
UC San Diego
UC San Diego Previously Published Works

Title
Altered insula activation during pain anticipation in individuals recovered from anorexia 
nervosa: evidence of interoceptive dysregulation.

Permalink
https://escholarship.org/uc/item/5mb8x8vg

Journal
International Journal of Eating Disorders, 46(1)

Authors
Strigo, Irina
Matthews, Scott
Oberndorfer, Tyson
et al.

Publication Date
2013

DOI
10.1002/eat.22045
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5mb8x8vg
https://escholarship.org/uc/item/5mb8x8vg#author
https://escholarship.org
http://www.cdlib.org/


ALTERED INSULA ACTIVATION DURING PAIN ANTICIPATION IN
INDIVIDUALS RECOVERED FROM ANOREXIA NERVOSA:
EVIDENCE OF INTEROCEPTIVE DYSREGULATION

Irina A. Strigo, Ph.D.1,2,4,5, Scott C. Matthews, M.D.2,4,1, Alan N. Simmons, Ph.D.2,3,4,1,
Tyson Oberndorfer, M.Sc.1, Megan Klabunde, Ph.D.6, Lindsay E. Reinhardt, B.Sc.2, and
Walter H. Kaye, M.D.1
1Department of Psychiatry, University of California, San Diego, La Jolla, CA
2Research Service, VA San Diego Healthcare System, San Diego, CA
3Psychiatry Service, VA San Diego Healthcare System, San Diego, CA
4VA Center of Excellence for Stress and Mental Health(CESAMH), San Diego, CA
5BioCircuits Institute (BCI), La Jolla, CA 92037
6Department of Child and Adolescent Psychiatry, Stanford University, Stanford, CA

Abstract
Background—Recent evidence raises the possibility that symptoms of anorexia nervosa (AN)
could be related to impaired interoception. Pain is an interoceptive process with well-characterized
neuroanatomical pathways that may overlap to a large degree with neural systems that may be
dysregulated in AN individuals, such as the insula.

Methods—Functional Magnetic Resonance Imaging (fMRI) was used to assess neural substrates
of pain anticipation and processing in ten healthy control women (CW) and 12 individuals
recovered from AN (REC AN) in order to avoid the confounding effects of malnutrition. Painful
heat stimuli were applied while different colors signaled the intensity of the upcoming stimuli.

Results—REC AN compared to CW showed greater activation within right anterior insula (rAI),
dorsolateral prefrontal cortex (dlPFC) and cingulate during pain anticipation, and greater
activation within dlPFC and decreased activation within posterior insula during painful
stimulation. Greater anticipatory rAI activation correlated positively with alexithymic feelings in
REC AN subjects.

Conclusions—REC AN showed a mismatch between anticipation and objective responses,
suggesting altered integration and, possibly, disconnection between reported and actual
interoceptive state. Alexithymia assessment provided additional evidence of an altered ability to
accurately perceive bodily signals in women recovered from anorexia nervosa.

Keywords
Anorexia; insula; pain; anticipation; homeostasis; fmri; interoception; alexithymia; eating
disorders; dorsolateral prefrontal
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Introduction
Anorexia nervosa (AN) is a debilitating disorder that most commonly affects adolescent
females1. AN is often a chronic illness2; 3 that is associated with substantial medical
morbidity4 and mortality5; 6. Individuals with AN have puzzling symptoms that are unique
to the disorder, such as restricted eating, a relentless drive to lose weight, body image
distortions, and denial of illness. However, there are no FDA approved medications or other
treatments that reverse core symptoms7–10, and little is known about how such symptoms
are encoded in the brain11. Thus a better understanding of the neurobiology of AN is needed
in order to develop more efficacious treatments.

Recent theories suggest that AN pathology may relate to a core impairment in
interoception12–14, i.e., perceiving and modulating the physiological condition of the body –
a process that serves to maintain homeostasis and facilitate adaptive emotion processing15.
This assertion is bolstered by studies indicating that AN individuals show altered subjective
responses to interoceptive stimuli16–18, such as food, hunger19–22 and physical pain23–28.
Moreover, AN individuals often display behavioral traits that could be related to impaired
interoception29. Specifically, AN individuals commonly exhibit high levels of
alexithymia30, which relates to difficulty describing and identifying feelings31; 32 raising the
possibility that AN individuals have an impaired ability to effectively use interoceptive
information to appropriately value immediate outcomes.

Pain is a uniquely relevant probe for investigating the function of neural systems relevant to
AN symptoms. First, as noted above, most, but not all studies show that ill and recovered
AN individuals show maladaptive behavioral responses to experimental pain stimuli.
Second, pain is an interoceptive process with well characterized neuroanatomical
pathways15; 33, and these pathways overlap to a large degree with the neural systems, such
as the insula, that are thought to be dysregulated in AN individuals14. Third, cued pain has a
strong anticipatory component34 that may be particularly relevant to probe affective
symptoms of AN35; 36. Specifically, anxiety and depression are often comorbid with AN and
amplified insula response to the upcoming aversive stimulus has been observed in
pathological anxiety36; 37 and mood35 disorders.

The purpose of this study was to use functional magnetic resonance imaging (fMRI) to
identify the neural correlates of pain anticipation and processing in women recovered from
AN (REC AN) relative to healthy control women (CW) with no history of an eating
disorder. We examined recovered AN subjects to avoid the possible confounding effect of
starvation and emaciation on pain responses38 and to minimize the interactive metabolic
effects on the observed group differences in brain activation, as done in prior research39. We
hypothesized that REC AN relative to CW would display dysregulated interoceptive
processing during anticipation and processing of heat pain, as evidenced by altered
activation within insula and related interoceptive brain circuitry15; 40; 41.

Materials and Methods
Subjects

Twelve women recovered from anorexia nervosa (REC AN) completed this study. To be
considered “recovered,” subjects: 1) had maintained at more than 90% of their ideal body
weight; 2) reported regular menstrual cycles; and 3) did not use psychoactive medication;
and 4) had not binged, purged, or engaged in significant restrictive eating patterns for at
least 1 year before the study. These criteria have been used in prior research39; 42; 43. Twelve
medically healthy control women (CW) who had regular menstrual cycles since menarche,
no history of psychiatric disorders according to a structured clinical interview for DSM-IV
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(SCID-P), and were comparable to the REC AN women on age (t(21)=3.1, p>0.05), race
(χ2=0.88, p>0.05), and BMI (t(21)=0.03, p>0.05) (Table 1) also completed the study. All
subjects provided written informed consent to participate in this cross-sectional study, which
was approved by the University of California San Diego Human Research Protection
Program. Each participant completed the structured clinical interview for DSM-IV SCID-
I44, which was administered by trained doctoral level clinicians, to determine current and
past eating disorder and other Axis I diagnoses. The final diagnosis was established by
consensus meeting with the board-certified psychiatrists (SCM, WHK).

Subjects completed the Toronto Alexithymia Scale-20 (TAS-20), which has three subscales
that measure difficulty identifying feelings, difficulty describing feelings and externally
orientated thinking31; 32. Specifically, since the difficulty identifying feelings and difficulty
describing feelings dimensions of alexithymia have shown high factorial validity and
reliability45, and are highly associated with pain sensitivity46; 47, we used these two
dimensions to assess alexithymic feelings. All participants also completed the Spielberger
State-Trait Anxiety Inventory (STAIY)48 and Beck Depression Inventory (BDI)49 to
determine severity of anxiety and depressive symptoms that are generally increased in ill
AN. Two CW participants showed extensive noise artifact in the scanner and were removed
from the final analysis. Subjects were excluded from the study if they: (1) met DSM-IV
criteria for lifetime alcohol or substance dependence; (2) fulfilled DSM-IV criteria for
alcohol or substance abuse within 30 days of study participation; (3) used psychotropic
medication within the last 4 weeks (or fluoxetine within the last 6 weeks); (4) had
irremovable ferromagnetic material; (5) were pregnant or claustrophobic; (6) fulfilled DSM-
IV criteria for lifetime bipolar or psychotic disorder, attention deficit hyperactivity disorder;
(7) had clinically significant comorbid medical conditions, such as a cardiovascular and/or
neurological abnormality; or (8) had a history of current or past chronic pain condition; (9)
were left-handed. All participants were unmedicated and were scanned during the first ten
days of their menstrual cycles.

Experimental Pain Paradigm (Figure 1)
The paradigm had two temporal conditions (anticipation, stimulus) with the former having
three stimulus conditions (anticipation of either high pain, low pain, or unknown pain) and
the latter having two stimulus conditions (high pain stimulation or low pain stimulation).
High (6sec; 47.5°C) and low (6sec; 45.5°C) thermal pain stimuli that produced moderate
and mild pain sensations, respectively, were delivered in a pseudorandom and
counterbalanced order by the 9cm2 thermode (Medoc TSA-II, Ramat-Yishai, Israel) that was
securely fastened to each subject's left volar forearm. Prior to scanning, all subjects were
pre-tested with several non-painful and painful temperature stimuli to ensure that the above
temperatures were well tolerated. No group differences in the subjective perception of the
administered temperatures were observed during the pre-test. In the scanner, subjects were
presented with a BLUE cross and were cued to anticipate “high pain” if the color of the
cross changed to RED, to anticipate “low pain” if the color of the cross changed to GREEN,
and to anticipate “unknown pain” (either high pain or low pain) if the color of the cross
changed to YELLOW (50 % probability). Subjects were instructed that during the task they
would receive several thermal heat stimulations that produce high and low pain sensations.
A total of 28 (14 high pain, 14 low pain) temperatures were delivered. High temperatures
were preceded by the high anticipatory cue (i.e., cross changed from BLUE to RED) 7 times
and by the unknown cue (i.e., cross changed from BLUE to YELLOW) 7 times. Likewise
low temperatures were preceded by low anticipatory cue (i.e., cross changed from BLUE to
GREEN) 7 times and by the unknown cue 7 times.
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Post-Task Questionnaire
To verify that both groups had a similar experience with the task, all subjects completed a
post-task questionnaire. The following variables were measured: 1) attention to the task
(from 0 – “not at all” to 10 – “extreme attention”); 2) experience during the task (from 0 –
“very tense” to 10 – “very relaxed”); 3) anticipatory anxiety (from 0 – “not at all” to 10 –
“extremely anxious”); 4) perceived pain intensity (0 – “no pain sensation” to 10 – “extreme
pain sensation”); and 5) perceived unpleasantness (from 0 – “no unpleasantness” to 10 –
“extreme unpleasantness”). Anticipatory anxiety, pain intensity and pain unpleasantness
were rated separately for high, low and unknown pain cues, i.e., subjects provided separate
ratings for each type of stimulus. Because task demands may interact with pain perception50,
within-scan ratings were not employed in this study, and prior research has shown that
average within- and post-scan pain ratings do not differ significantly51.

fMRI Protocol
Two fMRI runs (309 brain volumes/run) sensitive to blood oxygenation level-dependent
(BOLD) contrast52 were collected for each subject using 3.0 Tesla GE scanner (T2*-
weighted echo planar imaging, TR=2000 ms, TE=32ms, flip angle= 90, FOV=23cm, 64×64
matrix, 30 2.6-mm 1.4-mm gap axial slices) while they performed the paradigm described
above (Figure 1). FMRI acquisitions were time-locked to the onset of the task. During the
same experimental session, a high-resolution T1-weighted image (FSPGR, TR=8ms,
TE=3ms, TI=450 ms, flip angle=12, FOV=25cm, 172 sagittal slices, 1×0.97×0.97 mm3

voxels) was obtained for anatomical reference.

fMRI Statistical Analysis
All imaging data were analyzed with the Analysis of Functional NeuroImages (AFNI)
software package53. Preprocessed time series data for each individual were analyzed using a
multiple regression model consisting of three anticipation-related and two stimulus-related
regressors. Anticipation-related regressors consisted of: 1) Anticipation of high pain; 2)
Anticipation of low pain; and 3) Anticipation of unknown pain (i.e., either high pain or low
pain) (see Figure 1). Stimulus-related regressors consisted of: 1) Application of high pain;
and 2) Application of low pain. Seven additional regressors were included in the model as
nuisance regressors: one outlier regressor to account for physiological and scanner noise
(i.e., the ratio of brain voxels outside of 2SD of the mean at each acquisition), each
individual's white matter regressor to account for signal that is not spatially specific, three
movement regressors to account for residual motion (in the roll, pitch, and yaw directions),
and regressors for baseline and linear trends to account for signal drifts. Voxels were
resampled to 4×4×4 mm. A Gaussian filter with a full width-half maximum of 4mm was
applied to the voxel-wise percent signal change data to account for individual variation in
the anatomical landmarks. Data from each subject were normalized to Talairach
coordinates54. Primary contrasts between regression coefficients from the AFNI program
3dDeconvolve were entered into two-sample t-tests. Since all three cues (high, low,
unknown) signaled an upcoming painful stimulation, linear combinations of the three
anticipation-related regressors and the two stimulus-related regressors were created to
maximize statistical power and reliability. In order to examine whether REC AN compared
to CW demonstrated abnormal brain activation during anticipation and processing of pain,
the following data were compared between groups: 1) BOLD activation during pain
anticipation; and 2) BOLD activation during pain stimulation. Whole brain activations
within each group are reported in a Supplement. A threshold adjustment method based on
Monte-Carlo simulations was used to guard against identifying false positive areas of
activation55. Based on the whole brain analysis using a 4mm Gaussian filter, an a priori
voxel-wise probability of p< 0.05 in a cluster of 704 mm3 resulted in an a posteriori cluster-
wise probability of p <0.05. The average percent signal in areas that survived this whole

Strigo et al. Page 4

Int J Eat Disord. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



brain threshold/cluster method was extracted for each condition. Based on prior literature
showing the specific role of anterior insula in anticipatory pain processing and
interoception15; 35; 41, greater alexithymia in individuals with acute eating disorders30, and a
positive relationship between increased feelings scores on alexithymia scale and increased
sensitivity to pain56, we conducted an exploratory post-hoc analysis examining the
relationship between insula activation and the combined alexithymic feelings score. All
post-hoc statistical analyses were performed with PASWStatistics17.0 (SPSS, Chicago, IL).

RESULTS
Post-Scan Ratings and Psychological Variables

Both groups perceived the high temperature stimuli as more painful than the low
temperature stimuli, and both temperatures were rated as painful and unpleasant (Figure 2).
Repeated measures ANOVA with type (high, low, unknown) as the within-subject repeated
measure and group as the between-subject factor showed no significant main effect of group
on subjects' ratings of anticipatory anxiety (F(2,19)=0.259; p=0.616), pain intensity
(F(2,19)=0.034, P=0.855) or pain unpleasantness (F(2,19)=0.405; P=0.532). A significant
type × group interaction was observed for unpleasantness ratings (F(2,19)= 4.428; p=0.026)
but not for anxiety (F(2,19)=1.329, p=0.288) or intensity ratings (F(2,19)= 1.483; p=0.252)
(Figure 2). Both groups also reported paying good attention to the task (Mean ± SEM; REC
AN: 8.6±0.5 CW: 7.9±0.6, t(20)=0.925; p=0.37) and were similarly relaxed during the task
(Mean ± SEM: REC AN: 7.4±0.7; CW: 7.7±0.6; t(20)=0.822; p=0.42). This suggests that
the observed differences in brain activation were not due to different subjective experiences
between the groups. Furthermore, the groups were not statistically different in their
depressive and anxiety symptoms or in the degree of alexithymia (Table 1).

Within-scanner Movement
Since between-group differences in movement parameters during scanning may present a
potential confound, we calculated peak and average movement in each subject and
compared these variables between the two groups. We found no significant between-group
differences in these variables in our sample (t's < 0.2, p's > 0.8).

Whole Brain fMRI Analysis
Pain Anticipation—Whole brain analysis of the between-group differences during pain
anticipation revealed that REC AN compared to CW showed significantly higher activation
within right anterior insula (rAI), right cingulate, and right dorsolateral prefrontal (dlPFC)
cortex, and significantly lower activation within left posterior cingulate, left dorsomedial
prefrontal (dmPFC) and premotor cortices, as well as within several clusters within temporal
and occipital regions (Table 2; Figure 3a).

Pain Stimulation—Whole brain analysis of the between-group differences during pain
stimulation revealed that REC AN compared to CW showed significantly higher activation
within right dlPFC, and significantly lower activation within right mid-posterior insula, left
anterior cingulate cortex, left parahippocampal gyrus, bilateral post-central gyri, as well as
within several clusters in the occipital regions (Table 3; Figure 3b).

Total Grey Matter Volumes
In order to ensure that the observed group differences in functional activation were not due
to cerebral volume loss in the REC AN population, we conducted gray matter partial volume
extraction, which showed no significant differences between the groups in the total grey
matter volumes (F(1,20)= 1.136, p=0.299), which is consistent with our prior work57.
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Exploratory Brain-Behavior Correlations
An exploratory analysis examining the relationship between anticipatory rAI activation and
alexithymic feelings, showed significant positive correlations between rAI activity during
pain anticipation and alexithymic feelings in the REC AN group (r = 0.685, p < 0.05). This
correlation was not significant in CW group (r = −0.436, p = 0.209) (Figure 4). The strength
of the correlation between rAI activation and alexithymic feelings differed significantly
between the groups (p=0.013). Note that this relationship remained significant after
removing the CW subject with the highest alexithymia score. To further ensure that outliers
were not driving the relationship between rAI activation and alexithymic feelings that was
observed in our exploratory analysis, non-parametric Spearman correlations between
alexithymia and rAI activation were performed, which produced similar results (REC AN:
rho=0.602, p<0.05; CW: rho=−0.460, p = 0.18). No significant correlations were observed
between alexithymic feelings and pain-related activation within posterior insula (REC AN:
r=−0.16, p=0.63; CW: r=−0.407, p=0.243). Furthermore, no significant correlations were
observed between rAI activation and anticipatory anxiety in our sample (r's <0.3, p's >0.05).

Discussion
Three main findings were observed in this study, which was the first to use neuroimaging to
investigate the neural basis of pain anticipation and processing in recovered AN. First, when
anticipating painful stimuli, REC AN compared to CW individuals showed more activation
of rAI and right dlPFC. Second, when experiencing pain, REC AN compared to CW
individuals showed less activation of right posterior insula and more activation of right
dlPFC. Third, a positive post-hoc correlation between rAI activation and alexithymia (i.e.,
the inability to identify one's own feelings and emotions) was observed in REC AN
individuals, and not in CW. Taken together, these findings suggest a functional brain basis
of altered interoceptive processing in AN12; 13.

As expected58, both groups activated the rAI during pain anticipation (see Supplement), but
the activation was significantly greater in the REC AN group. The rAI plays a critical role in
health and psychopathology16; 59 by perceiving and modulating the physiological condition
of the body, and processing homeostatic emotions such as hunger, thirst, “air hunger” and
pain15. Neuroanatomical and functional brain imaging studies suggest that the anterior
insula is an integrator of interoceptive, cognitive and emotional experiences, and is a neural
substrate for emotional salience60, as well as interoceptive40 and emotional
awareness15; 16; 41. Therefore, increased rAI activation during anticipation of thermal heat
pain in REC AN may suggest an amplified stress response to the upcoming aversive
interoceptive stimulus, similar to what is observed in pathological anxiety36; 37; 61; 62 and
mood35 disorders. However, our REC AN subjects did not rate the upcoming painful
stimulation as subjectively more aversive, i.e., subjective experiences during pain
anticipation were rated similarly by both groups. Importantly, during pain stimulation, REC
AN subjects showed less activation in the right mid-posterior insula, again despite a similar
reported subjective experience of painful stimuli. Current evidence suggests that the
posterior insula encodes objective thermosensory information, whereas the middle and
anterior insula integrate thermosensory information with emotionally salient stimuli from all
sensory modalities15; 16; 41; 63; 64. The observed mismatch between subjective experiences
(ratings) and objective responses (brain activation) in REC AN potentially points to the
abnormal integration and, possibly, disconnection between reported and actual interoceptive
state. This interpretation is consistent with prior research indicating that AN is associated
with a reduced capacity to accurately perceive bodily signals13; 65, a deficit that seems to
persist even after recovery.
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This interpretation is further supported by our exploratory analyses. While the REC AN did
not significantly differ from CW in alexithymic feelings, a positive correlation between
alexithymic feelings and rAI activation during pain anticipation was observed in the REC
AN group, such that the REC AN subjects who displayed the greatest deficits in identifying
and describing feelings and emotions also showed the highest anticipatory rAI activation.
Furthermore, this relationship was specific to REC AN group and was not evident in the CW
group in our study. Prior literature shows negative correlation between activity within
anterior insula during emotional processing tasks and alexithymia scores in healthy
controls66; 67, which is consistent with the idea that these individuals have a reduced
capacity to experience emotion. However, when a person is classified as highly alexithymic,
the correlation between right insula activation and alexithymia scores becomes positive,
suggesting that highly alexithymic people are able to experience emotion, in fact, they show
hyperarousal to the emotion, but are unable to effectively appraise and identify the
emotion68. We posit that in our REC AN individuals similar process is taking place, i.e., the
REC AN individuals are more distressed by the upcoming painful stimuli but instead of lack
of cognitive awareness of their physiological feedback they intentionally suppress it.
Although the results of these exploratory analyses should be interpreted with caution, we
think these findings show direct clinical relevance, since treatments directed at improving
awareness of emotions may benefit those with anorexia.

DLPFC activation was higher in the REC AN group during pain anticipation and pain
processing. The medial and lateral prefrontal cortex is involved in regulating responses to
emotional stimuli, as evidenced in prior work by the increased activation of these areas
during reappraisal of pain35; 69; 70, and during placebo analgesia71. fMRI studies have
demonstrated altered prefrontal activation in ill and recovered AN subjects. Wagner et al.
(2007) found that REC AN individuals compared to healthy controls showed increased
dlPFC activation to a monetary choice task39. Zastrow et al. (2009)72 reported that ill AN
subjects showed enhanced responses in dorsal cognitive circuitry during performance of a
sets-hifting paradigm, suggesting that altered prefrontal activation may be independent of
state. Uher and colleagues found increased prefrontal activity to food images in participants
recovered from AN compared to currently ill AN patients and to healthy controls73. Thus,
these findings suggest that REC AN individuals show increased motivation to control
stimuli that are perceived as (or expected to be) aversive. Taken together, heightened rAI
and dlPFC activation during pain anticipation, potentially due to higher distress of the
upcoming pain in REC AN may result in the increased attempts to modulate both
anticipatory stress and sensory pain experience in these women. This model is consistent
with heightened dlPFC activation and reduced insula activation during pain stimulation. The
interpretation that REC AN women may be attempting to control their brain responses to
pain in an attempt to achieve a specific subjective experience is consistent with clinical
observations of AN individuals who tend to be overcontrolled and inhibited – behaviors that
persist after recovery74. Our exploratory post-hoc correlations are consistent with this notion
(see Supplement). Interestingly, we observed decreased activation in medial prefrontal
cortex and posterior cingulate during pain anticipation in REC AN when compared to CW.
These regions correspond closely to the default network, which is often deactivated during
cognitively demanding tasks75. This seems to further support the idea that the REC AN
participants were particularly engaged during pain anticipation.

We found that subjective experiences associated with pain anticipation and perception were
similar in the REC AN and CW groups. Although we did not measure heat pain thresholds
in this study, testing prior to scanning showed no between group differences in subjective
ratings of non-painful and painful stimuli, thus temperatures used were identical in both
groups. There is a substantial, but inconsistent literature, regarding responses to
experimental pain in subjects with eating disorders. When compared to healthy control
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participants, individuals currently ill with either AN or bulimia nervosa show decreased
thermal pain sensitivity23–26; 28; 76, and either decreased27 or no change in mechanical pain
sensitivity24; 28. Limited data are available regarding whether abnormal experimental pain
perception persists after recovery from AN. One earlier study measured heat pain thresholds
in recovered anorexic in-patients and found similar thresholds to those in healthy female
controls77. Another study measured heat pain thresholds in AN individuals before and
immediately after weight gain, then again six months after weight restoration and found that
thresholds increased six month after weight restoration but not upon immediate weight
gain25. Consistent with these two studies, the REC AN women in our study did not show
reduced subjective pain perception, as evidenced by equally intense thermal stimuli being
rated similarly by both groups. Our data therefore suggest that although subjective
experiences during stimulation and anticipation were similar in REC AN and CW,
functional activation of neurocircuitry involved in pain perception and anticipation was
altered in women recovered from AN.

This study had several important limitations. First, the sample size of the current study was
modest, and therefore, the results require replication. Furthermore, we cannot exclude the
possibility that the observed results were partially related to the presence of prior comorbid
psychiatric conditions, which were present in most of the REC AN sample in this study. In
addition, we did not conduct comprehensive assessment of thermal sensitivity in our
subjects. Even though we observed no between group differences during brief pre-testing of
non-painful and painful stimuli, and the temperatures used during scanning were rated
comparably by both groups (Figure 2), we have no information about pain thresholds in our
subjects. Finally, we cannot infer from this cross sectional study whether pain sensitivity
changed after recovery or whether the observed alterations in functional brain activity
observed in REC AN individuals represent pre-existing vulnerability factors or residual
symptoms of AN. Future longitudinal studies should explore how changes in pain sensitivity
and/or emotional awareness relate to one's capacity to recover from anorexia nervosa.
Despite these limitations, the current findings may contribute to the neurobiological
understanding of AN, and have important implications for the development of new
treatments that modify individuals' ability to modify and modulate their interoceptive state.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental Pain Anticipation Paradigm
Subjects are presented with the blue cross and are cued to anticipate “high pain” (i.e., brief
thermal heat temperature that produces high pain sensation) if the color of the cross changes
to RED, “low pain” (i.e., brief thermal heat that produces low pain sensation) if the color of
the cross changes to GREEN, or “unknown” (i.e., brief thermal heat of either high or low
intensity) if the color of the cross changes to YELLOW (50 % probability). Each
temperature is delivered for 6 sec.
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Figure 2. Post-Scan Subjective Temperature Ratings
Subjects rated the average anticipatory anxiety, average perceived pain intensity and average
perceived unpleasantness of each cue and each temperature stimulus after the functional
scan. The unknown cue was followed by low and high pain at 50% probability. No
significant between-group differences were observed in subjective ratings of anticipatory
anxiety (F(2,20)=0.259; p=0.616) or temperatures (F's(2,20)<0.5, P>0.5).
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Figure 3. Significant Between-group Differences in BOLD activation
Whole brain analysis of the between-group differences during A. Pain Anticipation showed
increased right anterior insula (rAI), cingulate and dorsolateral prefrontal cortex (dlPFC) in
women recovered from anorexia nervosa (REC AN) compared to healthy control women
(CW) (see Table 2 for further details). Bar graphs indicate percent signal changes within rAI
and r. dlPFC during anticipation of low, high and unknown pain. Whole brain analysis of the
between-group differences during B. Pain Processing showed increased right dlPFC in
REC AN compared to CW women (see Table 3 for further details). Bar graphs indicate
percent signal changes within r. dlPFC and r. mid-posterior insula during anticipation of
low, high and unknown pain. Left = Right. REC AN = recovered, CW = control women. * <
0.05, ** < 0.01, *** < 0.005.
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Figure 4. Brain-Behavior Correlations
Significant positive correlations were found between rAI activity during pain anticipation
(see Table 2 for details) and alexithymic feelings score in the combined group (r = 0.460, p
< 0.05) and in women recovered from anorexia nervosa (REC AN) (r = 0.685, p < 0.05).
This correlation was not significant in healthy control women (CW) (r = −0.436, p = 0.209).
The strength of the correlation between rAI activation and alexithymic feelings differed
significantly between the groups (p=0.013). Note that this relationship remained significant
after removing the CW subject with the highest alexithymia score. To further ensure that
outliers were not driving the relationship between rAI activation and alexithymic feelings
non-parametric Spearman correlations between alexithymia and rAI activation were
performed, which produced similar results (REC AN: rho=0.602, p<0.05; CW: rho=−0.460,
p = 0.18).
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