC 2012 Wiley-Periodicals, Inc.
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INTRODUCTION
Anorexia nervosa (AN) is characterized by preoccupation with control of eating, weight, and shape leading to
severe dietary restriction and weight loss to less than 85%
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of ideal body weight [American Psychiatric Association,
1994]. Individuals with AN have an intense fear of gaining
weight and/or becoming fat and a maladaptive system for
judging self-worth which is often exclusively in terms of
shape and weight and the ability to control them [American Psychiatric Association, 1994]. There is no clear evidence-based treatment for AN [Fairburn, 2005] and the
disorder continues to have the highest mortality rate of all
psychiatric disorders [Arcelus et al., 2011; Sullivan, 1995].
Advances in neuroimaging techniques have enabled
investigation of the pathophysiology of AN and has led to
the development of neurobiological frameworks for the
disorder. For example, it has been hypothesized that in
people with AN, hyperactivity of cognitive pathways (e.g.,
dorsolateral prefrontal cortex to dorsal striatum) direct
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ated with reduced activation in areas involved in motivation-related behavior and increased activation in brain
regions involved in cognitive control during task performance [Zastrow et al., 2009].
Studying those currently affected by AN has its limitations as current malnutrition may cause widespread alterations in brain structure and function [Kaye et al., 2009]. It
is therefore difficult to determine from these studies
whether abnormalities in brain activations are state factors
or whether they represent biomarkers. An alternative
research design is to examine individuals recovered from
AN, as they continue to display not only temperamental
and personality traits but neural aberrancies that may
have predisposed them to the illness [Cowdrey et al.,
2011; Jacobs et al., 2009; Wagner et al., 2006a]. For example, Wagner et al. [2007] showed that women recovered
from AN had greater neural response to both positive and
negative feedback in the caudate and dorsolateral prefrontal cortex; regions of the brain thought to be involved in
higher level cognitive processes. The authors propose that
this may represent increased cognitive control even after
recovery from AN [Wagner et al., 2007].
Taken together these findings suggest that there may be
alterations in resting state functional connectivity in AN,
in networks modulating cognitive control and rumination
which is consistent with the symptomatology of the disorder. Importantly, identifying neural network dysfunction
in those recovered from AN might aid the discovery of
neural biomarkers for this disorder. The aim of the present
investigation was therefore to examine neural networks
using resting state functional connectivity in women recovered from AN compared to healthy controls. As this is the
first study on functional connectivity in this population (ill
or recovered), we investigated whole brain functional connectivity rather than focusing on predefined regions of
interest.
On the basis of the current neurobiological and theoretical frameworks for AN [Kaye et al., 2009; Park et al., 2011,
2012], and previous task-based fMRI studies [Cowdrey
et al., 2011; Uher et al., 2004; Wagner et al., 2007], we
hypothesized that altered connectivity would be seen in
networks that encompass brain regions underpinning selfreferential processing (rumination) and cognitive control
such as the DMN and the cognitive control network [Kaye
et al., 2009; Park et al., 2011, 2012; van Kuyck et al., 2009].

motivated actions when the ability of ventral striatal pathways to direct more ‘‘automatic" or intuitive responses is
impaired [Kaye et al., 2009]. The theoretical frameworks of
Kaye et al. [2009] and that of Park et al. [2011, 2012], suggest ruminative preoccupation with control of eating,
weight and shape may be central to the psychopathology
of AN. These recent frameworks may help to explain
some of the most complex features of AN, such as
increased cognitive control over food and rumination on
the control of eating and the body, which are unlikely to
be explained by functional or structural breakdown in a
single brain area.
Resting state functional connectivity is an fMRI
approach that utilizes spontaneous fluctuations in the resting brain, enabling temporal correlations between brain
areas to be mapped [Biswal et al., 2010; Greicius et al.,
2009]. Brain regions showing a strong temporal coherence
(spontaneous coactivation) are termed ‘‘resting state networks" (RSNs) and are thought to reflect intrinsic properties of functional brain organization [Damoiseaux et al.,
2006; Gusnard and Raichle, 2001]. For example, the default
mode network (DMN) that encompasses brain regions
including the posterior cingulate, the precuneus and parts
of the prefrontal cortex, is more active at rest than during
attention-demanding tasks and is therefore thought to be
associated with stimulus-independent thought and selfreflection [Raichle et al., 2001].
Although there is no data on resting state functional
connectivity in AN, it has been examined in other neuropsychiatric disorders including depression, bipolar disorder, and schizophrenia [Greicius, 2008]. Increased
functional connectivity has been found in the DMN in
depressed patients highlighting a potential neural mechanism for the exaggerated negative self-focus that characterizes the disorder [Sheline et al., 2010; Veer et al., 2010].
Increased functional connectivity has also been shown to
correlate with self-reported levels of ruminative brooding
in depressed participants [Berman et al., 2010; Hamilton
et al., 2010]. Importantly, it has also been shown that current psychoactive treatments can modulate resting state
functional connectivity in healthy volunteers and patients,
thus demonstrating a mechanism by which psychoactive
medications may be having their therapeutic effects
[Anand et al., 2005; McCabe and Mishor, 2011; McCabe
et al., 2011].
To date, there have been no studies examining the neural networks at rest in AN and so hypotheses regarding
the role of different neural circuits in AN have relied primarily upon inferences from task-induced activity in functional magnetic resonance imaging (fMRI) studies. For
example, Uher et al. [2004] used a symptom-provoking
fMRI paradigm and demonstrated that individuals with
AN had increased activation in medial prefrontal regions
as well as the anterior cingulate compared to healthy controls. Another study examined the neural correlates of cognitive and behavioral flexibility in AN and reported that
impaired behavioral response shifting in AN was associ-
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MATERIALS AND METHODS
Participants
Sixteen women who had previously met DSM-IV criteria
for AN and 15 healthy female controls were recruited for
this study. Participants were recruited through web,
e-mail, and poster advertisements. Ethical approval for the
study was obtained from the University of Oxford and
Outer West London Research Ethics Committee and
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written informed consent was obtained for all participants
after complete description of the study.
All participants underwent a screening process which
involved (a) a brief email screening (b) a face-to face
assessment of psychiatric disorder using the Structured
Clinical Interview for DSM-IV [Spitzer et al., 2004]. Current eating disorder symptoms in all participants were
assessed using the Eating Disorder Examination-questionnaire (EDE-Q) [Fairburn and Beglin, 2008]. All participants
completed a questionnaire battery which included: Beck
Depression Inventory (BDI-II) [Beck et al., 2002], State Trait
Anxiety Inventory (STAI) [Spielberger, 1983], Positive and
Negative Affect Schedule [Watson et al., 1988], and Ruminative Response Scale for Eating Disorders (RRS-ED)
[Cowdrey and Park, 2011] approximately 1 week before
scanning. Current BMI, lowest ever BMI and duration of
recovery was also recorded for participants in the recovered AN group.
Criteria for inclusion in the recovered group included
(a) a history of DSM-IV AN, (b) maintenance of a BMI of
between 18.5 and 25 kg/m2 for at least 12 months prior to
the study, (c) regular menstruation for at least 12 months
prior to the study, (d) no use of psychoactive medications,
such as antidepressants, for at least12 months prior to the
study. In addition, recovered AN participants had to score
within one standard deviation of the EDE-Q global mean
scores for young women. All 16 recovered individuals had
met criteria for restricting- type AN. In addition, four participants met criteria for bulimia nervosa and one met criteria for eating disorder not otherwise specified during
their lifetime. Nine of the AN recovered participants fulfilled the criteria for major depressive disorder during
their lifetime and 3 participants had fulfilled the criteria
for obsessive compulsive disorder.
Inclusion criteria for the healthy control group were (a)
BMI between 18.5 and 25 kg/m2, (b) no first degree relative
with a current or past eating disorder diagnosis, (c) no lifetime history of any Axis 1 psychiatric disorder on the Structured Clinical Interview for DSM-IV [Spitzer et al., 2004],
(d) maintained a weight in the healthy range (defined by
the World Health Organization) since menarche.
General exclusion criteria for all participants included a
history of head injury, neurological or other severe medical illness, pregnancy and any contradictions to MRI. All
participants were fluent in English, right handed, had normal or corrected to normal vision and were not taking
medication except for the contraceptive pill.

to fall asleep. T2*-weighted EPI slices were acquired every 3
s (TR ¼ 3). Axial slices (35) with in-plane resolution of 3 mm
 3mm and between plane spacing of 4 mm were obtained.
The matrix size was 64  64 and the field of view was 192
mm  192 mm. Acquisition was carried out during the resting scan yielding 140 volumes in total (acquisition time ¼ 5
min). An anatomical T1-weighted sequence with axial plane
slice, thickness 1 mm, and in-plane resolution of 1.0 mm 
1.0mm was also acquired to improve the registration process
and also for gray matter analysis.

Resting State Analysis
fMRI analysis was carried out using FSL [Jenkinson
et al., 2011] with resting state networks identified using
the independent component analysis (ICA) tool MELODIC
(Multivariate Exploratory Linear Optimized Decomposition into Independent Components) [Beckmann et al.,
2005]. Individual prestatistical processing consisted of
motion correction, brain extraction, spatial smoothing
using a Gaussian kernel of full-width at half-maximum 6
mm, and high-pass temporal filtering equivalent to 150 s
(0.007 Hz). fMRI volumes were registered to the individual’s structural scan and standard space images using
FMRIB’s Nonlinear Image Registration Tool (FNIRT).
Preprocessed functional data containing 140 time-points
for each subject were temporally concatenated across subjects, creating a single 4D dataset, to carry out group-wise
ICA. Group-ICA was carried out at a dimensionality of 60.
RSNs of interest covered the entire brain and were
selected using spatial correlation against sets of previously
defined maps [Beckmann et al., 2005].
The subject-specific analysis of the resting data was carried out using a regression technique (‘‘dual regression")
[Filippini et al., 2009] that allows for voxel-wise comparisons of resting functional connectivity between subjects or
subject groups. This approach proceeds in three stages:
first, the (groupwise) concatenated multiple fMRI data sets
are decomposed using ICA to identify large-scale patterns
of functional connectivity in the population of subjects (as
described earlier). Second, dual regression approach is
used to identify, within each subject’s fMRI data set, subject-specific temporal dynamics and spatial maps that are
associated with each group IC map. This involves (A)
using the full set of group-ICA spatial maps in a linear
model fit (spatial regression) against the separate fMRI
data sets, resulting in matrices describing temporal dynamics for each component for each subject and (B) using
these subject-specific time-course matrices in a linear
model fit (temporal regression) against the associated
fMRI data set to estimate subject-specific spatial maps.
Finally, the different component maps are collected across
subjects into single 4D files (one per original ICA map,
with the 4th dimension being subject ID) and tested voxelwise for statistically significant differences between the
groups using nonparametric permutation testing (5,000
permutations) [Nichols and Holmes, 2002]. Clusters were

Data Acquisition
Imaging data were acquired using Sieman’s Avanto 1.5-T
whole body scanner at the Oxford Centre for Magnetic Resonance Imaging. Resting state fMRI data were acquired after a
10-min no-task anatomical scan. Before this the participants
completed two task-related MRI runs [Cowdrey et al., 2011,
2012]. Participants were instructed to lie in dimmed light
with their eyes open, think of nothing in particular, and not
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determined by using threshold-free cluster enhancement
(TFCE) [Smith and Nichols, 2009] and a family-wise error
(FWE) corrected cluster significance threshold of P ¼ 0.05.
This results in spatial maps characterizing the betweensubject/group differences. Nonparametric tests were used
(10,000 permutations), to safeguard against the possibility
that the between-subjects effects were non-Gaussian, and
because such nonparametric inference has greater robustness against spatial nonstationarity than commonly used
parametric methods [Hayasaka et al., 2004].

TABLE I. Sociodemographic and mood ratings for the
two groups
Mean (SD)
Recovered
AN (n ¼16)
Age (years)
BMI
IQ
EDE-Q
BDI
Trait anxiety
State anxiety
Positive affect
Negative affect
RRS-ED
Duration of
AN (months)
Age of AN
onset (years)

Gray Matter Morphology
Abnormalities in gray matter volume have been found
previously in those recovered from AN [Joos et al., 2011;
Katzman et al., 1997; Roberto et al., 2011] although this
finding is not always reported [Castro-Fornieles et al.,
2009; Wagner et al., 2006b]. To test whether altered functional connectivity in this study may be explained by differences between the groups in gray matter volume, voxelbased morphometry (VBM) analysis was run on the highresolution T1-weighted data sets [Douaud et al., 2007]. In
brief, brain extraction and tissue-type segmentation were
performed, and resulting GM partial volume images were
aligned to standard space using FMRIB’s Linear Image
Registration Tool (FLIRT) and then nonlinear (FNIRT)
registration tools. The resulting images were averaged,
modulated to correct for nonlinear warp-field expansion,
and smoothed with an isotropic Gaussian kernel of full
width at half maximum 4 mm to create a study-specific
template. Finally, voxel-wise GLM was applied using permutation nonparametric testing (5,000 permutations), correcting for multiple comparisons across space.

23.06
21.33
115.93
.99
5.44
15.75
12.67
24.81
12.75
16.5
42

(3.55)
(2.17)
(4.7)
(1.46)
(6.36)
(9.79)
(7.31)
(5.05)
(4.45)
(7.03)
(28.57)

14.73 (1.71)

Healthy
controls (n ¼ 14)

P (two
tailed)

24.11 (2.85)
21.01 (1.56)
114.65 (4.26)
0.36 (.33)
1.17 (1.38)
14.21 (8.07)
9.93 (4.27)
25.71 (7.3)
12.0 (4.98)
10.15 (1.52)
—

0.38
0.65
0.44
0.13
0.31
0.68
0.31
0.50
0.36
0.006
—

—

—

BMI, body mass index; BDI-II, Beck Depression inventory; EDE-Q,
Eating Disorder Examination questionnaire; RRS-ED, Ruminative
Response Scale for eating disorders.

were evaluated further (Fig. 1, shows eight RSNs). The
other components reflected distinct artifacts resulting from
head motion and physiological or scanner noise. The RSNs
of interest included: medial visual, lateral visual, auditory,
sensory-motor, DMN, cognitive control, and fronto-parietal
(right and left). These networks corresponded to RSNs
which have been described previous and show high stability over time [Beckmann et al., 2005].
Significant between-group differences in the voxel-wise
spatial distribution of the functional connectivity maps
were subsequently revealed in the DMN. Significantly
increased temporal correlation (coherence) was observed
in recovered AN relative to healthy controls between the
DMN functional connectivity map and in a region of the
right precuneus close to the border of the posterior cingulate gyrus (t ¼ 4.84, BA31, [8, 60, 24]) and the dorsolateral prefrontal cortex/inferior frontal gyrus (DLPFC/IFG)
(t ¼ 4.99, BA9, [44, 6, 26]) (Figs. 2a,b and 3). Clusters were
determined by using threshold-free cluster enhancement
(TFCE) [Smith and Nichols, 2009] and an FWE corrected
significance threshold of P ¼ 0.05 (i.e., fully corrected for
multi-comparisons across voxels, within the DMN). These
significant results would not survive further corrections for
multiple comparisons, for example, correcting for all RSNs
identified, or for two-tailed testing (i.e., the HC > recovered AN contrast). We believe that the primary RSN of
relevance here would be expected to be the DMN (for
example, see references and discussion below, with respect
to existing literature on AN using task fMRI), and hence
such further corrections are not necessary.
The lack of difference in the other RSNs identified
(including purely visual and sensory-motor) argues

RESULTS
Demographic Details and Mood Ratings
Because of technical difficulties, only data from 14 of the
15 healthy control participants was included in the analysis. There were no significant differences between the two
groups as determined by independent samples t-test for
age, body mass index or IQ (P > 0.05) (Table I). Mann–
Whitney U tests were used to analyze data from the selfreport questionnaires. There were no significant differences between the groups for measures of eating disorder
symptoms, depression, state or trait anxiety, and positive
affect or negative affect (P > 0.05). However, the recovered
AN group scored significantly higher than the healthy
controls in terms of rumination on control of eating and
body shape and weight (P < 0.05) (Table I).

Resting State Functional Connectivity
Independent component analysis (ICA) defined 60 independent components. Of these, 12 components were identified as RSNs (covering the majority of gray matter) and
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Figure 1.
Sagittal, coronal and axial slices for the main RSNs detected, overlaid onto a standard EPI functional template. (A) lateral visual, (B) medial visual, (C) auditory, (D) cognitive control, (E) sensory-motor, (F) DMN, (G) left fronto-parietal, (H) right fronto-parietal.

Figure 2.
Average DMN map from both groups combined and between-group differences. Networks are
overlaid onto the MNI-152 standard brain. n, recovered AN group average DMN map (Z > 5);
n, healthy control group average DMN map (Z > 5); n, group differences in functional connectivity between the DMN and the precuneus and the DLPFC/IFG: recovered AN > healthy controls, corrected (P < 0.05) (i.e., fully significant for multiple comparisons across voxels, within
the DMN).
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dual regression output. Collapsing across subject group
there was a positive correlation between the DLPFC output and the RRS-ED (rs ¼ 0.46, P ¼ 0.001) and EDE-Q (rs
¼ 0.58, P ¼ 0.01) scores but there was no significant correlation with the BDI-II. There were no significant correlations between any of the questionnaire measures and the
precuneus. When examining the two groups separately,
there were no significant correlations.

DISCUSSION
This is the first study, to our knowledge, to examine
whole brain resting state functional connectivity in participants who have recovered from AN. We found increased
resting state functional connectivity between the DMN
and the precuneus and DLPFC in those recovered from
AN compared to healthy control participants. Our results
support our hypothesis that resting state networks involving self-referential processing and cognitive control may
be dysfunctional in AN and may serve as a neural biomarker for AN.
The precuneus has a pivotal role in the DMN and as
such is involved in functions that are self-referential in nature [Greicius et al., 2009]. It has been posited that a
decrease in DMN activity during an effortful task reflects
the need to turn off self-referential processing to deploy
attention to the demands of the task [Gusnard et al., 2001;
Shulman et al., 1997].Thus, it may be that the increased
functional connectivity in the precuneus in our data might
underpin the rumination seen in AN. Disorder-specific
rumination on eating, weight, and shape in AN [Cowdrey
and Park, 2011, 2012; Park et al., 2011, 2012] has been discussed as an important maintaining factor in a recent
framework for AN [Kaye et al., 2009; Park et al., 2011,
2012] and has some preliminary supporting evidence
[Cowdrey and Park, 2011, 2012; Rawal et al., 2011; Wildes
et al., 2010].
Recovered AN participants also showed significantly
greater resting state functional connectivity in the DLPFC/
IFG compared to the healthy controls. The DLPFC is an
important node in the cognitive control network [Cole and
Schneider, 2007] and has been implicated in response inhibition [Swick et al., 2008], risk aversion [Christopoulos
et al., 2009], and emotion control [Wang et al., 2008]. It is
possible that our result of increased activity in the DLPFC
area might contribute to the excessive inhibitory control
seen in AN. Furthermore, as perseverative and obsessive
neuropsychological profiles are reported in AN [Roberts
et al., 2007; Zastrow et al., 2009], our results support the
idea of an imbalance between top-down cognitive control
and bottom-up appetitive processing in AN [Kaye et al.,
2009]. Specifically, Kaye et al. [2009] propose that hyperactivity in the cognitive control circuit drives motivated
behaviors and functions to control emotional response in
AN, manifesting symptomatically as increased worry, perfectionism and concern with consequences. Task-based

Figure 3.
Box plots show an increase in the amplitude of the BOLD fluctuation in the recovered anorexia nervosa participants compared to the healthy control participants between the DMN and
the (A) precuneus (8, 60, 24) and, (B) DLPFC/IFG (44, 6, 26).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
against the DMN difference being caused by non-neural
physiological group differences such as global perfusion
or heart rate differences.

Gray Matter Morphology
No differences in gray matter were observed between
the healthy controls and those recovered from AN. This
indicates that the altered functional connectivity within the
network discussed above is unlikely to be related to macroscopic (i.e. MRI observable) structural gray matter
abnormalities.

Correlations With Self-reported Rumination
and ED Symptoms in AN
Total scores on the RRS-ED, BDI-II and EDE-Q where
examined for correlations with the precuneus and DLPFC
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[Kaye et al., 2009; Park et al., 2011, 2012]. Considering the
advantages of resting state for clinical populations (good
signal to noise BOLD, minimal patient compliance), future
research employing longitudinal designs should be conducted. We believe by examining individuals at risk of
developing AN, through the illness course and into recovery, will aid the discovery of viable neural network biomarkers for psychiatric disorders such as AN.

fMRI studies in both current and recovered AN participant’s support this premise. Wagner et al. [2007] demonstrated an increased neural response in the DLPFC to both
positive and negative feedback in a recovered AN sample
and we have recently shown in a comparable sample an
increased neural response in this region to an aversive
taste [Cowdrey et al., 2011]. Similarly, Zastrow et al. [2009]
used a set-shifting paradigm to assess cognitive-behavioral
flexibility in participants with current AN and showed
that AN participants were not only impaired on the task
but that this was associated with increased neural activity
in frontoparietal brain regions thus supporting the notion
of increased cognitive control in AN. Our data adds to
this literature by revealing increased DLPFC resting state
functional connectivity in those who have had AN.
As the current study used a sample of individuals
recovered from AN, it is difficult to determine whether
the increased functional connectivity effects are ‘‘scars" of
previous illness episodes or premorbid risk factors which
exist before illness onset. Longitudinal studies would be
advantageous in order to confirm altered resting-state
functional connectivity as a pre-morbid biomarker,
although identifying those at risk of developing the disorder is challenging due to the relative low base rates of the
illness and the young average age of onset [Rachelle and
Lilenfled, 2010]. Replication of this study in those currently ill would however enable researchers to distinguish
trait from state effects.
Interestingly, there have also been reports of increased
resting state functional connectivity in the DMN in depression [Greicius et al., 2007; Sheline et al., 2010; Zhou et al.,
2010] which authors have related to the increased selffocus and rumination seen in depression. As rumination
and self-focus is also a negative feature of AN, it is perhaps consistent that we also find increased functional connectivity in the DMN in the recovered AN group.
However, it is also important to note that there are studies
finding decreased DMN resting state functional connectivity in depression [Anand et al., 2005a; Bluhm, et al., 2009;
Veer et al., 2010; Zhu et al., 2011]. The decreased DMN
resting state functional connectivity in depression might
pertain to disorder-specific features of depression and not
AN such as depressed mood and poor concentration.
Therefore, our results of increased DMN resting state
functional connectivity in the AN group might be indicative of the increased self-focus, rumination and increased
cognitive control in relation to eating and the body exhibited in AN.
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