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Context: Previous studies have shown that women with
anorexia nervosa (AN), when ill and after recovery, have
alterations of serotonin (5-HT) neuronal activity and core
eating disorder symptoms, such as anxiety.

Objective: To further characterize the 5-HT system in
AN, we investigated 5-HT1A receptor activity using posi-
tron emission tomography imaging because this recep-
tor is implicated in anxiety and feeding behavior.

Design, Setting, and Participants: To avoid the con-
founding effects of malnutrition, we studied 13 women
who had recovered from restricting-type AN (mean age,
23.3±5.2 years) and 12 women who had recovered from
bulimia-type AN (mean age, 28.6±7.3 years) (�1 year
normal weight, regular menstrual cycles, no bingeing or
purging). These subjects were compared with 18 healthy
control women (mean age, 25.1±5.8 years).

Intervention: The 5-HT1A receptor binding was mea-
sured using positron emission tomography imaging and a
specific 5-HT1A receptor antagonist, [carbonyl-11C]WAY-
100635.

MainOutcomeMeasure: Specific 5-HT1A receptor bind-
ing was assessed using the binding potential measure. Bind-
ing potential values were derived using both the Logan
graphical method and compartmental modeling. The bind-

ing potential in a region of interest was calculated with
the formula: binding potential=distribution volume of the
region of interest minus distribution volume of the cer-
ebellum.

Results: Women recovered from bulimia-type AN had
significantly (P�.05) increased [11C]WAY-100635 bind-
ing potential in cingulate, lateral and mesial temporal,
lateral and medial orbital frontal, parietal, and prefron-
tal cortical regions and in the dorsal raphe compared with
control women. No differences were found for women
recovered from restricting-type AN relative to controls.
For women recovered from restricting-type AN, the
5-HT1A postsynaptic receptor binding in mesial tempo-
ral and subgenual cingulate regions was positively cor-
related with harm avoidance.

Conclusions: We observed increased 5-HT1A receptor bind-
ing in women who had recovered from bulimia-type AN
but not restricting-type AN. However, 5-HT1A receptor bind-
ing was associated with a measure of anxiety in women re-
covered from restricting-type AN. These data add to a grow-
ing body of evidence showing that altered serotonergic
function and anxiety symptoms persist after recovery from
AN. These psychobiological alterations may be trait re-
lated and may contribute to the pathogenesis of AN.
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A NOREXIA NERVOSA (AN) IS A

disorder of unknown etiol-
ogy, which most com-
monly has its onset during
adolescence in girls. This

disorder is characterized by the relentless
pursuit of thinness and obsessive fears of
being fat. Two subtypes have been de-
scribed: a group that restricts their eating
(restricting-type AN [RAN]) and a group
that alternates restrictive eating with bu-
limic symptoms such as episodes of purg-
ing and/or binge eating (bulimia [binging-
purging]-type AN [BAN]).1 Anorexia

nervosa subtypes are thought to share some
common etiological factor because they are
cross-transmitted in families and have many
symptoms in common.2-4

Several lines of evidence support the pos-
sibility that altered central nervous sys-
tem serotonin (5-HT) activity contributes
to the appetitive alterations found in AN.5,6

Moreover, disturbed 5-HT activity may play
a role in anxious, obsessional behaviors and
extremes of impulse control.7-12 Physi-
ologic and pharmacologic studies show dis-
turbances of 5-HT activity in people who
are underweight with AN.13-17

Author Affiliations are listed at
the end of this article.
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The nature of 5-HT disturbances in AN has been poorly
understood because of the inaccessibility of the central ner-
vous system in humans and the complexity of 5-HT neu-
ronal activity. However, the development of selective trac-
ers for the 5-HT system has made in vivo study of 5-HT
function possible with positron emission tomography
(PET). The purpose of this study was to use PET imaging
with the radioligand [carbonyl-11C]WAY-100635 to as-
sess presynaptic and postsynaptic 5-HT1A receptor func-
tion. Studies in animals and humans raise the possibility
that alterations of the 5-HT1A receptor may play a role in
anxiety,18-20 mood and impulse control,12,21,22 and feeding
behavior,23-25 as well as selective serotonin reuptake in-
hibitor response.26,27 Previous studies, using other brain
imaging technologies, have identified potential alter-
ations in temporal, cingulate, and frontal regions in AN.28-30

These regions are known to contain 5-HT1A postsynaptic
receptors.31,32 These previous imaging studies guided our
choice of brain regions to investigate in our subjects.

This study investigated women who had recovered for
1 or more years from AN. Studies of women who have re-
covered from an eating disorder avoid the confounding
effects of malnutrition on 5-HT activity. Some, but not all,
studies showed that a disturbance of 5-HT activity per-
sists after recovery from an eating disorder.33-35 Finally, cer-
tain behaviors, such as anxiety, perfectionism, and obses-
sionality, have been found to occur premorbidly and persist
after recovery from AN.36-39 Together these studies raise
the possibility that altered 5-HT activity and these behav-
ioral symptoms may be traits that contribute to a vulner-
ability to develop AN and are not due to malnutrition. The
goal of this study was to determine whether alterations of
the 5-HT1A receptor persisted after recovery or were re-
lated to behavioral symptoms.

METHODS

SUBJECT SELECTION

Twelve women who had recovered from BAN (REC BAN) and
13 women who had recovered from RAN (REC RAN) were re-
cruited. Eighteen healthy control women (CW) were re-
cruited through local advertisements. Details on sample selec-
tion and assessment are described elsewhere.40,41

This study was conducted according to the institutional re-
view board regulations of the University of Pittsburgh, Pitts-
burgh, Pa, and all subjects gave written informed consent.

IMAGE ACQUISITION

Magnetic resonance (MR) imaging and PET imaging were per-
formed as previously described for arterial-based dynamic im-
aging of [11C]WAY-100635 binding to 5-HT1A receptors42 dur-
ing the first 10 days of the follicular phase of the menstrual cycle
for all subjects. [11C]WAY-100635 was synthesized according
to established methods.43,44 A bolus intravenous injection of
13.5±2 mCi (499.5±74 MBq) high specific–activity [11C]WAY-
100635 was administered and dynamic emission scanning with
arterial blood sampling (34-sample input function) was per-
formed across 60 minutes (a longer 90-minute acquisition was
collected in 10 of 25 REC RAN and REC BAN and 11 of 18 CW).
A metabolite-corrected input function was determined, as pre-
viously described.42

DATA ANALYSIS

The regions of interest (ROIs) were hand drawn on the coreg-
istered MR images and applied to the dynamic PET data to gen-
erate time-activity curves. In addition to previously used ROIs,40,41

including the cerebellum (left and right hemispheres) as a ref-
erence region, the dorsal raphe nucleus was chosen. Based on
the coregistered MR images, the brainstem was subdivided into
a rostral (midbrain/upper pons) and caudal region (medulla/
pons) to approximate the dorsal and median raphe nuclei, re-
spectively. The raphe nuclei cannot be delineated on MR im-
aging, and these ROIs were directly identified on the PET image45

using circular, fixed, 6-mm-radius ROIs (for all subjects) placed
over the area of highest radioactivity. The inferior border of the
dorsal raphe nucleus was identified by the interpeduncular cis-
tern. To reduce noise, right and left regions were combined.44

For the arterial-based kinetic analyses, regional [11C]WAY-
100635 distribution volume (DV) values were determined us-
ing both the Logan graphical method46 and a 3-compartment
model (2-tissue compartments)47 that included a vascular vol-
ume term. A modified Logan analysis that applied generalized
linear least squares smoothing to the data prior to analysis48

was used because this effectively reduced noise-induced bias
in the Logan DV as previously described for other PET radio-
tracers.46 The Logan analysis was performed on PET data ac-
quired after 25 minutes with 7 or 10 data points used for the
analyses of the 60- and 90-minute data sets, respectively. Al-
though the concentration of cerebellar 5-HT1A receptors is low,
its influence on ROI-specific binding could not be excluded.
Analyses of the cerebellar data indicated greater cerebellar DV
values for a subset of recovered subjects relative to CW (see
“Results” section). Therefore, the specific 5-HT1A receptor bind-
ing measure used in this work was one that was not strongly
influenced by tissue nonspecific binding. The binding poten-
tial (BP) measure was determined as: BP=DVROI−DVcerebellum.47

This BP is dependent on plasma protein binding (f1) rather than
tissue free fraction (f2).47 As a result, plasma protein binding
was measured in all subjects to determine the extent to which
a group difference in [11C]WAY-100635 BP could be influ-
enced by this factor.

STATISTICAL ANALYSIS

Standard statistical software packages (SAS version 8.2 [SAS
Institute Inc, Cary, NC] and StatExact 4.0 [Cytel, Cambridge,
Mass]) were used for all analyses. Comparisons between CW,
REC RAN, and REC BAN were made using Kruskal-Wallis tests
with the exact significance levels reported. Comparisons be-
tween 2 groups were made using Wilcoxon rank sum tests. The
exact levels were used because of the small sample sizes. Stan-
dard regression diagnostics were used to assess the sensitivity
of the model to any observation in the data set. Pearson cor-
relation coefficients were also computed, and exact signifi-
cance levels based on Monte Carlo methods are reported.

All values are expressed as mean±SD. A significance level of
P�.05 was selected. We adjusted for multiple comparisons us-
ing the method of false discovery rate.49 We first applied this
method to the 10 regions that were being tested for group differ-
ences (Table 1 and Table 2). We also used the method of false
discovery rate to adjust for the multiple comparisons for each of
the 2 group comparisons and for the correlational analyses. This
method was applied to each outcome, and the tests are adjusted
across regions for each of the outcomes in Table 3. A repeated-
measures analysis that used generalized estimating equations was
applied to explore potential group differences in radiolabeled me-
tabolites of [11C]WAY-100635, assuming a normal distribution
and an exchangeable covariance structure. Models were fit in-
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cluding time, group membership, and a time�group member-
ship interaction term. Only effects with a significance level of .10
or less were retained in the model.

RESULTS

DEMOGRAPHIC VARIABLES
AND BEHAVIORAL ASSESSMENTS

The REC RAN and REC BAN were of similar age as the
CW (Table 3). Current body mass indexes were similar
between the 3 groups; however, high lifetime body mass
index was significantly lower in REC RAN compared with
CW and REC BAN. As expected, low lifetime body mass
index was significantly lower in REC RAN and REC BAN
compared with CW. Subject groups had similar plasma
β-hydroxybutyric acid values, a measure of ketone body
metabolism, suggesting REC RAN and REC BAN were
not in a physiologic starvation state. In addition, groups

had similar plasma estradiol values. The REC RAN had
the onset of their eating disorder when they were aged
mean±SD 16.2±4.3 years and the REC BAN when they
were aged mean±SD 16.0±3.0 years; the REC RAN and
REC BAN had been recovered for mean±SD 35.0±32.3
months and 32.3±50.5 months, respectively. The REC
RAN and REC BAN had, respectively, significantly higher
values for eating disorder–related obsessionality (Yale-
Brown-Cornell Eating Disorder Scale55,56), higher val-
ues for the Eating Disorder Inventory–251 subscales drive
for thinness and bulimia, and significantly higher val-
ues in trait and state anxiety (Spielberger State-Trait Anxi-
ety Inventory53), as well as significantly higher values for
depression (Beck Depression Inventory50) and perfec-
tionism (Frost Multidimensional Perfectionism Scale54)
compared with CW. Only REC BAN showed higher total
values for the Yale-Brown Obsessive Compulsive Scale57,58

compared with CW, and only REC RAN had higher val-
ues for harm avoidance in comparison with CW (Table 3).

Table 1. Regional [Carbonyl-11C]WAY-100635 Binding Potential (BP) Between Groups—Logan Graphical Method

Region of Interest

BP, Mean ± SD P Value

CW
(n = 18)

REC BAN
(n = 12)

REC RAN
(n = 13)

3-Way
Comparison*

CW vs
REC BAN†

CW vs
REC RAN†

REC BAN vs
REC RAN†

Prefrontal cortex 4.17 ± 1.03 5.65 ± 0.98 4.76 ± 1.24 .004‡ �.001‡ .27 .06
Lateral orbital frontal cortex 3.87 ± 0.85 5.13 ± 0.73 4.21 ± 0.83 �.001‡ �.001‡ .32 .01‡
Medial orbital frontal cortex 4.66 ± 1.32 5.99 ± 1.02 5.19 ± 1.40 .04 .005‡ .59 .17
Supragenual cingulate 3.83 ± 0.98 5.22 ± 1.17 3.87 ± 0.95 .001‡ .001‡ .71 .001‡
Pregenual cingulate 4.52 ± 1.25 6.31 ± 1.68 4.79 ± 1.26 .02‡ .005‡ .71 .03
Subgenual cingulate 4.76 ± 1.29 6.14 ± 1.72 4.64 ± 1.43 .06 .049 .72 .03
Lateral temporal cortex 5.22 ± 1.33 6.90 ± 0.92 5.69 ± 1.30 .004‡ .002‡ .34 .02‡
Mesial temporal cortex 7.07 ± 1.96 8.62 ± 2.17 7.74 ± 2.96 .27 .11 .76 .28
Parietal cortex 3.93 ± 1.00 5.21 ± 0.93 4.27 ± 1.06 .005‡ .002‡ .49 .03‡
Dorsal raphe 2.15 ± 0.60 3.07 ± 0.71 3.00 ± 1.62 .02‡ .002‡ .27 .28

Abbreviations: CW, control women; REC BAN, women recovered from bulimia-type anorexia; REC RAN, women recovered from restricting-type anorexia.
*Group comparisons by Kruskal-Wallis test.
†Group comparisons by Wilcoxon rank sum tests.
‡Significant after adjustment for multiple comparisons. Cerebellar distribution volumes were similar between groups (P=.38).

Table 2. Regional [Carbonyl-11C]WAY-100635 Binding Potential (BP) Between Groups—Compartmental Modeling

Region of Interest

BP, Mean ± SD P Value

CW
(n = 18)

REC BAN
(n = 12)

REC RAN
(n = 13)

3-Way
Comparison*

CW vs
REC BAN†

CW vs
REC RAN†

REC BAN vs
REC RAN†

Prefrontal cortex 4.07 ± 0.97 5.43 ± 0.88 4.64 ± 1.25 .005‡ .001‡ .26 .058
Lateral orbital frontal cortex 3.70 ± 0.80 4.92 ± 0.70 4.08 ± 0.85 .001‡ �.001‡ .25 .02‡
Medial orbital frontal cortex 4.47 ± 1.33 6.00 ± 1.08 5.33 ± 1.29 .01‡ .002‡ .23 .20
Supragenual cingulate 3.59 ± 0.81 4.89 ± 1.00 4.01 ± 0.99 .001‡ �.001‡ .35 .02‡
Pregenual cingulate 4.34 ± 1.23 6.01 ± 1.70 4.80 ± 1.20 .01‡ .005‡ .54 .03‡
Subgenual cingulate 4.63 ± 1.31 6.00 ± 1.47 4.64 ± 1.11 .02‡ .02‡ .92 .009‡
Lateral temporal cortex 5.10 ± 1.30 6.73 ± 0.96 5.66 ± 1.30 .002‡ �.001‡ .29 .03‡
Mesial temporal cortex 6.87 ± 2.05 9.05 ± 2.10 8.61 ± 2.75 .04‡ .02‡ .09 .58
Parietal cortex 3.84 ± 0.96 5.03 ± 0.97 4.14 ± 1.01 .007‡ .002‡ .49 .04
Dorsal raphe 2.12 ± 0.67 2.93 ± 0.62 3.27 ± 1.64 .02‡ .006‡ .07 .56

Abbreviations: See Table 1.
*Group comparisons by Kruskal-Wallis test.
†Group comparisons by Wilcoxon rank sum tests.
‡Significant after adjustment for multiple comparisons. Cerebellar distribution volumes were significantly different between groups (P =.02).
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PET DATA

Plasma Data

The repeated-measures analysis of the unmetabolized frac-
tion of [11C]WAY-100635 (8 points) indicated that the
REC RAN group was different from the other 2 groups.
Both the group (P=.05) and the group� time interac-
tion (P=.08) were of marginal significance in this model.
Coefficients associated with group indicated a higher frac-
tion of unmetabolized [11C]WAY-100635 across time for
REC RAN while the interaction term was negative indi-
cating a decline across time in this group as well. How-
ever, this decline across time was observed in REC BAN
and CW as well (Figure 1). No significant differences
in plasma free fraction (f1) were found between REC RAN
(mean±SD f1, 0.088±0.028), REC BAN (mean±SD f1,
0.100±0.040), and CW (mean±SD f1, 0.093±0.030)
(P=.79), from whom these data were available.

ROI-Based Analysis:
Logan Graphical Method

The cerebellar DV values were similar (P=.38; 3 groups)
but somewhat lower for CW (mean±SD, 0.68±0.15) than
for REC RAN (mean±SD, 0.79±0.26) and REC BAN
(mean ± SD, 0.78 ± 0.15). The regional [11C]WAY-
100635 BP values followed the known rank order of
5-HT1A receptor binding,59,60 as presented in Table 1. Af-
ter adjustment for multiple comparisons, we found sig-
nificant differences for [11C]WAY-100635 BP values

among the 3 groups for the prefrontal, lateral orbital fron-
tal, lateral temporal, parietal cortex, supragenual and pre-
genual cingulate, and dorsal raphe. Illustrative scatter-
plots (Figure 2) are shown for the lateral orbital frontal
cortex and the dorsal raphe. Further analysis revealed that
only REC BAN had a highly significant increase of
[11C]WAY-100635 BP compared with CW in prefron-
tal, lateral and medial orbital frontal, lateral temporal, pa-
rietal, and supragenual and pregenual cingulate regions
as well as in the dorsal raphe, after adjustment for mul-
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Figure 1. Fraction of unmetabolized [carbonyl-11C]WAY-100635 in plasma
across time. CW indicates control women; REC RAN, women recovered from
restricting-type anorexia; REC BAN, women recovered from bulimia-type
anorexia.

Table 3. Group Comparisons of Demographic Variables and Assessment Data

CW (Group 1),
Mean ± SD

(n = 18)

REC BAN (Group 2),
Mean ± SD

(n = 12)

REC RAN (Group 3),
Mean ± SD

(n = 13)

3-Way
Comparison,

P Value*
Group

Differences

Age, y 25.1 ± 5.8 28.6 ± 7.3 23.3 ± 5.2 .06
Current BMI 22.2 ± 2.0 21.1 ± 1.8 20.8 ± 1.7 .14
AN age at onset, y NA 16.0 ± 3.0 (n = 11) 16.2 ± 4.3 .82†
Duration of recovery, mo NA 32.3 ± 50.5 (n = 11) 35.0 ± 32.3 (n = 11) .31†
High lifetime BMI 23.1 ± 2.0 23.7 ± 2.9 21.4 ± 2.5 .03 1, 2 � 3
Low lifetime BMI 20.1 ± 1.5 14.3 ± 1.6 13.9 ± 1.4 �.001 2, 3 � 1
Estradiol, pg/mL 51.3 ± 56.1 (n = 16) 47.8 ± 59.2 44.7 ± 41.6 .99
�-Hydroxybutyric acid, mg/dL 7.28 ± 0.42 (n = 16) 1.04 ± 1.04 1.04 ± 1.04 (n = 11) .56
Depression (BDI50) 1.0 ± 1.3 (n = 16) 6.2 ± 4.2 (n = 11) 7.1 ± 6.4 (n = 12) �.001 2, 3 � 1
EDI-251 drive for thinness (“worst ever”) 0.8 ± 1.4 17.0 ± 4.7 (n = 11) 16.5 ± 4.3 (n = 12) �.001 2, 3 � 1
EDI-2 bulimia (“worst ever”) 0.1 ± 0.2 8.0 ± 6.3 (n = 11) 1.7 ± 2.1 (n = 12) �.001 2 � 3 � 1
Novelty seeking (TCI52) 21.3 ± 5.0 22.4 ± 8.0 (n = 11) 18.7 ± 6.1 (n = 12) .23
Harm avoidance (TCI) 9.7 ± 3.3 12.8 ± 7.9 (n = 11) 15.9 ± 7.1 (n = 12) .03 3 � 1
Reward dependence (TCI) 19.3 ± 2.6 18.5 ± 3.1 (n = 11) 16.7 ± 3.7 (n = 12) .12
State anxiety (STAI53) 25.6 ± 5.2 33.9 ± 8.5 (n = 11) 35.3 ± 11.8 (n = 12) .004 2, 3 � 1
Trait anxiety (STAI) 26.8 ± 5.2 37.5 ± 9.5 (n = 11) 36.3 ± 10.0 (n = 12) .001 2, 3 � 1
Perfectionism (MPS54) 54.6 ± 11.4 105.5 ± 23.1 (n = 11) 99.0 ± 18.4 (n = 12) �.001 2, 3 � 1
Yale-Brown-Cornell Eating Disorders Scale55,56 0.3 ± 0.8 4.1 ± 5.1 (n = 10) 7.0 ± 7.6 (n = 12) .001 2, 3 � 1
Yale-Brown Obsessive-Compulsive Scale51,58 0.4 ± 1.4 9.8 ± 10.4 (n = 10) 4.3 ± 6.3 (n = 12) .02 2 � 1

Abbreviations: AN, anorexia nervosa; BDI, Beck Depression Inventory; BMI, body mass index (calculated as weight in kilograms divided by the square of height
in meters); CW, control women; EDI-2, Eating Disorder Inventory–2; MPS, Multidimensional Perfectionism Scale; NA, not applicable; REC BAN, women recovered
from bulimia-type anorexia; REC RAN, women recovered from restricting-type anorexia; STAI, State-Trait Anxiety Inventory; TCI, Temperament and Character
Inventory.

SI factor conversions: To convert estradiol to picomoles per liter, multiply by 3.671; �-hydroxybutyric acid to micromoles per liter, 96.05.
*Group comparison by Kruskal-Wallis test.
†Group comparison by Wilcoxon rank sum test.
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tiple comparisons. Figure 3 depicts our finding of sig-
nificantly increased [11C]WAY-100635 BP in the lateral
orbital frontal cortex of REC BAN relative to CW. The
REC RAN did not differ significantly from the CW in any
of the assessed regions. The REC BAN had significantly
increased [11C]WAY-100635 BP in the lateral orbital fron-
tal, lateral temporal, and parietal cortex, as well as in the
supragenual cingulate compared with REC RAN.

The temporal stability of the outcome measures was
examined in the subset of subjects (11 CW, 6 REC BAN,
4 REC RAN) for which a full 90-minute emission data
set was available. High correlations were observed be-
tween the cerebellar DV and regional BP measures cal-

culated using the 60-minute and 90-minute data sets (CW,
r=0.96-0.99; REC RAN and REC BAN, r=0.98-0.99). The
90-minute values generally exceeded the 60-minute val-
ues. As an example, the mesial temporal cortex 90-
minute BP values were about 15% greater than the 60-
minute values (Figure 4).

ROI-Based Analysis:
Compartmental Modeling

The compartmental cerebellar DV values differed be-
tween groups (P=.02; 3 groups). Higher cerebellar DV was
found for REC BAN (mean±SD, 0.65±0.12) vs CW
(mean±SD, 0.53±0.12) with P=.01 and was only higher
at a trend level for cerebellar DV of REC BAN vs REC RAN
(mean±SD, 0.60±0.23) with P=.05. In 1 CW, the cerebel-
lar k4 value was negative. A 2-compartment, 3-parameter
model fit to this subject’s data yielded a 2-compartment cer-
ebellar DV value that was within 1% agreement of the
3-compartment DV value. Group differences in the re-
gional [11C]WAY-100635 BP values were similar for the
compartmental (Table 2) and Logan analyses (Table 1), with
additional group differences of higher [11C]WAY-100635
BP for mesial temporal and subgenual cingulate regions of
REC BAN (relative to CW). Good agreement was found
between the compartmental and Logan results. There-
fore, comparisons of receptor binding and behavioral mea-
sures were performed using only 1 BP measure deter-
mined using the simpler Logan method.

RELATIONSHIP OF DEMOGRAPHIC
AND BEHAVIORAL DATA

WITH [11C]WAY-100635 BP

Seventeen subjects in the REC RAN and REC BAN groups
had a history of major depressive disorder and 12 sub-
jects had a history of obsessive-compulsive disorder. Two
subjects fulfilled criteria for social phobia, 2 had a life-
time diagnosis of panic disorder, 4 fulfilled criteria for
specific phobia, and 4 subjects had a lifetime posttrau-
matic stress disorder diagnosis. Additional lifetime co-
morbidity included alcohol dependence (1 subject), al-
cohol abuse (1 subject), cocaine abuse (1 subject), and
opioid dependence (2 subjects). Seven REC BAN had a
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history of bulimia nervosa (BN). The number of indi-
viduals with any kind of comorbid Axis I disorder was
similar between REC BAN and REC RAN. None of the
REC RAN and REC BAN had a history of any psychotic
disorder. Subjects with comorbid obsessive-compulsive
disorder, major depressive disorder, any anxiety or sub-
stance use disorder, or history of BN did not differ in
[11C]WAY-100635 BP from those subjects without ob-
sessive-compulsive disorder, major depressive disor-
der, anxiety or substance use disorder, or history of BN,
within each diagnostic group. No relationships were found
for either group between [11C]WAY-100635 BP and age,
current body mass index, plasma β-hydroxybutyric acid
value, estradiol value, or duration of recovery.

The REC RAN showed a positive relationship between
harm avoidance and [11C]WAY-100635 BP in the mesial
temporal cortex (r=0.83; P=.001) and subgenual cingu-
late (r=0.66; P=.03) (Figure 5) as well as positive rela-
tionships at a trend to significance in lateral temporal
(r=0.54; P=.07), medial orbital frontal (r=0.57; P=.05),
and parietal cortices (r=0.52; P=.07). After adjustment for
multiple comparisons, only the positive relationship in the
mesial temporal cortex remained significant. There was no
relationship between harm avoidance and [11C]WAY-
100635 BP for CW or REC BAN or for the group of REC
RAN and REC BAN considered together.

Ten CW, 7 REC RAN, and 5 REC BAN were taking
birth control pills at the time of the study. There were
no differences in [11C]WAY-100635 BP across ROIs be-
tween subjects who were or were not taking birth con-
trol pills within each group. Furthermore, there was no
correlation between day of follicular phase (day of men-
ses) and [11C]WAY-100635 BP in any of the groups.

COMMENT

This study provides further evidence that a disturbance
of 5-HT neuronal function and behavioral symptoms per-
sist after normalization of weight and nutritional status
in AN. The REC BAN had a 22% to 43% increase in dor-
sal raphe and cortical [11C]WAY-100635 BP, suggesting
they had elevated autosynaptic and postsynaptic 5-HT1A

receptor activity. In contrast, REC RAN had normal
[11C]WAY-100635 BP values, which was associated with
harm avoidance.

DIFFERENCES BETWEEN RAN AND BAN

Subjects with RAN and BAN have similarities and differ-
ences in 5-HT neuronal function. For example, REC RAN,
REC BAN, and individuals recovered from BN have in-
creased baseline cerebrospinal fluid 5-hydroxyindoleace-
tic acid concentrations,33,61 the major metabolite of brain
5-HT, which presumably indicates increased extracellular
5-HT concentrations. However, individuals with RAN and
BAN have differences in accumulations of cerebrospinal
fluid 5-hydroxyindoleacetic acid after administration of pro-
benecid, which blocks the exit of acid metabolites from ce-
rebrospinal fluid.62 Moreover, individuals recovered from
BN,63 REC RAN40 (5 CW and 7 REC RAN were in this
study), and REC BAN41 (8 CW and 6 REC BAN were in

this study) have reduced [fluoro-18F]altanserin BP in PET
studies, suggesting they have reduced 5-HT2A receptor ac-
tivity. Reduced 5-HT2A activity would be an expected com-
pensatory down-regulation response to increased extra-
cellular 5-HT concentrations.

In comparison, increased activity of the 5-HT1A re-
ceptor function may only be associated with binge-and-
purge symptoms. In support of this possibility, in-
creased postsynaptic 5-HT1A activity has been reported
in ill subjects with BN64 who never had a history of AN.
Moreover, our laboratory (S.E.H., U.F.B., G.K.F.,
C.C.M., J.C.P., C.A.M., A.W., and W.H.K., unpublished
data, July 2004) found elevated [11C]WAY-100635 BP
in individuals recovered from BN without a history of
AN. Other studies have noted that individuals with
RAN and BAN have differences in 5-HT metabolism.
Recent PET studies from our laboratory (U.F.B., G.K.F.,
S.E.H., J.C.P., C.C.M., L.W., C.A.M., A.W., J.H., S.K.Z.,
C.W.M., and W.H.K., unpublished data, June 2005)
show that individuals recovered from BAN have re-
duced 5-HT transporter activity compared with sub-
jects with RAN. These latter data raise the possibility
that individuals with BAN have a relative increase of ex-
tracellular 5-HT compared with subjects with RAN. As
discussed later, increased presynaptic and postsynaptic
5-HT1A receptor activity may serve to counteract in-
creased extracellular 5-HT.65

Receptor and transporter activity and 5-hydroxyindole-
acetic acid concentrations reflect the complex dynamics of
5-HT pathways because other 5-HT receptors, intracellu-
lar messengers, and influences of other neurotransmitter
systems are involved. The data described earlier can be in-
terpreted to suggest that a dysregulation of 5-HT neuro-
nal pathways persists after recovery from an eating disor-
der. Most importantly, it is possible that each eating disorder
subtype has different patterns of dysregulation of compo-
nents of this pathway, which may help explain why dif-
ferences in symptoms occur in subtypes.

In comparison, decreased autosynaptic and postsyn-
aptic [11C]WAY-100635 BP have been found in depres-
sion in the ill45,66,67 and recovered state68 and in panic dis-
order.69 Bulimia nervosa is often comorbid with depression
or panic disorders because these disorders may affect the
same pathways but have different loci of pathophysiol-
ogy within those pathways.
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Figure 5. Correlation of harm avoidance and [carbonyl-11C]WAY-100635
([11C]WAY-100635) binding potential (BP) in the mesial temporal cortex
(A) and subgenual cingulate (B) in women recovered from restricting-type
anorexia. r indicates Pearson correlation coefficient.
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GENERALIZED 5-HT1A RECEPTOR FINDINGS IN
RELATIONSHIP TO 5-HT NEURONAL FUNCTION

Our study found that increased [11C]WAY-100635 BP in
REC BAN was generalized to all regions sampled. More-
over, significant positive relationships were seen for
[11C]WAY-100635 BP for the dorsal raphe 5-HT1A auto-
receptors and postsynaptic 5-HT1A receptors. In addi-
tion, the cortical [11C]WAY-100635 BP values were sig-
nificantly positively related to each other (data not shown).
Other PET studies show similar positive correlations for
[11C]WAY-100635 BP in healthy subjects70 and depres-
sion.66,67

The 5-HT1A receptor is both an autoreceptor in the ra-
phe nucleus and a postsynaptic receptor in the fore-
brain. Yet these data suggest that alterations in the 5-HT1A

receptor system seem to occur in the same direction. For
example, both autoreceptors and postsynaptic recep-
tors were increased in the individuals recovered from BAN
and decreased in depression.66,67 Does this make physi-
ological sense? Autoreceptor 5-HT1A activation is thought
to be a negative feedback mechanism that reduces ra-
phe activity.71 Recent studies show that postsynaptic
5-HT1A receptors in frontal regions have inhibitory prop-
erties on raphe activity72 through feedback loops, al-
though less is known about postsynaptic 5-HT1A feed-
back to the raphe in other brain regions. In summary, if
both autoreceptor and postsynaptic 5-HT1A receptor ac-
tivity serve to inhibit raphe activity, then it makes sense
that both 5-HT1A autoreceptors and postsynaptic recep-
tors have similar levels of activity in the brain.

HARM AVOIDANCE
AND REGIONAL FINDINGS

Only REC RAN had positive relationships between harm
avoidance and postsynaptic [11C]WAY-100635 BP in the
subgenual cingulate, mesial temporal, lateral temporal, me-
dial orbital frontal, and parietal cortex. Such correlations
were not found in REC BAN. Other studies from our
group41 found that REC BAN had positive relationships
between harm avoidance and [18F]altanserin BP in the left
subgenual cingulate, left lateral temporal, and mesial tem-
poral cortex. Such relationships were not found in REC
RAN.40 Together, these studies raise the possibility that cin-
gulate and temporal regions may play a role in elevated
harm avoidance in people with eating disorders.

Recent data raise the possibility that the interaction
and balance between 5-HT1A and 5-HT2A receptor activ-
ity may be important. Postsynaptic 5-HT1A and 5-HT2A

receptors are colocalized and interact to mediate, respec-
tively, the direct hyperpolarizing and depolarizing ac-
tions of 5-HT on cortical neurons,65 which in turn project
to numerous cortical and subcortical areas. Thus, a bal-
ance between postsynaptic 5-HT1A and 5-HT2A receptor
activity on neurons may modulate the descending excit-
atory input into limbic and motor structures.73 While REC
RAN and REC BAN may have differences in 5-HT1A and
5-HT2A receptor activity, the balance between these 2 re-
ceptors (eg, relatively more 5-HT1A than 5-HT2A recep-
tor activity) appears to be similar for individuals with RAN
and BAN (U.F.B., S.E.H., G.K.F., C.C.M., J.C.P., C.A.M.,

A.W., and W.H.K., unpublished data, July 2004), and this
balance may be altered compared with CW. Other data
from our laboratory (W.H.K., U.F.B., G.K.F., S.E.H., J.C.P.,
C.C.M., L.W., C.W.M., A.W., C.A.M., J.H., and S.K.Z.,
unpublished data, March 2005) suggest that the bal-
ance of postsynaptic 5-HT1A and 5-HT2A receptors con-
tributes to modulating behavior inhibition in CW.

Could alterations of 5-HT1A and 5-HT2A receptor in-
teractions be related to symptoms of harm avoidance in
cingulate-temporal regions? Harm avoidance is com-
mon in AN.74,75 Moreover, most individuals with eating
disorders have anxious as well as obsessive-compulsive
behaviors, which often start in childhood before the on-
set of their eating disorder.76,77 The anterior cingulate, a
region that normally serves to inhibit amygdala reactiv-
ity,78 also has connections to the periaqueductal gray.
5-HT1A and 5-HT2A in this region contribute to the
modulation of escape behavior in rats, a defensive be-
havior that has been related to panic disorder.79 The
subgenual cingulate is involved in conditioned emo-
tional learning, vocalizations associated with express-
ing internal states, and assigning emotional valence to
internal and external stimuli.80-82 It is thought to have a
role in emotional and autonomic response as well as in
regulating overall serotonergic activity83 and has been
implicated in depression.66,84-86 Mood disorders are
common in eating disorders,3 as are disturbances of en-
ergy metabolism.87 The subgenual cingulate has exten-
sive connections with the amygdala, periaqueductal
gray, frontal lobes, ventral striatum, and autonomic
brainstem nuclei. Mesial temporal regions include the
amygdala and related regions, which play a pivotal role
in anxiety and fear as well as in the modulation and in-
tegration of cognition and mood. The amygdala may
enable the individual to initiate adaptive behaviors to
threat based on the nature of the threat and prior expe-
rience.88 Finally, increased 5-HT1A receptor activity may
inhibit function of the anterior cingulate, a region that
normally serves to inhibit amygdala reactivity,78 thus
contributing to heightened amygdala response. In sum-
mary, these data raise the speculation that 5-HT-related
alterations of subgenual cingulate and amygdala re-
gions contribute to anxious behaviors in AN.

RELATIONSHIP TO AGE

We did not find correlations of age and 5-HT1A receptor
binding (using the 60-minute or 90-minute data set). In
comparison, some postmortem and in vivo stud-
ies22,44,89,90 have shown aging reductions in 5-HT1A recep-
tor densities whereas others did not find an age-
dependent decline in 5-HT1A receptors.70,91,92 The age range
of our subjects was narrow. In addition, all of our sub-
jects were female. Other studies44 have raised the possi-
bility of relationships between regional [11C]WAY-
100635 BP and age in men.

LIMITATIONS

We relied on subject self-report of recovered status. How-
ever, normal plasma β-hydroxybutyric acid and estra-
diol values in REC RAN and REC BAN support the prob-
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ability that they have normal nutritional and gonadal
status. Another issue of concern was whether the ob-
served differences in the cerebellar DV could be ac-
counted for by group differences in the level of [11C]WAY-
100635 in plasma. The Logan graphical method did not
correct for blood volume while the compartmental model
included a vascular volume term. The cerebellar DV dif-
ference was only statistically significant for the compart-
mental method, which accounted for larger vascular vol-
ume terms for REC BAN (P=.02) as well as REC RAN
(P=.01), relative to CW (data not shown). It is there-
fore unlikely that differences in vascular volume fully ac-
counted for the group difference in cerebellar DV. It is
also not likely that the difference resulted from differ-
ences in the levels of radiolabeled metabolites or pro-
tein binding because these parameters were similar be-
tween the groups. It is not known why the [11C]WAY-
100635 cerebellar DV would be increased in REC BAN
since the cerebellum has been thought to be relatively
devoid of 5-HT1A receptors.60 Limited evidence suggests
that the cerebellum is populated by 5-HT1A receptors in
the neonatal period that disappear during early child-
hood. One study raised the possibility that cerebellar
5-HT1A receptor activity persists in the cerebellum in pa-
tients with schizophrenia.93 Whether REC BAN have per-
sistent cerebellar 5-HT1A receptors is not known.

The BP measure in this study was influenced by
plasma nonspecific binding. As described earlier, no
group difference was detected between the mean
[11C]WAY-100635 f1 measures. The individual BP val-
ues were, therefore, not corrected by the plasma protein
binding value because such a correction would intro-
duce variability into the BP values because f1 is a some-
what variable measure. Another concern with this
choice of BP is that the low cerebellar DV value would
be irrelevant in an absolute sense, relative to the larger
regional DV value. For comparison, specific binding
was also computed using the DV ratio (dependent on
f2), and we found similar group differences but at a
trend level (data not shown).

[11C]WAY-100635 PET studies in humans have ac-
quired data across 60 minutes.66,94,95 Parsey et al47 re-
ported that regional [11C]WAY-100635 binding mea-
sures were stable in most brain areas when data were
acquired across 80 to 90 minutes, although 110 to 120
minutes was indicated for the dorsal raphe. In our in-
vestigation, earlier studies were acquired across 60 min-
utes but later studies were performed across 90 min-
utes. Linear regression of the regional [11C]WAY-
100635 BP measures determined for the 60-minute and
90-minute data sets yielded highly positive correla-
tions, supporting the validity of the results obtained us-
ing the larger 60-minute data set. Furthermore, similar
trends in the group differences were observed for the 90-
minute and 60-minute data sets (data not shown).

Only REC BAN were found to have significant in-
creases of [11C]WAY-100635 BP relative to CW. The REC
RAN also had increased [11C]WAY-100635 BP in some
ROIs compared with CW, but no difference reached sta-
tistical significance. The sample size in this study may
have lacked power. A power computation for the com-
parison of CW and REC RAN revealed that the differ-

ence between the 2 groups must be of the order of 1 SD,
assuming a 2-sided t test was performed at a signifi-
cance level of P=.05 and a power of 0.80. This was the
case for CW vs REC BAN, but replications of these find-
ings in larger samples are needed.

SUMMARY

In summary, this study lends further credibility to the
possibility that women with AN have a persistent dis-
turbance of 5-HT neuronal systems that may be related
to increased anxiety. While it cannot be certain whether
5-HT alterations are a “scar” following cessation of low
weight and malnutrition, the fact that premorbid anxi-
ety disorders occur in AN supports the possibility that
altered 5-HT pathway function could predate the onset
of AN and persist after recovery. There are no proven treat-
ments for AN, and this illness has the highest mortality
of any psychiatric disorder.96 These data offer the prom-
ise of a new understanding of the pathogenesis of AN and
new drug and psychological treatment targets.
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