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Abstract: Introduction: Brain volume deficits of grey matter (GM) and white matter (WM) are
often found in patients with anorexia nervosa (AN). However, until recently, little was known
about the influencing factors of these brain volume alterations, nor their exact quantification and
rehabilitation.

Methods: This review addresses these open questions and further explores what is now known
about the underlying pathobiology and the clinical consequences including human studies as well as
animal studies mimicking anorexia nervosa in rodents.

Results: GM was reduced by 3.7% in adults and 7.6% in adolescents with AN. WM was reduced on
average 2.2% in adult patients and 3.2% in adolescents. Most volume deficits in adults are reversi-
ble after long-term recovery; for adolescents, data are less clear. The main influencing factors for
GM were absolute lowest weight at admission and illness duration. Cerebellar and WM reductions
at admission predicted clinical outcome at one year follow-up. New studies found GABA receptor
changes in GM and astrocyte loss in both GM and WM, as well as a possible role for oestrogen
deficit. All three could partly explain clinical symptoms of anxiety, rigidity and learning impair-
ments in patients with AN.

Conclusion: Brain volume deficits in AN seem to play a causal role in the course and the prognosis
of AN. A better understanding of these brain changes could lead to more targeted therapies for pa-

tients with AN, including astrocyte-directed approaches.

Keywords: Anorexia nervosa, grey matter, white matter, volume reduction, prognosis, neuropsychologic deficits, astrocytes.

1. INTRODUCTION
1.1. Anorexia Nervosa

Anorexia Nervosa (AN) is the third most common
chronic illness in adolescence [1] with a lifetime prevalence
of 0.5-1%, and it has the highest mortality of all psychiatric
illnesses. Patients with AN show a significant weight loss or
insufficient growth and development-adapted weight gain,
feel overweight despite being underweight and suffer from
weight phobia. There is a strong female-to-male ratio imbal-
ance (10-20 females vs 1 male) [2]. The average illness dura-
tion is 6 years [3]; the incidence seems to be on the rise with
a decreasing age of onset [4, 5]. The illness often runs a
chronic course with severe suffering for patients and care-
givers alike. Somatic consequences of semi-starvation lead
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to amenorrhea, a delay of pubertal development and growth
as well as osteopenia and later osteoporosis [2]. In all of
these processes, oestrogen deficiency seems to play a major
role. Chronically, ill patients tend to show neuroprogressive
changes, including neuropsychological deficits such as in-
flexibility, impaired learning, impaired memory, altered
visuospatial processing skills and traits of autism [6, 7]. The
role of brain changes in AN, potentially underlying these
symptoms, however, remains poorly understood.

1.2. Brain Volume Loss

Semi-starvation in AN leads to a so called “pseudoatro-
phia cerebri”, a potentially reversible brain volume loss.
Several earlier studies documented a significant loss of grey
and potentially white matter volume during acute AN. These
volume reductions are so significant that they can often be
identified with the bare eye upon studying MRT-images of
the brain: Ventricle volumes are increased and more cerebro-
spinal fluid (CSF) fills the gaps between retracted gyri (see
Fig. 1). Most studies, but not all, suggest reversibility upon
weight rehabilitation. The exact amount of brain volume loss
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and its course upon refeeding, its underlying pathophysiol-
ogy, and its importance for illness symptoms and prognosis
are largely unclear. Moreover, it is not clear if it is a local or
global phenomenon in the brain. This review gives an over-
view on the current knowledge of brain volume loss and
about its course and reversibility, influencing factors, func-
tional consequences and underlying pathophysiology includ-
ing microstructural white matter changes, loss of astrocytes
in the brain and the role of oestrogen. A better understanding
of this brain volume loss in AN could spur new, more fo-
cused research on the underlying pathophysiology of AN to
open new avenues for more targeted therapeutic interven-
tions.

2. METHODS

To this end, we performed a systematic literature review
updating our meta-analysis from early 2016 [8] that quanti-
fies brain volume loss in AN in human neuroimaging studies
with the additional literature from October 2015 - October
2017. In a qualitative review we cover possible underlying
mechanisms of brain volume changes as derived from animal
studies that mimic starvation in rodents. For the systematic
review we searched PubCentral and Medline databases for
the keywords: “Anorexia nervosa” or “eating disorder” in
conjunction with “grey/gray matter”, “white matter”, “vol-
ume” or “cortical thickness” starting 1997. All English
original MRI studies with AN patients that contained brain
volume information were selected and subdivided in studies
of acute AN, shortly weight-recovered and long-term weight
recovered (longer than 1.5 years). GM, WM, CSF and total
brain volume were extracted and RevMan 5.3 (Cochrane
Library, http://ims.cochrane.org/revman) was used as a sta-
tistical tool calculating random effects model. Additionally,
we estimated the mean volume loss at each time point by
weighting the average volume loss with the number of pa-
tients included is each study. Subgroup analysis separated
adult from adolescent patients with AN.
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For the qualitative review we focussed on articles per-
taining to functional correlates, prognostic value and under-
lying pathomechanisms of brain volume changes in AN.

3. RESULTS

3.1. Systematic Review: Quantification and Reversibility
of Brain Volume Loss

Our systematic review identified 34 eligible studies com-
bining 532 acutely ill patients, 8 short-term recovery studies
with 121 patients and 14 studies with 323 long-term recov-
ered patients (Supplementary Fig. 1). Acutely ill patients
showed a highly significant grey matter (GM) volume reduc-
tion of 3.7% in adults and of even 7.6% in adolescent pa-
tients (Table 1). White matter (WM) was also significantly
reduced in adult and adolescent patients on average 2.2%
and 3.2%, respectively. CSF was conversely increased by
15%. After short-term recovery on average 3.6% of GM re-
mained reduced, while a 0.9% remaining reduction of WM
volume did not reach significance any more. Long-term re-
covered patients analysis showed -0.5% GM and -1% WM
which did not reach significance. These findings are well in
line with the previous two reviews [9, 10] and two meta-
analyses [8, 11] and extend our last metanalysis by another
160 patients, further adding to the validity of the findings.
Both GM and WM volume loss seem to represent global
phenomena, affecting virtually all regions in the brain [12,
13] (Fig. 2). Regional decreases were most pronounced in the
anterior cingulate gyrus (ACC) [14, 15], the hippocampus
[16, 17] and supplementary motor regions [18, 19], the po-
tential significance of which will be discussed in the follow-
ing section.

GM showed a protracted reversibility with approximately
50% of the reductions being reversed upon short-term weight
rehabilitation while WM seemed to recover more quickly
in those patients who reached a “healthy weight” (Fig. 3).
One and a half to eight years after weight rehabilitation,

acute AN-patient

weight-recovered AN-patient

healthy control

Fig. (1). From left to right: T1-weighted sagittal MRI pictures of a female patient with acute anorexia nervosa (AN), the same patient short-
term weight-recovered and a healthy control subject. Note that the external and internal cerebro-spinal fluid cavities are enlarged, most

prominently in the acutely ill patient with AN.
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Table 1. Average brain volume changes in acute, short-term weight recovered and long-recovered AN compared to healthy controls.
Acute AN Short-term Weight Recovered AN Long-term (>1.5y)
Recovered AN
all adults adol. all adults adol. all
N 532 352 180 121 45 76 323
Gray Matter
%Vol -5.1%*** -3.7%%** -7.6%%** -3.6%* -3.5% -3.7% -0.5%
White Matter
%Vol -2.6%%** -2.2%* -3.2%** -0.9% -1.4% -0.6% -1.0%
Cerebro-spinal Fluid*
%Vol 15.0%%** 12.8%*** 22.8%* 9.3%:%** 1.0%

Adol.: adolescents; %Vol: % volume change compared to healthy controls; #: only SPM-VBM Data; *p<0.05, **p<0.01, ***p<0.001.

Fig. (2). Whole brain surface based comparison of cortical grey matter volume between 50 healthy controls (HC) and 56 AN patients at
admission. Red: AN > HC, blue: AN < HC. FDR corrected for multiple comparison. (The color version of the figure is available in the

electronic copy of the article).

adult patients still showed a mild reduction of brain volume,
however, this difference was no longer significant. Thus, it is
unclear whether small “scars” remain in some of the brains
of recovered patients [8]. Unfortunately, there are not
enough longitudinal studies of adolescent patients, so no
clear conclusion can be drawn about the long-term conse-
quences of brain volume loss in younger patients. Those 20-
40% chronically ill patients who stay underweight, however,
remain to have reduced brain volume for the duration of their
illness, potentially inhibiting normal growth of these often
still developing brains and potentially responsible for the
neuroprogressive changes and neuropsychological deficits
mentioned above that are seen in chronic patients with AN.

4. QUALITATIVE REVIEW
4.1. Influencing Factors

A systematic analysis of potential factors influencing
brain volume loss in 56 adolescent AN patients encompassed
age of onset, illness duration, amount of weight loss, weight
loss velocity and absolute lowest weight during the course
of illness. The results showed that especially the absolute
lowest weight in terms of body mass index (BMI) was
relevant to explain GM volume reduction [13]. This finding
was underscored by earlier studies linking the severity of
starvation (i.e., BMI) with GM and WM changes [15, 18, 20].
Two more studies with more chronically ill adult patients
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Fig. (3). From left to right: time course of recovery for grey matter and white matter with time of recovery in years on the X-axis and volume

changes in percent compared to healthy controls on the Y-axis.

also revealed an effect of illness duration on GM volume
reductions [21, 22] that potentially was not as relevant in the
rather short-term ill adolescents. As GM loss was largely
reversible upon weight restoration, GM volume reductions
could thus be seen as a state marker for the degree of semi-
starvation.

Theories linking brain volume loss in AN to dehydration
could not be validated to date. Several authors analysed po-
tential dehydration parameters in blood serum and urine but
could not find any association with brain volume changes, so
this alternative cause does not seem likely [12, 23].

The fact that GM and WM reductions were much more
pronounced in adolescents than adults could be attributed to
at least two different causes. For one, this could be an acute
versus chronic effect differing in rather short-term ill adoles-
cents versus generally longer term ill adult patients due to a
different acute versus chronic pathophysiologic mechanism.
However, in patients turning from acute to chronic, larger
brain volume deficits would then have to consolidate over
time into the smaller brain volume differences shown above
in (chronically ill) adults. Alternatively, and potentially more
probable, the still developing brain could prove more suscep-
tible to volume reduction due to semi-starvation than the
adult brain. In the adolescent brain, there are several normal
developmental processes going on, such as increased syn-
apse formation followed by pruning of unused neurons and
synapses. This normally causes GM volume to peak at re-
gion-specific ages between childhood and adolescence [24]
and then to slowly and continuously decline in volume. WM
volume, on the contrary, continues to increase almost line-
arly with age until the beginning of the third decade of life,
reflecting ongoing myelination, especially of long-distance
fibres [25]. Both of these dynamic processes could be af-
fected by AN in adolescents, especially if the illness turns
chronic. In fact, newly developed WM fibres and still devel-
oping fibres have proven to be more susceptible to insults
and exterior influences than already existing fibres [25]. This
also fits to findings from both human and animal neuroimag-
ing studies that demonstrated particularly strong adverse

effects of cannabis or alcohol use during adolescence (rela-
tive to adulthood), showing high vulnerability of the brain
during development [26, 27]. Also internalizing and exter-
nalizing symptoms in childhood have been shown to be fol-
lowed by brain volume reduction compared to healthy con-
trols [28] (but symptoms did not “follow” brain volume),
hinting again at a susceptibility of the developing brain to
stressors.

There are indications that these brain volume changes
might be mediated by hormonal changes in AN. Increased
cortisol levels and/or decreased thyroid hormone have been
associated with GM volume loss [29-31]. In addition, brain-
derived neurotrophic growth factor and leptin are lacking in
AN [32] and could affect brain volume changes. Nogal et al
[31] also found associations between the lack of gonadal
hormones and increased sulcal width, an indirect measure of
brain volume reduction. Interestingly, Mainz et al. also
found an increase in follicle stimulation hormone (FSH) to
be associated with GM volume increase upon weight recov-
ery [17], further hinting to a role of gonadal hormones for
GM volume changes in AN. This was underscored by the
study of Chui et al. [30] that found persisting amenorrhea to
be associated with decreased cognitive functioning in other-
wise similarly recovered patients with AN.

4.2. Functional Consequences of Brain Volume Changes

The marked changes in global and regional brain volume
loss in AN are in sharp contrast to relatively mild neuropsy-
chological impairments typically observed in this patient
group across many cognitive domains, potentially pointing to
functional compensatory brain processes that need further
investigations. However, there is preliminary evidence for
global or regional GM loss in acute AN that is associated
with neuropsychological performance and psychopathologi-
cal traits. Global GM reduction was associated with reduced
visuospatial functioning [29] while smaller dorsal ACC was
associated with reduced perceptual organization and reason-
ing skills [14]. Reduced inferior parietal cortex GM corre-
lated with increased drive for thinness [33], dorsolateral pre-
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frontal cortex GM correlated with dietary restraint and BMI
[16] and medial orbitofrontal cortex correlated with sucrose
pleasantness ratings [34]. Finally, GM of the extrastriatal
body area was reduced and showed decreased functional
connectivity with related brain areas during a body-image
distortion task using functional MRI [35]. After psychother-
apy focusing on improving body-image distortion, the con-
nectivity was no longer reduced [36].

4.3. Clinical Prognosis

McCormick et al. [14] were the first to show an influence
of brain volume normalization on one-year outcome in AN.
They found GM volume reductions in the ACC in acutely ill
patients with AN to normalize after weight rehabilitation at
the end of the treatment in most patients. However, those
who did not normalize had significantly more relapses at one
year follow-up. In our own study, we found cerebellar and
WM volume loss at admission to significantly predict the
outcome of adolescent patients with AN at one year follow-
up [13]. This finding was independent of BMI at admission
and accounted for an additional 20% of explained variance
of BMI at follow-up. Cerebellar and WM volume loss was
less dependent on the state of starvation than GM volume,
pointing to potentially different underlying mechanisms
causing these volume reductions and cerebellar and WM
volume changes to be more structurally ingrained and thus
more imposing as a trait marker. The prognostic value of
reduced cerebellar volumes for worse clinical outcome fits
well with previous findings of smaller cerebellar volumes in
chronically ill patients with AN [18, 21] and its correlation
with illness duration [22], as patients with smaller cerebellar
volumes would suffer a greater risk of turning chronic and be
overrepresented in the group of chronically ill patients over
time. Functionally, the cerebellum plays a role in habit for-
mation and ritualistic behaviour [37] which fits well with
obsessive-compulsive traits and increased perseverance often
noted in patients with AN [38]. The pathophysiology of WM
changes is expanded below.

4.4. Potential Pathomechanisms

Two differing pathomechanisms could explain the pre-
dictive value of small brain volumes at admission for prog-
nosis. On one hand, small volumes at the beginning of the
illness could be indicators of a predisposition for a chronic
course of AN. Then, over time, more and more patients with
small cerebellums and WM would “aggregate” in the relaps-
ing and chronic AN group. On the other hand, the cerebel-
lum and WM could be tissues that are more susceptible to
semi-starvation in some patients, especially in adolescence.
Then, patients with more strongly reduced volumes would be
more affected and take a more dire course than those with-
out. This “scarring” hypothesis would fit well with develop-
mental findings showing that the cerebellum and WM take
longer than other brain tissues to mature and that they are
influenced by learning and environmental factors [39-41].
As has been explained above, impairing WM maturation
during adolescence and early adulthood has been shown to
affect mostly newly forming long-distance connections in
the brain at this age [25]. Altered development of these WM
fibres (“scars”) could be associated with increased body-
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image distortion [42] and life-long risks of increased anxiety
and depression, even in weight restored patients with AN
[2]. However, longitudinal studies are lacking in humans, so
this conclusion currently remains putative. Animal studies in
mice, however, seem to point towards smaller WM-volumes
and WM lipid content following malnutrition early in life
(following birth or after 30 days), persisting even after (60
days) long-term follow-up with normal feeding [43].

4.5. WM Microstructural Changes

A shown above, cortical and cerebellar WM predicted the
clinical outcome independent of weight at admission. These
findings are underscored by diffusion-weighted MRI studies.
These studies found evidence of decreased integrity of WM
fibres mainly in frontal and parietal tracks in adults with AN
[44]. One study found reduced WM integrity to be associated
with lowest life-time BMI, a measure of clinical severity
[45], while other studies showed associations with current
BMI [44-46]. Permanent scarring of white matter could be
responsible for reduced WM integrity found in recovered
adult patients with AN [47], although opposite changes and
more structured WM were found in another study [45]. Find-
ings in adolescents, who are less often chronically ill, are
more divergent. Frank ef al. [48] and Travis et al. [49] found
evidence for decreased integrity but also increased structure
of WM (measured by fractional anisotropy, FA). Our group
found mainly increased FA in frontal and parietal fibre tracts
in acute adolescent AN that partly declined after weight re-
covery [23]. Increased FA could stem from more structured
or larger fibres or a tighter packing of fibres. It could be in-
terpreted as pre-existing changes in brain architecture of pa-
tients predisposed for AN or, more likely, as loss of sur-
rounding cells and tissue around the WM fibres during semi-
starvation (see below). The latter hypothesis would also
nicely explain the WM volume reductions found in AN pa-
tients that are even more pronounced in adolescents with
AN.

4.6. Cellular Changes

Until recently, cellular changes in AN have rarely been
investigated, which might be due, in part, to the lack of post-
mortem analyses. Only two papers reported on a total of
three human post-mortem analyses showing signs of cellular
degeneration, altered dendritic ramification patterns and an
altered dendritic spine morphology of neurons in the GM
[50, 51]. More recently, several groups have used animal
models of AN to start to unravel these cellular processes and
thus gain more insight into the underlying pathophysiology
of AN brain volume reduction. The most commonly used
animal model for AN is the activity based anorexia (ABA)
model in rodents [52, 53]. Here, reduced food intake is cou-
pled with the availability of a running wheel. Counterintui-
tively, susceptible mice or rats start to run more instead of
less upon semi-starvation, furthering their weight loss. This
is typically interpreted as food seeking behaviour [54], po-
tentially an evolutionarily preserved mechanism aimed at
increasing survival. Symptoms of ABA animals that are
similar to AN include weight loss, hyperactivity [52], hypo-
thermia [55], hypoleptinemia [56] and amenorrhea [57].
Aoki et al. [58] showed increased GABA receptors in spines
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Fig. (4). Cell number and cell area of glial fibrillary acidic protein (GFAP)-stained astrocytes in the (A-D) cerebral cortex and the (E-H)
corpus callosum of activity-based anorexia (ABA) and control rats. Astrocyte cell number and cell areas were significantly reduced in
both brain regions (I, K, M, N). The neuron cell number (J) and neuron cell area (L) were quantified with Map2, which showed no
significant alteration in ABA rats compared to controls. **: P<0.01, ***: P<0.001, two-sided Student’s t-test. (From Frintrop et al., 2017,
with permission). (The color version of the figure is available in the electronic copy of the article).

of hippocampal neurons, potentially linked to increased
anxiety and tonic inhibition, exacerbating hyperactivity and
weight loss. Recent findings including our own showed that
also glia could be affected by semi-starvation. Barbarich-
Marsteller [59] found reduced glia cell proliferation in the
dentate gyrus, the surrounding dorsal hippocampus and cor-
pus callosum but not in regions with known neurogenesis
such as the subgranular zone of the dentate gyrus. Reyes-
Haro et al. [60, 61] found a slightly reduced number of as-
trocytes in the corpus callosum and hippocampus in a
slightly different (dehydration) model for AN. Our own
group could expand these findings showing widespread as-
trocyte loss and reduced astrocyte size in the GM and WM
of adolescent ABA rats that were starved for at least three
weeks [53, 62] (Fig. 4). This was underscored by a more
than halved mRNA production of glial fibrillary acidic pro-
tein (GFAP), typically found in astrocytes, a finding also
confirmed by Reyes-Haro ef al. [60]. Our group also con-
firmed brain volume reductions of the same extent (6-9%) in
the rat model as shown in the human patients above in the
very same animals, effectively linking astrocyte reduction
with brain volume loss. Interestingly, acute starvation for
only 1 week was not sufficient to incur astrocyte loss [62],
emphasizing again the role of chronic starvation and illness
duration. Neuron number and size were not altered during

these trials and neither were oligodendrocytes, showing the
specificity of astrocyte loss in the brain of ABA animals.

4.7. Potential Role of Astrocytes During Semi-starvation

Reduced astrocyte count has also been found in fronto-
limbic areas of the brain in patients with depression, which is
very often comorbid in AN patients [63, 64]. Its causal role
was underscored by animal studies showing depressive
symptoms after the destruction of frontocortical astrocytes
[65]. In major depressive disorder, a reduction of GFAP has
also been shown and linked to impaired vesicle transport in
astrocytes leading to memory deficits, which has also been
described in AN [66, 67]. Furthermore, other psychiatric
illnesses, such as anxiety disorder and symptoms following
chronic stress have been linked to astrocyte alterations and
reduced GFAP [67]. Astrocytes might thus play a much
more important role in psychiatric psychopathology than
previously envisioned [68]. Astrocyte functions include sup-
porting structure (brain matrix surrounding neurons, blood-
brain barrier), metabolism (neurons have very low energy
depots themselves), endocrine functions (neurotransmitter
reuptake, “gliotransmitters”) have direct and indirect influ-
ences on synapse formation and learning [69-73]. Thus,
fewer astrocytes could lead to a “leaky” blood brain barrier,
impaired neuron metabolism and aberrant neuronal and syn-
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aptic functions leading to deficits in learning and memory
[70]. This would potentially help explain the findings of
mildly reduced cognitive abilities in patients with chronic
AN mentioned above [30, 74, 75]. Our own studies also
showed reduced learning and memory in chronically starved
ABA animals [57]. Astrocyte loss could thus also be partly
responsible for the slow therapeutic progress made in the
psychotherapy of severely affected patients with AN (and
those with depression), especially during the acute stage of
AN when starvation effects are particularly pronounced.
Identifying reduced and altered astrocytes as an important
feature of AN pathophysiology opens up important new lines
of research for the future. Astrocytes could become a new
research target for the study of AN.

4.8. The Effects of Oestrogen

The lack of oestrogen seems to play a major role in the
somatic symptoms of AN such as amenorrhea, growth retar-
dation, halted sexual maturation and osteopenia. It is a tro-
phic hormone, and oestrogen receptors are found in a wide
array of tissues far beyond primary sexual functionality. It is
not surprising that the rise of oestrogen during puberty has
been linked to progressive brain volume changes especially
in parahippocampal areas in typically developing girls [76].
As mentioned above, several studies could link gonadal
hormones to brain volume changes in AN [17, 31], under-
scoring their potential importance for this disease. Further-
more, the rise of oestrogen levels was associated with recov-
ering learning and memory function [66] and failure to reach
menstruation resulted in impaired cognitive functioning [30].
The effect of oestrogen on certain forms of learning and
memory during normal oestrous cycle, menopause and fol-
lowing ovariectomy has been well researched in animals and
humans [77, 78]. In our ABA experiments, we could also
demonstrate oestrogen deficiency and amenorrhea [57], a
finding supported by previous studies [79]. We also found
impaired learning and memory in the novel object recogni-
tion task [57] and could show that oestrogen reduction upon
semi-starvation was positively associated with the degree of
this learning and memory impairment. To counter this defi-
ciency in oestrogen, replacement therapy in patients with AN
would be the logical next step to try. Cognitive improve-
ments have been shown following oestrogen replacement in
normal weight patients after menopause [77]. To counter
osteopenia and osteoporosis in AN, oestrogen replacement
therapy has previously been attempted orally many times
unsuccessfully but were recently successfully used transder-
mally (Misra 2011, 2016). Misra et al. could show a signifi-
cant increase in bone density in both adults and adolescents
with AN upon using oestrogen patches; however, more re-
search is needed before oestrogen can be clinically recom-
mended to be administered to patients on a larger scale.

CONCLUSION

Brain volume reductions of GM and WM in AN seem to
be significant and global. GM changes can be seen as a state
marker mostly influenced by semi-starvation and illness du-
ration, while cerebellar and WM changes seem to be more of
a trait-marker important for clinical prognosis. Astrocyte loss
seems to be a relevant factor for volume reduction and po-
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tentially for functional impairments associated with brain
volume decrease; they could prove to be a new promising
research target for future studies. Oestrogen replacement
therapy, already proven to be effective against osteopenia,
could also be found to be an effective treatment against brain
volume reduction in the future. Further, understanding the
underlying causes and effects of brain volume reductions in
AN seems to be an important future direction in AN research
to gain even more insights into AN pathophysiology and to
more successfully target long-term consequences on the
brain level in AN patients. This might be of high clinical
relevance in order to improve long-term outcome and the
development of additional psychopathology in the course of
the disorder.
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