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Abstract

The hypothalamus contains integrative systems that sup-
port life, including physiological processes such as food in-
take, energy expenditure, and reproduction. Here, we show
that anorexia nervosa (AN) patients, contrary to normal
weight and constitutionally lean individuals, respond with a
paradoxical reduction in hypothalamic levels of glutamate/
glutamine (GIx) upon feeding. This reversal of the Glx re-
sponse is associated with decreased wiring in the arcuate
nucleus and increased connectivity in the lateral hypotha-
lamic area, which are involved in the regulation on a variety
of physiological and behavioral functions including the con-

trol of food intake and energy balance. The identification of
distinct hypothalamic neurochemical dysfunctions and as-
sociated structural variations in AN paves the way for the
development of new diagnostic and treatment strategies in
conditions associated with abnormal body mass index and a
maladaptive response to negative energy balance.

©2019 S. Karger AG, Basel

Introduction
Anorexia nervosa (AN) is a severe and complex mental

disorder mainly affecting young adult women [1, 2]. Pa-
tients with AN present with low body weight in conjunc-
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tion with self-induced starvation, intense fear of gaining
weight, and body image distortion [3]. One of the most
questioning features of individuals with AN is their abil-
ity to chronically restrict energy intake, whereas they are
in an emaciated condition often for many years, and not
rarely to the point of death. These alterations of intero-
ception clearly illustrate a communication breakdown
between the body and the brain, that is, the inability of the
brain to translate circulating factors that signal the energy
state of the organism into the appropriate adaptive behav-
ior [4]. In fact, recent genome-wide association studies
provide evidence of a genetic predisposition for a lower
body weight set-point in AN and also indicate that it is
not merely a psychiatric but also a metabolic disorder [5,
6]. However, among the wealth of functional magnetic
resonance imaging (MRI) studies on the brain of AN pa-
tients [7], few if any have examined differences in the hy-
pothalamus, a region crucially involved in perceiving and
integrating metabolic signals. Moreover, very little is
known about the mechanisms by which the brain reacts
to acute energetic challenges such as those caused by the
ingestion of a meal, either physiologically or in eating dis-
orders. Deciphering these mechanisms is thus a prereq-
uisite not only to obtaining insight into appropriate food
intake regulation in healthy individuals but also into how
its deregulation could subtend pathological conditions
such as AN.

To explore differences in brain structure and function
in patients with AN and control subjects, and thus gain
insight into the putative neurobiological mechanisms un-
derlying maladaptive food intake, we used proton mag-
netic resonance spectroscopy (MRS) [8] to measure brain
metabolites as an index of function, and a probabilistic
tractography algorithm [9] combined with diffusion-ten-
sor imaging [10] to measure connectivity in the hypo-
thalamus. Hunger and the hunger-mediated perception
of food as a reward are thought to be mediated by circuits
linking energy state to motivational drive to eat, which
involves distributed and interconnected neuronal net-
works [11-14]. One of these networks includes the arcu-
ate nucleus of the hypothalamus (ARH) [12] that com-
municates with extra-hypothalamic structures such as the
thalamus, which in turn project to cortical areas that in-
tegrate sensory cues and the energy needs of the body
[15]. Appetite, the reward value of feeding and motor ac-
tions associated with ingestive behaviors also involve the
lateral hypothalamic area (LHA) [13, 16, 17], which is bi-
directionally connected with >50 distinct brain areas in-
cluding in the midbrain, brainstem, and the telencepha-
lon [17, 18].
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Materials and Methods

Subjects

The study was carried out with the approval of the Comité de
Protection des Personnes Nord Ouest IV (No. EudraCT: 2012-
A01331-42), and informed consent was obtained from all included
subjects. Three groups of 10 female subjects with a mean age of
23.5 £ 0.8 were included (because only 10% of AN patients are
males); all participants were under oral contraception to avoid any
cofounding effects of the menstrual cycle on the hypothalamus [8],
except 6 out of 10 women with AN who were in hypothalamic
amenorrhea (i.e., an arrest of the menstrual cycle). Importantly,
circulating estradiol levels in women receiving oral contraceptives,
usually in the range of 20-30 ng/L [19], is comparable to the one
found in AN patients with hypothalamic amenorrhea [20] and
both type of subjects show low or absent pulsatile secretion of lu-
teinizing hormone [21, 22].

Patients included in the study were diagnosed with AN of a re-
strictive subtypeaccording to the Diagnostic and Statistical Manu-
al of Mental Disorders, 4th Edition, at least 1 year prior to the study
(n =10, BMI <18), and were in treatment at the eating disorders
unit of Lille university hospital. From a prescreening of 185 volun-
teers corresponding to the inclusion criteria, patients were selected
according to a correspondence between the 13th or 14th day of the
pill-induced menstrual cycle (the phase of the artificial menstrual
cycle in which the hypothalamus is fully inhibited with regard to
reproductive function, most similar to hypothalamic amenorrhea)
and available time-slots for MRI for clinical research. Two control
groups were constituted from among selected volunteers: normal-
weight controls (n = 10, 20 < BMI <25) and individuals with con-
stitutional leanness (n = 10, BMI <18.5), defined as nonpathologi-
cal underweight that does not meet the Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition criteria for AN of a re-
strictive. No subjects included in any of the 2 control groups had
a personal or family history of eating disorders or a food cognitive
restraint score lower than 13 on the 3-factor eating questionnaire
[23]. The predicted basal energy expenditure of each volunteer was
calculated using the Harris and Benedict equation [24].

The incidence of treatment-seeking AN patients being very low,
that is, about 8 per 100,000 person-years [1], the recruitment of the
10 AN patients willing to participate to the study required >1 year.
This sample size was chosen in order to give sufficient power to de-
tect a difference in metabolic MRI activity in the same subject before
and after food intake as well as in connectivity between groups. This
number compares favorably with pervious MRS[8, 25] and diffusion
weighed imaging studies [8, 26] that have been conducted in the hu-
man hypothalamus. This, together with the aforementioned strin-
gent screening of the population of subjects to restrict as much as
possible inter-individual variability, ensured adequate power to de-
tect significant differences while also allowing for natural variation
in responses (online suppl. Table S1-S5; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000503147).

Investigative Protocol

The participants had a first MRI after overnight fasting at
08:00 a.m. This first MRI session lasted 45 min and comprised 1
morphological sequence and 3 functional sequences. The partici-
pants were then asked to ingest a nutritional supplement as break-
fast. This breakfast was calibrated to 25% of the predicted basal
energy expenditure for each participant (Table 1). One hour after
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Table 1. Characteristics of the participants according group

Control ~ Constitutional ~ Anorexia p value p value p value
group thinness group  nervosa group  CTLvs.CL CTLvs. AN CLvs. AN
(n=10) (n=10) (n=10)
Age, years 21.8+0.7  22.4+0.8 26.4+1.9 0.9409 0.0427 0.0858
Weight, kg 61.8+2.1  46.4+0.9 42.6+1.8 <0.0001 <0.0001 0.2761
BMI, kg/m? 21.9+04 17.1%0.3 15.3+0.6 <0.0001 <0.0001 0.0244
TFEQ (food cognitive restraint score) 10.3+0.7 9.3+0.8 16.5+0.9 0.6640 <0.0001 <0.0001
Predicted BEE (kcal/24 h) 2,116£55 1,922+68 1,731+£55 0.0725 0.0003 0.0892
Administered oral nutritional
supplement 2 kcal/mL (volume in mL) 264+6.8  240+8.5 216+6.8 0.0675 0.0003 0.0853
Calorie intake, kcal 529+14 480+17 433+14 0.0706 0.0003 0.0873

Data are expressed as mean + SEM.

CTL versus CL significance of the statistical difference between the control group (CTL) and the constitutional lean group (CL). CTL
versus AN significance of the statistical difference between the control group (CTL) and the anorexia nervosa group (AN). CL versus
AN significance of the statistical difference between the constitutional lean group (CL) and the anorexia nervosa group (AN).

AN, anorexia nervosa; BMI, body mass index; TFEQ, three factor eating questionnaire; BEE, basal energy expenditure.

food intake, the participants were subjected to a second 45-min
MRI session (i.e., at 10:00 a.m.). Importantly, all subjects, includ-
ing AN patients, had volunteered to ingest this calibrated break-
fast, which was consumed together with a medical team trained for
the purpose, in order to limit the anxiety of patients.

Image Acquisition

All MRI exams were performed at the University Hospital of
Lille on a 3T Philips Achieva scanner (Philips Healthcare, Best, the
Netherlands) using an 8-channel phased-array head coil and a
whole-body coil transmission. First, high-resolution three-dimen-
sional T1-weighted images were acquired as a series of thick 176
sagittal slices, using a Turbo Field Echo sequence (TR = 7.20 ms;
TE = 3.3 ms; flip-angle = 9° voxel size = 1 x 1 x 1 mm?, FOV =
256 x 256 x 176 mm?). Then, 2 diffusion-weighted imaging were
performed using a single-shot Echo-Planar Imaging sequence in
normal and reversed phase-encoding polarity, for further distortion
correction (TR = 13 s, TE = 55 ms, flip angle = 90°% voxel size =
2 x2x2mm?, FOV =256 x 256 mm?, 66 slices, acceleration factor
of 2, 64 gradient-encoded directions with a b-value of 1,000 s/mm?,
one b = 0 s/mm? image). Finally, 2 PRESS localized spectra were
acquired over hypothalamus and thalamus volumes (TR = 2,000
ms, TE = 37 ms, FOV = 10 x 10 x 10 mm?® and a spectral resolution
of 1.95 Hz/point). In the hypothalamus, the voxel used for spec-
troscopy was placed between the plate numbers 31 and 41 of the
atlas of Mai et al. [27] on the wall of the third ventricle and just
above the optic tract. In the thalamus, the voxel was placed be-
tween the plates numbers 45 and 52 [27], 5 and 15 mm above the
bi-commissural line, and 5 mm lateral from the midline. While the
voxel did not include the paraventricular thalamic nucleus, which
lies at the immediate proximity of the third ventricle, it comprised
mainly the mediodorsal thalamic nucleus and the posterior ven-
trolateral nucleus, and some of the lateral and medial thalamic ven-
troposterior nuclei as well as the centromedial thalamic nucleus at
the most posterior aspect of the voxel.

Hypothalamic Defects in AN

Spectral Analysis

The absolute metabolite concentrations were obtained using
the LCmodel [28] quantification algorithm. Within LCmodel,
concentrations of metabolites are determined using a linear com-
bination fit of the individual in vitro metabolite spectra that com-
prise the “basis set” to the in vivo data. The basis set was acquired
with long TR and short TE to minimize relaxation effects. Only
voxels within the excitation region were presented for LCmodel
analysis without any other preprocessing such as zero filling or
apodization. Peak registration in LCmodel was performed using
the prominent peaks of glutamine, glutamate, and creatine ob-
served inside hypothalamus volume of interest, while using thala-
mus as control volume of interest. In the spectral analysis window,
3.85-1.0 ppm was used for 3T data to prevent variability in the
results from lipid artifacts that are more prominent at 3T. Spectra
were included in the final analysis based on quality criteria defined
by objective output parameters from the LCmodel analysis: suffi-
cient spectral resolution (full width at half minimum 0.07 ppm),
sufficient information (SNR 4), and residuals that were randomly
scattered about zero to indicate a reasonable fit to data. By using
the analysis window of 3.85 ppm, deviations in the fit due to base-
line distortion from improper water suppression were avoided. All
spectra included in the results had smooth and reasonably flat
baseline estimates.

Processing of T1-Weighted Images

T1-weighted images were processed with the Freesurfer soft-
ware package (version 5.3, http://surfer.nmr.mgh.harvard.edu/),
which provided nonuniformity and intensity correction, skull
stripping, and gray/white matter segmentation (box 1 in online
suppl. Fig. S4). The 34 regions of interest (ROIs), constituting the
sub-segmentation of the hypothalamus, were manually defined on
each T1-weighted patient image (box 2 in online suppl. Fig. S4)
based on anatomy (online suppl. Fig. S2) and using the MRI atlas
of the human hypothalamus [10], as a reference. T1-weighted im-
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ages were coregistered onto b0 images using a rigid-body model
implemented in the Statistical Parametric Mapping software ver-
sion 12 (http://www.fil.ion.ucl.ac.uk/spm/; box 3 in online suppl.
Fig. S4). Coregistration between T1-weighed and b0 images was
validated by a neuroradiologist expert from visual assessment. All
hypothalamic ROIs defined in T1 space had to be transformed into
diffusion space, where all calculations were done, using the coreg-
istration matrix above. The white matter mask was computed by
floodfilling the interior of the white surface in intersection with the
brain mask, creating a volume containing both white matter and
ROIs defining subsegmentation of the hypothalamus.

Processing of Diffusion-Weighted Imaging

First, each diffusion-weighted imaging (DWI) dataset was
aligned to its b0 image using affine registration to correct for pa-
tient motion and Eddy currents using FSL (FMRIB Software Li-
brary, http://www.fmrib.ox.ac.uk/fsl/; box a in online suppl. Fig.
$4). Then, CMTK (Computational Morphometry Toolkit, https://
www.nitrc.org/projects/cmtk/) was used to estimate the deforma-
tion field from opposite phase-encoding polarity (box b in online
suppl. Fig. S4) and apply correction to DWIimages (box ¢ in online
suppl. Fig. S4) to get free images from geometric distortions [29].
Diffusion tensors were fitted at each voxel (box d in online suppl.
Fig. S4) to calculate fractional anisotropy (FA) and mean diffusiv-
ity maps (box e in online suppl. Fig. S4). Whole-brain tractography
was done with the MRtrix software package version 0.2.12 (Brain
Research Institute, Melbourne, Australia, http://www.brain.org.
au/software/; boxes f—f”” in online suppl. Fig. S4). Fiber orienta-
tion distribution (FOD) at highly anisotropic voxels (FA >0.7) de-
termined the response function (box f in online suppl. Fig. $4),
which was then used for constrained spherical deconvolution (box
f” in online suppl. Fig. S4) to accurately estimate the FOD [30].
Fibers were then generated with a probabilistic tracking algorithm
that samples FOD at each step [9]. The algorithm generated
150,000 fibers of minimum length 20 mm. All voxels in the 1-mm
dilated white matter mask were used as seeds, and the tracking
procedure was stopped if a fiber reached a voxel outside the mask
or ifa stop criterion was met (high fiber curvature or low FOD; box
£ in online suppl. Fig. S4). Finally, 2 features were computed for
each coregistered ROI defining subsegmentation of the hypothala-
mus: (i) connectivity information is computed from whole-brain
tractography as the number of fibers passing through the ROI (box
g in online suppl. Fig. S4) and (ii) the mean diffusivity/FA inside
each of these ROI (box e in online suppl. Fig. S4). Importantly,
there was no difference between participants in the ratio of the
volume of the distinct ROIs under scrutiny to the intracranial vol-
ume. A visual quality control of the tractography was made based
on well-known bundles as the postcommissural fornix and the
principal mammillary bundle passing through the hypothalamus.
These bundles were used as reference to exclude any aberrant trac-
tography.

Statistics

All analyses were performed using Prism 7 (GraphPad Soft-
ware) and assessed for normality (D’Agostino and Pearson nor-
mality test) and variance, when appropriate. Even though the
study was conducted with 10 subjects in each group, the number
of independent values plotted in the graphs (1) varied between 8
and 10, because 1 of the 2 spectra acquired during functional MRS
was not exploitable or DWI data were lacking for a given ROI. Data
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had normal distributions and were compared using a one-way
ANOVA for multiple comparisons or a two-way repeated mea-
sures ANOVA. The significance level was set at p < 0.05. Data are
indicated as means + SEM. The number of biologically indepen-
dent experiments, p values, and degrees of freedom are indicated
either in the main text or in the figure legends.

Results and Discussion

The Hypothalamic Glutamatergic Response to Food

Intake Is Markedly Altered in AN

In order to determine whether hypothalamic neuronal
activity responded differently to food intake in patients
with AN as compared to control women, we used task-
related proton MRS, whose sensitivity makes it suitable
for the study of functional changes [31]. We compared
brain concentrations of glutamine/glutamate (Glx) as a
marker of glutamatergic (dys)function, between women
newly hospitalized for AN and healthy control women
both before and after feeding (Table 1); other metabo-
lites — N-acetyl aspartate (NAA), myoinositol (Ins), and
choline (Chol) and creatin (online suppl. Fig. S1) were
used to estimate overall neural integrity and function. A
third group of women displaying constitutional leanness,
that is, a body mass index comparable to that of AN pa-
tients but with no food dysphoria, were also investigated
(Table 1) [32]. Participants underwent an overnight fast,
followed by 2 multimodal MRI sessions before and after
the ingestion of a calibrated breakfast, respectively. Vox-
el-based spectroscopic analyses of freely moving mole-
cules were performed both in the hypothalamus and in
the thalamus, and data were normalized to creatine, in a
relative quantitative approach (Fig. 1, online suppl. Fig.
S1). In the hypothalamus, the feeding-evoked response of
the Glx-to-creatine ratio differed significantly between
the groups (one-way ANOVA: F,,3, = 5.807, p = 0.009,
n =8-10 women per group. Tukey’s multiple comparison
test: control vs. AN, g(,3) = 4.42, p = 0.013; constitutional
leanness vs. AN, g(23) = 3.97, p = 0.026; control vs. consti-

Fig. 1. Hypothalamic glutamine/glutamate levels drop after feed-
ing in individuals with AN. MRS analysis of the hypothalamus
(a—c) and thalamus (d-f) using the volumes of interest shown in a
and d, respectively. Effect of food intake on the ratios of the con-
centration of Glx to that of creatine (b, ¢, e, f) in the hypothalamus
(b, ) and the thalamus (e, f) of participants with a normal body
mass index (control), constitutional leanness or AN.* p < 0.05; the
exact p values and statistical analyses are detailed in the text. Cc,
corpus callosum; Cd, caudate nucleus; fx, fornix; opt, optic tract,
Th, thalamus; cp, cerebral peduncle; LV, lateral ventricle; Glx, glu-
tamate/glutamine.

(For figure see next page.)
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tutional leanness, g(,3) = 0.69, p = 0.877, online suppl. Ta-
ble S1; Fig. 1b). The ratio also varied at baseline, that is,
under fasting conditions, between the 3 groups (Fig. 1c).
Thus, while the mean Glx-to-creatine ratio was signifi-
cantly higher before ingestion of the calibrated breakfast
in women with AN than in healthy women (two-way re-
peated measure ANOVA: interaction, F;,3) = 5.807, p =
0.009; subjects, F23) = 0.656, p = 0.528; time, F(;23) =
0.181, p = 0.674; Sydac’s multiple comparison test: Con-
trol fasting versus AN fasting ¢4 = 2.767, p = 0.020, n =
8 persons per group, online suppl. Table S2; Fig. 1c), 1 h
after feeding, the ratio of Glx-to-creatine concentrations
in the hypothalamus dropped to below prefeeding levels
in AN patients (AN fasting vs. AN fed t,3) = 2.964, p =
0.021, n = 8 persons per group; Fig. 1c), in contrast to
control (control fasting vs. Control fed ¢(,3) = 1.454, p =
0.406, n = 8 persons per group) and constitutionally lean
participants (Lean fasting vs. Lean fed f3) = 0.891, p =
0.764, n = 10 persons per group), who showed a slight in-
crease (Fig. 1c). The calibrated breakfast thus induced an
acute decrease in the ratio of Glx-to-creatine concentra-
tions only in AN patients (Fig. 1c), reducing it to values
comparable to those in control participants before break-
fast (Fig. 1¢). Such a divergence in ratios between AN and
normal-weight or lean individuals and the corresponding
feeding-induced changes were not seen in the thalamus
(Fig. le, f, online suppl. Table S3, S4). The ratio of NAA
to creatine concentrations did not differ between the 3
groups of women and displayed no significant change in
response to feeding in either the hypothalamus (online
suppl. Fig. S1aand Table S1) or the thalamus (online sup-
pl. Fig. S1b and Table S3). Altogether our MRS findings
suggest a glutamatergic dysfunction in the hypothalamus
of patients with AN, that is, an inversion of the glutama-
tergic response to feeding combined with higher baseline
levels in the fasting state. Rodent studies using advanced
genetic tools have recently demonstrated that the selec-
tive activation of discrete glutamatergic neuronal popula-
tions in the ARH and in the LHA mediates satiety in mice
fed ad libitum [33] and suppresses feeding in food-de-
prived mice [34], respectively. Unfortunately, due to
physical limitations (3T magnet; 60-cm tunnel diameter;
min-acquisition time) and ethical standards (short scan-
ning times in nonanesthetized human volunteers), subre-
gions of the hypothalamus are not amenable to scrutiny
using MRS in the brain of living humans.

Glutamate and glutamine have several roles that are
notrelated to neurotransmission. However, since Glx lev-
els were measured both prior to and after a functional
task, that is, feeding, the changes we see likely reflect glu-
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tamatergic metabolism related to neuronal activation [31,
35]. Because cellular glutamate changes are tightly linked
to synaptic plasticity [36], the apparent glutamatergic al-
terations observed at the macroscopic level are likely to
reflect experience-related plasticity as well. In this con-
text, our data raise the intriguing possibility that glutama-
tergic dysfunction plays a role in the pathophysiology of
AN, or indeed, of other eating disorders. Targeting the
glutamatergic drive, which normally suppresses feeding
[33, 34, 37], could thus hold therapeutic potential for
treating this disorder. Moreover, the similarities between
human AN and the constitutive activation of hypotha-
lamic glutamatergic neuronal populations in mice sug-
gest that the latter could constitute a novel and appropri-
ate animal model for further studies of this disease.

In addition to glutamate, the hypothalamus also con-
tains abundant neuronal populations releasing the neu-
rotransmitter GABA, including the orexigenic neurons
expressing AgRP and NPY in the ARH [12, 13] and cells
in the LHA [13, 16]; selective activation of GABA-pro-
ducing neurons in the LHA produces voracious feeding
[17, 38]. Glutamatergic and GABAergic neurons in the
hypothalamus are thus poised to exert opposing effects
on food intake. Hence, it is tempting to speculate that
GABA levels may mirror changes in glutamate levels be-
fore and after feeding in AN patients. Assessment of
GABA levels using MRS requires the use of the MEGA-
PRESS method that has to be run separately from the clas-
sical sequence allowing the direct detection of Glx and
other metabolites [39]. The use of this sequence implies
to increase the scan time for the volunteers and this is
something that could not be done in the present protocol
for ethical standards (i.e., our participants have indeed
been subjected to 2 consecutive sessions of 45 min, which
is the maximum acceptable scan time in unanesthetized
and live humans). Further studies will thus need to be de-
signed to investigate the putative changes in GABA levels
with feeding in the hypothalamus of AN patients and
controls in the future.

The Arcuate Nucleus and LHA Show Inverse

Malwiring in AN

To investigate changes in the microstructure of the hy-
pothalamus that could underlie these functional changes,
we next manually segmented each hypothalamic struc-
ture or nucleus using high-resolution anatomical MRI se-
quences [10] for all 30 participants individually (Fig. 2;
online suppl. Fig. S2). Each of the hypothalamic segments
thus constituted a region of interest for diffusion-weight-
ed imaging after their transformation into diffusion
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Fig. 2. Anatomically based segmentation of the hypothalamus in a single subject. a Three-dimensional recon-
struction of the head of a participant using the Osirix software, with the hypothalamus drawn in gray. b Coronal
section of a high-resolution anatomical image used to identify the distinct regions of the hypothalamus according
to previously established anatomical landmarks [10] (see Materials and Methods). Individual hypothalamic nu-
clei have been assigned color codes as elaborated in online supplementary Figure S2. ¢ Three-dimensional ren-
dering of the segmented hypothalamus.

space. We then used a probabilistic tractography algorithm
to determine the number of fibers passing through or pres-
ent in the distinct ROI in a single subject [9]. The results
showed that both AN and constitutional leanness were as-
sociated with a profound reduction in the number of fibers
in the ARH (one-way ANOVA: Fpy) = 5.059, P =
0.016; Tukey’s multiple comparison test: Control vs. Lean
Q2 =4.073, p =0.023, n = 8 and 9 persons per group and
Control vs. AN g5, = 3.733, p = 0.038, n = 8 persons per
group, online suppl. Table S5; Fig. 3a). In contrast, trac-
tography data revealed that the average density of fibers
in the LHA was significantly higher only in patients with
AN (one-way ANOVA: F »7) = 4.345, p = 0.023; Tukey’s
multiple comparison test: Control vs. AN gq(,7) = 3.832,
p=0.03,n=10 persons per group, online suppl. Table S5)
but not in participants with constitutional leanness (Con-
trol vs. Lean q(,7) = 0.495, p = 0.935, n = 10 persons per
group; Fig. 3b). Even though diffusion tensor imaging
does not enable us to distinguish between incoming and

Hypothalamic Defects in AN

outgoing fibers (or fibers of passage) in a given region of
interest, fiber tracts connecting to the ARH were shown
to travel via the LHA, the dorsomedial hypothalamic nu-
cleus, the paraventricular hypothalamic nucleus and the
paraventricular thalamic nucleus (Fig. 3a), hypothalamic
and extrahypothalamic structures to which ARH neurons
are known to project in rodents [12, 13, 40]. No differ-
ences between groups were noted in the other hypotha-
lamic ROI analyzed (online suppl. Fig. S3 and Table S5).
These data provide direct evidence that conditions with a
low body mass index may be associated with an alteration
of the connectivity of the ARH, a phenomenon that is,
intriguingly, reminiscent of observations in mice [41]. In-
deed, mouse studies have demonstrated that in animals
exhibiting constitutionally low body weight due to nutri-
tional manipulation during postnatal development, pro-
jections from the ARH to its hypothalamic targets, which
develop relatively late in postnatal life [42-45], are sig-
nificantly and permanently decreased when compared to
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Fig. 3. AN increases the connectivity of the
LHA while decreasing the wiring of the
ARH. DWI showing tractography analysis
from 2 ROI transformed into diffusion
space (white labels) and corresponding to
the ARH (a) and the LHA (b). The graphs
show the number of fibers present in the
ARH (a) and the LHA (b). The coronal an-
atomical image on which tractography data
have been superimposed in a and b corre-
sponds to anatomical plate 38 of the ana-
tomical atlas of the human brain [27]. * p <
0.05; the exact p values and statistical anal-
yses are detailed in the text. DMH, dorso-
medial hypothalamus; LV, lateral ventricle;
PaPo, paraventricular hypothalamic nucle-
us; PV, paraventricular nucleus of the thal-
amus; ARH, arcuate nucleus of the hypo-
thalamus; LHA, lateral hypothalamic area.
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mice with normal body weight [41]. An alternative hy-
pothesis is that axons projecting to or from the ARH un-
dergo selective degeneration, as has been shown in a ge-
netic animal model of anorexia [46] via a process involv-
ing inflammation [47] and mitochondrial dysfunction
[48]. However, our spectroscopic data showing that hy-
pothalamic levels of NAA, routinely used in the clinic to
detect neurodegenerative processes [49], are unchanged
compared to controls (online suppl. Fig. Sla) argues
against the involvement of a degenerative process in the
hypothalamus of individuals with a low body mass index.
Interestingly, when the lean phenotype is associated with
maladaptive feeding behavior, that s, in participants with
AN, the decrease in the ARH fiber density, also evident in
constitutionally lean individuals, is accompanied by a
more specific increase in connectivity of the LHA (Fig. 3),
a critical neuroanatomical substrate for motivated behav-
ior [13, 16]. In line with this putative alteration of neuro-
nal wiring, genome-wide association studies in AN have
identified genetic variants in neurodevelopmental genes
regulating synapse and neuronal network formation [50].

This study compared metabolites in the hypothalamus
under fasting conditions and after the ingestion of a meal,
and the structure of the underlying neuroanatomical sub-
strate in individuals with AN and constitutional leanness.
Prior functional MRI studies, limited to extra-hypotha-
lamic structures, have examined the effect of feeding and
of the peripheral administration of metabolically active
molecules on appetite and brain activation in healthy vol-
unteers [51,52], and of the neural responses to the passive
viewing of food [53-55] or food choice in AN [56]. Our
results raise the provocative idea that the origin of the
disconnect between the body’s needs and behavioral
choices in patients with AN could lie in the hypothala-
mus, the metabolic window to the brain, which could fail
to accurately sense circulating metabolic signals [57, 58]
and post-ingestive cues [59, 60], and thus relay erroneous
information to higher decision centers. The recent cor-
relation of genetic variants, including some expressed in
the hypothalamus, with metabolic traits in AN [5, 6], pro-
vides further corroboration for this hypothesis. In addi-
tion, our data suggest that, as proposed for obesity [61],
AN could be a neurodevelopmental disorder in which an
individual’s predisposition is determined by the malwir-
ing and dysfunction of hypothalamic nuclei that commu-
nicate with the neuroendocrine and autonomous nervous
systems and key decision centers in the telencephalon via
subcortical circuits. These centers are crucial for certain
important and interrelated functions such as the control
of energy homeostasis and food intake, the attribution of

Hypothalamic Defects in AN

reward value to food, and bodily representation. Our re-
sults shed new light on the pathophysiology of AN by
providing potential neurobiological explanations to the
aberrant response to low energy state and may thus prove
key to developing effective treatments for this debilitating
illness.
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