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Abstract

Background and Purpose: This study aimed to highlight anorexia nervosa-related

metabolic changes in different brain regions with different gray and white matter con-

tents.

Methods: In a prospective study, 25 anorexic patients with mean body mass index (BMI)

of 14.79 kg/m2 (range 10.04–20.58) were compared with 15 healthy controls with mean

BMI of 21.08 kg/m2 (range 18.36–27.34). Two-dimensional magnetic resonance spec-

troscopic imaging was acquired in the axial plane above the corpus callosum, including

frontal, precentral, postcentral, cingular, and parietal regions, as well as the precuneus,

each voxel containing gray andwhite matter.

Results: In the anorexic group, a significant increase of choline/creatine was observed in

all brain regions except the precuneus: frontal (p = 0.009), cingulate (p = 0.001), precen-

tral (p = 0.001), postcentral (p = 0.001), and parietal (p = 0.002); and in white and gray

matter (p< 0.001). Macromolecules09/creatine was decreased in the following regions:

frontal (p=0.003), cingulate (p<0.001), precentral (p=0.004), andprecuneus (p=0.007),

and inwhite and graymatter (p<0.05).Weobserved significantly lower values ofN-acetyl

aspartate/creatine in the frontal (p< 0.001) and precentral (p< 0.001) regions and in vox-

els containing more than 50% white matter (p = 0.001); and significantly lower values of

myo-inositol/creatine in the precentral (p= 0.006), postcentral (p< 0.001), and precuneus

(p= 0.006) regions.

Conclusions:Weobserved an increase in choline/creatine in anorexics, possibly reflecting

increased cell turnover; a decrease in macromolecules, which was particularly low in the

cingulate and precuneus the former being known to be altered in eating disorders; and a

decrease in N-acetyl aspartate/creatine considered as a marker of neuronal density and

function.
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INTRODUCTION

Anorexia nervosa is essentially a female eating behavior disorder,

which leads to a strict and voluntary food deprivation for several

months or even years. This disorder has a relatively low prevalence

in the general population according to the DSM-IV-TR (Diagnostic

and Statistical Manual of Mental Disorders-IV-Text Revision) crite-

ria, approximately 0.9–2% in women and 0.1–0.3% in men.1 However,

these numbers are expected to increasewith the newDSM-V criteria.2

Anorexia nervosa carries a risk of somatic and psychological complica-

tions, such as heart failure, osteoporosis, infertility, depression, a risk

of chronicity, relapse, and social disinsertion, and may lead to death in

10% of cases.

Reduced volumes of both white matter (WM) and gray matter

(GM) have been shown in anorexics,3 as well as persistent GM vol-

ume deficits in weight-recovered patients.4 Gaudio et al. have also

described a significant decrease in global GM in these patients as well

as a significant region-specific decrease inGMvolume bilaterally in the

middle cingulate cortex, the precuneus, and the parietal lobule. This

suggests that there might be a region-specific GM vulnerability that

could play a role in the pathophysiology of the disease given that these

regions are involved in themanipulation ofmental images and themen-

tal representation of the self.5

Anorexia nervosa is also responsible for metabolic changes, which

has been a topic of interest for several authors since the 1990s, occa-

sionally with contradictory results. The aim of ourworkwas, therefore,

to characterize cerebral metabolic changes in anorexics, while high-

lighting regional variations as well as variations depending on the rel-

ative content in WM and GM; with special attention to the cingulate

which seems to play a key role in eating disorders, through its involve-

ment in the image of the body, which is disturbed in anorexia nervosa

and anxiety mechanisms.6,7

METHODS

In a prospective study carried out in the Department of Neuroradi-

ology of Geneva University Hospitals, from December 29, 2014 to

February 19, 2018, 25 patients suffering from anorexia nervosa aged

16–48 years (mean, 25.88 years) with mean body mass index (BMI)

of 14.79 kg/m2 (range 10.04–20.58 kg/m2) were compared with 15

healthy female volunteers aged 22–32 years (mean, 26.53 years) with

mean BMI of 21.08 kg/m2 (range 18.36–27.34 kg/m2), who gave writ-

ten consent to participate in the study (Table 1). The institutional ethics

committee approved the study.

The inclusion criteria were anorexia nervosa diagnosed according

to DSM-IV criteria by a psychiatrist, and the absence of concomitant

somatic disease. MRIs were performed at the start of the patient’s

medicalmanagement, and patients did not benefit fromany oral or par-

enteral medical supplementation at this stage of management, which

could have potentially influenced our results.

All patients and controls underwent brain MRI in the Department

of Neuroradiology of Geneva University Hospitals, on a 3T Siemens

Prisma scanner (Siemens Healthcare, Erlangen, Germany) with the fol-

lowing imaging protocol: T1 MPRAGE (Magnetization Prepared Rapid

Acquisition Gradient Echo), 3D fluid attenuated inversion recovery, T2

axial, and 2D Semi-LASER (Localized by Adiabatic Selective Refocus-

ing)magnetic resonance spectroscopic imaging (MRSI)with40msecho

timeand1500ms repetition time.MRSIwas acquiredwith a slice thick-

nessof15mm, a160×180mmfield-of-view (FOV), anda16×16encod-

ing matrix yielding a voxel size of 1.69 cc and an acquisition time of 6.4

min. A semi-LASER sequence that minimizes chemical shift artifacts8

was planned with a 80×90 mm volume-of-interest (VOI) at the center

of theFOV in the axial plane just above the corpus callosum (Figure1A).

Each voxel in theVOI (8×8 voxels) was classified into six different brain

regions, according to the anatomical location of the sulci in the three

spatial planes: superior and middle frontal, cingulate, precentral, post-

central, parietal, and precuneus (Figure 1B). The voxels were subse-

quently classified according to their content inWM and GM according

to visual analysis of theMPRAGE sequence in the three planes of space

(matrix= 288×288; voxel size= 0.9×0.9×0.9mm3; FOV= 250mm):

- GM content: GM > 75% - WM/GM content: 75% >WM >

50%

- GM/WM content: 75% > GM > 50% - WM content: WM >

75%

We analyzed different ratios of metabolites, including myo-

inositol/creatine (mI/Cr), choline/creatine (Cho/Cr), N-acetyl aspar-

tate/creatine (NAA/Cr), and macromolecules/creatine (MM09/Cr).

We excluded lactate and lipids at 1.3 ppm due to an overlap of their

peaks on the spectrum, which did not allow reliable discrimination

between the two peaks. The values recorded corresponded to the

areas under the peaks, assessed with the Siemens Syngo software

TABLE 1 Demographic characteristics of patients and controls

Patients Controls p

n 25 15 –

Age (years) 25.88 ±9.51 (16–48) 26.53 ± 3.18 (22–32) 0.755

Height (m) 1.63 ± 0.06 (1.48–1.76) 1.65 ± 0.06 (1.52–1.75) 0.273

Weight (kg) 39.38 ± 8.48 (22–56) 57.5 ± 9.57 (43–75) < 0.001

BMI (kg/m2) 14.79 ± 2.61 (10.04–20.58) 21.08 ± 2.83 (18.36–27.34) < 0.001

Abbreviations: BMI, bodymass index; n, number of subjects.

Note: Height andweight expressed asmean± standard deviation (range).
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F IGURE 1 Semi-LASER volume of interest consisting of 64 voxels in the axial plane positioned above the corpus callosum (A). Volume
segmentation into six regions: frontal, precentral, postcentral, cingulate, parietal, and precuneus (B) [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 2 Example of spectra obtained byMRSI in the six different brain regions explored, in healthy volunteers [Color figure can be viewed
at wileyonlinelibrary.com]

(Siemens Healthcare) (Figures 2 and 3).9,10 Processing was performed

without user interaction and consisted of the following steps: Gaussian

apodization (400 ms), spectral shift correction, sixth-order polynomial

baseline correction, and zero-order phase correction. Curve fitting

with Gaussian lineshape included NAA (main peak at 2.01 ppm and

five other resonances between 2.46 and 2.84 ppm), Cr (3.02 ppm),

Cho (3.21 ppm), mI (3.56 ppm), Cr2 (3.91 ppm), Lac (1.33 ppm), lip13

(1.23 ppm), and MM09 (0.9 ppm). In addition, glutamine/glutamate

was fitted with six resonances between 2.10 and 3.80 ppm, but not

reported due to the overlap and J-coupled effects of these resonances.

Cr (3.02 ppm) was used as an internal reference. Macromolecules

level refers to the MM09 area. One patient was excluded because the
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F IGURE 3 Example of spectra obtained byMRSI in the six different brain regions explored, in anorexics [Color figure can be viewed at
wileyonlinelibrary.com]

morphometric sequences and the spectrawere altered by artifacts due

to the presence of orthodontic material. In addition, 12 voxels were

excluded in six anorexic patients because of their proximity to lipids of

the cranial vault causing alterations in the spectral data (n= 7), or their

excessive content in cerebrospinal fluid (n= 5).

Comparison of demographic data between anorexics and con-

trols was performed by independent samples T test. Homogeneity of

variances between groups was evaluated by Levene’s test. If this test

was significant, equal variances were not assumed.

Descriptive statistics were obtained for all metabolites in the differ-

ent brain regions,white and graymatter contents, and anorexics versus

controls.Means ofmetabolites between levelswere compared by a lin-

ear mixed model using a restricted maximum likelihood function, type

III sum of squares assuming a diagonal covariance matrix. This model

takes into account lack of independence between observations in the

same subject. Fixed effects were level of the independent variable and

age as a covariate. No random effects were used. If significant differ-

ences betweenmeanswere identified, pairwise comparisonswere per-

formed by T test using a Bonferroni correction for multiple compar-

isons.

The association of the metabolite ratios with BMI and disease dura-

tion was investigated by Pearson correlation.

SPSS (version 22) was used to perform all statistical analyses and a

0.05 two-tailed significance level was used for all statistical tests.

RESULTS

Differences in the distribution of metabolites in
anorexics and controls separately

Brain regions

Therewere significant differences between the ratios ofmetabolites in

the six regions considered, both in the anorexia (p< 0.001) and in the

control (p< 0.001) groups (Table 2).

ThemI/Crwas the lowest in the frontal region in the anorexia group

(p< 0.001, compared to the parietal region) and control group (p< 0.05

compared to the postcentral and parietal regions and the precuneus).

In both groups, Cho/Cr varied significantly between all regions

(p< 0.001), except between the frontal and precentral regions; with

the lowest values recorded in the parietal lobe and the precuneus,

and the highest values in the frontal and precentral regions. In

the anorexia group, NAA/Cr varied significantly between all regions,

except between the cingulate and precuneus, which showed the lowest

values, and between the precentral and parietal regions, which showed

the highest values. Differences between regions were less striking in

controls, similarly with the lowest values of NAA/Cr observed in the

cingulate, and the highest values in the precentral and parietal regions.

In both groups, MM09/Cr was lower in the cingulate (significantly
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TABLE 2 Comparisons of metabolite ratios in different brain regions within the anorexic and control groups

Group Frontal Cingulate Precentral Postcentral Parietal Precuneus p

mI/Cr Anorexic 0.49 (0.47, 0.51) 0.54 (0.51, 0.56) 0.50 (0.47, 0.53) 0.54 (0.51, 0.57) 0.58 (0.55, 0.62) 0.53 (0.47, 0.60) < 0.001

Control 0.50 (0.48, 0.53) 0.54 (0.52, 0.57) 0.57 (0.53, 0.60) 0.61 (0.57, 0.64) 0.58 (0.55, 0.62) 0.61 (0.55, 0.67) < 0.001

Cho/Cr Anorexic 1.07 (1.06, 1.09) 0.93 (0.91, 0.94) 1.11 (1.08, 1.14) 0.98 (0.96, 1.00) 0.85 (0.83 0.87) 0.71 (0.68, 0.74) < 0.001

Control 1.06 (1.05, 1.08) 0.92 (0.90, 0.93) 1.06 (1.04, 1.09) 0.97 (0.94,0.99) 0.81 (0.79, 0.82) 0.63 (0.66, 0.71) < 0.001

NAA/Cr Anorexic 2.46 (2.44, 2.48) 2.11 (2.08, 2.13) 2.52 (2.49, 2.55) 2.33 (2.29, 2.37) 2.54 (2.50, 2.59) 2.08 (2.02, 2.14) < 0.001

Control 2.52 (2.49, 2.55) 2.09 (2.06, 2.11) 2.61 (2.57, 2.65) 2.41 (2.36, 2.45) 2.61 (2.56, 2.65) 2.55 (2.49, 2.60) < 0.001

MM09/Cr Anorexic 0.52 (0.51, 0.53) 0.50 (0.49, 0.50) 0.54 (0.53, 0.55) 0.51 (0.50, 0.52) 0.58 (0.56, 0.61) 0.52 (0.49, 0.55) < 0.001

Control 0.54 (0.53, 0.56) 0.54 (0.53, 0.55) 0.57 (0.55, 0.58) 0.51 (0.49, 0.52) 0.57 (0.55, 0.60) 0.60 (0.57, 0.64) < 0.001

Note: Values are estimatedmarginal mean (95% confidence interval); p values result of parametric tests.

Abbreviations: Cho, choline; Cr, creatine; mI, myo-inositol; MM09, macromolecules; NAA, N-acetyl aspartate.

TABLE 3 Comparisons of metabolite ratios between different relative contents of GM andWMwithin the anorexic and control groups

Group GM GM/WM WM/GM WM p

mI/Cr Anorexic 0.52 (0.50, 0.54) 0.50 (0.48, 0.53) 0.52 (0.49, 0.54) 0.54 (0.52, 0.56) 0.223

Control 0.52 (0.49, 0.54) 0.56 (0.54, 0.58) 0.54 (0.51, 0.56) 0.60 (0.57, 0.63) < 0.001

Cho/Cr Anorexic 0.86 (0.84, 0.87) 0.90 (0.89, 0.92) 1.00 (0.98, 1.02) 1.19 (1.17, 1.21) < 0.001

Control 0.80 (0.78, 0.81) 0.85 (0.84, 0.86) 0.94 (0.92, 0.95) 1.11 (1.09, 1.13) < 0.001

NAA/Cr Anorexic 2.14 (2.12, 2.17) 2.22 (2.19, 2.24) 2.38 (2.35, 2.40) 2.48 (2.47, 2.50) < 0.001

Control 2.15 (2.11, 2.19) 2.23 (2.20, 2.26) 2.42 (2.39, 2.46) 2.56 (2.53, 2.59) < 0.001

MM09/Cr Anorexic 0.50 (0.49, 0.51) 0.50 (0.49, 0.51) 0.52 (0.51, 0.53) 0.54 (0.54, 0.55) <0.001

Control 0.52 (0.50, 0.53) 0.55 (0.54, 0.56) 0.54 (0.52, 0.55) 0.55 (0.54, 0.56) <0.001

Note: Values are estimatedmarginal mean (95% confidence interval); p values result of parametric tests.

Abbreviations: Cho, choline; Cr, creatine; GM, graymatter; mI, myo-inositol; MM09, macromolecules; NAA, N-acetyl aspartate;WM, whitematter.

lower than in all other regions except the postcentral region and the

precuneus in anorexics with p< 0.001, and the frontal, postcentral, and

parietal regions in controls with p< 0.05). MM09/Cr was also lower in

the postcentral region (significantly lower than the precentral and pari-

etal regions in anorexics, and all regions except the cingulate in con-

trols, with p< 0.05). In both groups, the highest values of MM09/Cr

were observed in the precentral (p<0.05,with no significant difference

with the frontal region) and parietal (p< 0.05 in anorexics) regions, as

well as in the precuneus in controls (p< 0.05, except with the parietal

and precentral regions).

Relative content in white and gray matter

There were significant differences between the four levels of relative

WM and GM content for all metabolites in both the anorexia and con-

trol groups (p<0.001)with the exception ofmI/Cr in the anorexia group

(p = 0.223) (Table 3). In both groups, Cho/Cr and NAA/Cr progres-

sively increased as the relative proportion ofWM increased (p<0.001).

There was a significant difference in MM09/Cr between GM andWM

(p<0.001). In the control group, the mI/Cr ratio was also significantly

higher in theWMcontent than both in theGM (p<0.001) andWM/GM

(p= 0.007) contents.

Comparisons between the anorexia and control groups

ThemI/Cr ratiowas significantly lower in the anorexia group compared

to the control group, including all brain regions and relative contents in

white and gray matter (p< 0.001). A region by region analysis showed

significantly lower values of mI/Cr in anorexics in the precentral (p =

0.006), postcentral (p< 0.001), and precuneus (p = 0.006) regions, but

not in the frontal (p=0.457), cingulate (p=0.495), or parietal regions (p

=0.798) (Figure4A). Therewere significantly lower values of themI/Cr

ratio in voxels with GM/WM content (GM/WM) (p< 0.001) and WM

content (WM) (p = 0.003), but no significant differences were seen in

the GM content (GM) (p= 0.985) or in theWM/GMcontent (WM/GM)

(p= 0.166) (Figure 4B).

TheCho/Cr ratiowas significantly higher in the anorexia group com-

pared to the control group, including all brain regions and relative con-

tents in white and gray matter (p< 0.001). This ratio was significantly

higher in the anorexia group in all regions: frontal (p= 0.009), cingulate
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F IGURE 4 Comparisons of estimatedmarginal means of mI/Cr between anorexics and controls: in the six different brain regions (A) and in the
four different relative contents of GM andWM (B) (** p< 0.01; *** p< 0.001). Abbreviations: GM, graymatter; mI/Cr, myo-inositol/creatine;WM,
white matter [Color figure can be viewed at wileyonlinelibrary.com]

(p= 0.001), precentral (p= 0.001), postcentral (p= 0.001), and parietal

(p = 0.002) regions, except the precuneus (p = 0.944) (Figure 5A). The

Cho/Cr ratio was significantly higher in the anorexia group in the four

different relative contents of white and gray matter (p< 0.001) (Fig-

ure 5B).

The NAA/Cr ratio was significantly lower in the anorexia group

compared to controls, including all brain regions and relative con-

tents in white and gray matter (p< 0.001). This ratio was signifi-

cantly lower in anorexics only in the frontal (p< 0.001) and precen-

tral (p< 0.001) regions, without significant differences in the cingu-

late (p = 0.336), postcentral (p = 0.200), parietal (p = 0.487), or pre-

cuneus (p = 0.122) regions (Figure 6A). Anorexics had significantly

lower NAA/Cre in voxels containing more than 50% white matter:

WM/GM content (p = 0.001) andWM content (p< 0.001), with no sig-

nificant differences observed in voxels with a greater proportion of

gray matter: GM content (p= 0.676) and GM/WM content (p= 0.376)

(Figure 6B).

The MM09/Cr ratio decreased significantly in the anorexia group,

including all brain regions and relative contents in white and gray mat-

ter (p< 0.001). This was seen in four regions: frontal (p= 0.003), cingu-

late (p< 0.001), precentral (p = 0.004), and precuneus (p = 0.007). The

MM09/Cr ratio did not show significant differences between anorex-

ics and controls in the parietal (p = 0.714) and postcentral (p = 0.899)

regions (Figure 7A). This differencewasmore pronounced in the cingu-

late and precuneus. Anorexics had a significantly lowerMM09/Cr ratio

in the four relative contents of white and graymatter: GM content (p=

0.012), GM/WMcontent (p< 0.001),WM/GM content (p= 0.018), and

WMcontent (p= 0.002) (Figure 7B).

Correlation between metabolite ratios, BMI, and
duration of anorexia

The correlation coefficients betweenmetabolite ratios, BMI, and dura-

tion of anorexia, including all brain regions and relative contents in

WM/GM, were low with no significant values. However, significant

correlations were found between BMI and MM09/Cr in the cingulate

(r = 0.338, p = 0.033), duration of anorexia and MM09/Cr in GM con-

tent (r=−0.428, p=0.033), andbetweendisease duration andNAA/Cr

in the parietal region (r=−0.542, p= 0.005).
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F IGURE 5 Comparisons of estimatedmarginal means of Cho/Cr between anorexics and controls: in the six different brain regions (A) and in
the four different relative contents of GM andWM (B) (** p< 0.01; *** p< 0.001). Abbreviations: Cho/Cr, choline/creatine; GM, graymatter;WM,
white matter [Color figure can be viewed at wileyonlinelibrary.com]

DISCUSSION

Our study has shown that metabolites are distributed differently

throughout the brain and has uncovered important differences in the

concentrations of these metabolites between anorexic patients and

controls. This confirms that anorexia nervosa affects different brain

regions differently and highlights the importance of using MRSI to

identify these regional variations.

We found a higher Cho/Cr ratio in all brain regions of anorexics,

except the precuneus, affecting both white and gray matter, which is in

agreement with previous studies.11–14 This possibly reflects increased

cell turnover, and catabolism of lipid membranes with release of fatty

acids from phospholipids. In reality, the peak of choline mainly repre-

sents glycerophosphocholine.14 However, the cause is probably more

complex, possibly with a component of increased membrane fluidity

due to a hypocaloric standard diet or a hypocaloric choline-reduced

diet, as shown byWoeckel.15

We found a significantly lower NAA/Cr ratio in the WM of the

frontal and precentral regions, similarly to the studies by Castro-

Fornieles et al. in frontal GM,16 and Schlemmer et al. in the parieto-

occipital WM,11 but contrary to other studies.13,17,18 NAA is consid-

ered a marker of neuronal density and functioning, and several stud-

ies have shown a decrease in the volume of white and gray mat-

ter in anorexia, at least partly reversible after weight recovery.19,20

However, this decrease in volume does not seem to be due to neu-

ronal loss but partly to trophic changes, such as smaller neurons, short

dendrites, and fewer synapses.21 Kazlouski et al. found significantly

reduced fractional anisotropy in the bilateral fimbria-fornix, fronto-

occipital fasciculus, as well as the WM of the posterior cingulate in

anorexianervosa, thoughtnot tobedue toWMvolume loss.22 Finally, it

has been shown that NAA synthesis lowers when oxygen consumption

and ATP production decrease. This means that reducedNAA could pri-

marily reflect impaired mitochondrial energy production rather than

neuronal cell loss.23 Moreover, NAA is transported from neurons to

the cytoplasm of oligodendrocytes, where aspartoacylase cleaves the

acetate moiety for use in fatty acid and steroid synthesis.24 The fatty

acids and steroids produced are then used as building blocks for

myelin lipid synthesis. This points to a possible causal link between the

decrease of NAA in the brain of anorexics and the reduction of myelin

lipids.
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F IGURE 6 Comparisons of estimatedmarginal means of NAA/Cr between anorexics and controls: in the six different brain regions (A) and in
the four different relative contents of GM andWM (B) (** p< 0.01; *** p< 0.001). Abbreviations: GM, graymatter; NAA/Cr,
N-acetyl-aspartate/creatine;WM, white matter [Color figure can be viewed at wileyonlinelibrary.com]

Myo-inositol is considered a glial marker, since it is primarily located

in astrocytes and microglia glial cells,25 but it has also been detected

in neuronal cells.26 Myo-inositol intervenes in osmotic regulation

phenomena, it is required for the synthesis of cell membrane phos-

pholipids, and it acts as a precursor in the phosphatidylinositol second

messenger system. We observed a decrease of the mI/Cr ratio in

anorexics, similarly to other studies in frontalWM,17 andGM,16,27 with

the most striking difference in our study concerning the precuneus.

A decrease in mI has been shown in hyponatraemic states,28,29 which

can be the case in the context of anorexia nervosa due to diuretics or

laxative abuse, potomania, or inappropriate secretion of antidiuretic

hormone.30,31 However, results concerning changes in the mI/Cr ratio

lacked consistency. The biggest differences were seen in the GM/WM

andWM contents but the difference collapsed in GM andWM/GM. It

is a fact that themI/Cr ratio showed the greatest variability in standard

deviationswhichmayhave affected the statistical power of the tests. In

view of the neurometabolic role of mI, our hypotheses to explain vari-

ations in this metabolite were changes according to the level of hydra-

tion, and also according to behavioral aspects, such as possible sleep

disorders or mood disorders in both anorexics and controls.32–37 The

decrease inmyo-inositol in anorexia nervosa seems to be due to a com-

plex mechanism associating osmotic disorders, such as hyponatremia,

an imbalance in the second messenger signaling system and partly to

trophic changes, such as smaller dendrites and fewer synapses.21

Interpretation of macromolecule variations is more difficult.

According to the study by Mader concerning multiple sclerosis, the

spectroscopic peaks of “lipids at 0.9” (and 1.3) ppm might have been

due to proteins or polypeptides containing the amino-acids alanine,

threonine, valine, leucine, and isoleucine, which account for approxi-

mately 40% of the amino-acids of the myelin proteolipid protein and

for approximately 20% of myelin basic proteins.38 Additionally, the

increased macromolecular resonances at 0.9 ppm may be interpreted

as biochemical markers of myelin fragments. Anorexics had lower

concentrations of MM09/Cr in most brain regions (with no significant

difference in the postcentral and parietal regions), affecting both WM

and GM. This pattern was also found by Grzelak et al. in parietal GM

and WM and by Roser et al. in frontal WM and occipital GM.17,39

Moreover, a significant positive correlation was found between

MM09/Cr in the cingulate and BMI, and a significant negative correla-

tionwas found betweenMM09/Cr in GMand the duration of anorexia.
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F IGURE 7 Comparisons of estimatedmarginal means ofMM09/Cr between anorexics and controls in the six different brain regions (A) and in
the four different relative contents of GM andWM (B) (* p< 0.05; ** p< 0.01; *** p< 0.001). Abbreviations: GM, graymatter; MM09/Cr,
macromolecules/creatine;WM, white matter [Color figure can be viewed at wileyonlinelibrary.com]

The contribution of proteins to basal energy expenditure is increased

in anorexia nervosa in order to maintain a normal level of glucose

oxidation.40 Our results suggest that this was particularly pronounced

in the cingulate gyrus and precuneus, which sheds some light on the

pathophysiology of anorexia nervosa by identifying changes in the

cingulate cortexwhich is known tobedysfunctional in eating disorders.

The slightly more marked variations in the MM09/Cr ratio in the

cingulate gyrus and the precuneus, as well as the variations in the

mI/Cr ratio in the precuneus, were particularly interesting. In anorexia

nervosa, the cingulate was shown to be hypoperfused.41 Further-

more, it has been shown that in healthy volunteers, the simple act of

thinking about one’s own physical features activates the anterior cin-

gulate cortex.42 In addition to the perception of body image, the ante-

rior cingulate cortex is involved in processing the hedonic properties

of food intake.43,44 In a study by Gaudio et al. about distortion of

body image, which is a key symptom of anorexia nervosa, a multidi-

mensional model is assumed. This allows the perceptual, affective, and

cognitive components of body distortion images to be distinguished. It

also demonstrated the role of the precuneus in the perceptual compo-

nent, a structure that is mainly involved when the tasks were based on

visualization of the body, self, and other images.45–47 Another interest-

ing study is that of Mohr et al., in which estimation of body size was

achieved using a specific task: subjects had to choose the image, from

the thinnest to the largest, which most closely resembled their own

body image.48 The study found an absence ofmodulation of precuneus

activity when estimating body size in anorexic patients compared to

controls, leading to an overestimation of one’s own weight/height.

Stronger synchronous activity between the dorsal anterior cingu-

late and the precuneus was shown in anorexia nervosa and bulimia

nervosa.6 The dorsal anterior cingulate-precuneus resting-state syn-

chronywas presumed to be associatedwith the disorder-specific rumi-

nation on eating, weight, and body shape in patients with eating disor-

ders.Monzon et al. also described changes in a range ofWMstructures

of the limbic system in anorexics,mainly the fornix and cingulate aswell

as the fronto-occipital fiber tracts, which are regions known to be asso-

ciated with anxiety, body image, and cognitive function.7 Finally, some

morphometric studies have shown specific decreases in GMof the pre-

cuneus and lower parietal lobe in patients suffering from anorexia ner-

vosa compared to control subjects.5,49–51 In addition, Mühlau et al.

have shown a correlation between cortical atrophy of the cingulate
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gyrus and low BMI.52 In our study, a significant positive correlation

was observed between the MM09/Cr ratio in the cingulate gyrus and

BMI, and a significant negative correlation was found between the

MM09/Cr ratio in GM and the duration of anorexia. These metabolic

variations in the cingulate gyrus and the precuneus in anorexic patients

compared to other regions point to the fact that injury to these struc-

tures probably plays an important role in anorexia nervosa, even

though a possible effect of causality cannot be clearly identified.

It is unclear what role these changes play in the pathological psychic

mechanisms of anorexia nervosa, especially with the pronounced

involvement of the cingulate on the metabolism of lipids, which might

be associated with body image and disorder-specific rumination on

eating. It is also unclear to what extent these metabolic changes are

reversible after weight gain. In a positive note, Möckel et al. showed

metabolic changes in the brain of patients with anorexia nervosa in
1H-MR spectroscopy, which were reversible under successful

therapy.12 It is uncertain what impact these data will have on the

therapeutic management of anorexia nervosa, but a suggestion by

Woeckel et al. is that choline-enriched nutrition after starvation

improves the stabilization of cerebral membranes and the metabolic

situation in anorexia nervosa.15

It is, therefore, open to debate to what extent variations in crea-

tine may have influenced variations in the different ratios of metabo-

lites. It should be noted first that several studies have shown higher

creatine values in GM in healthy subjects.53–56 Concerning patients

suffering from anorexia nervosa, Blasel et al. observed a significant

increase in creatine in GM compared to healthy subjects, without sig-

nificant changes in WM.14 In our study, the increase in the Cho/Cr

ratio was observed in WM and GM, which was, nevertheless, slightly

greater in WM than GM, perhaps due to a selective increase in cre-

atine in GM, as Blasel et al. suggest. Likewise, our study showed an

increase in NAA/Cr, which was not significant in GM, possibly due to

increased creatine in GM in the anorexia group. Finally, the exact role

of creatine in the reduction of the MM09/Cr ratio, in particular in GM,

could be considered.14 Different hypotheses on the variations of crea-

tine in pathological situations havebeen formulated; oneof thesebeing

that creatine increases energy bioavailability, promotes neuronal sur-

vival, and reduces oxidative stress and proapoptotic and pronecrotic

processes.

One limitation of our study relates to the fact that our seg-

mentation of WM and GM was performed manually based on

visual inspection of the images, in the three planes of space, by a

board-certificated neuroradiologist. There are several automatic

segmentation software packages that are freely available and that

are widely validated for this purpose57 and we acknowledge that

using one of these could have potentially provided more precise tissue

classification.

Finally, a spectra analysis, using more accurate processing soft-

ware packages, such as LCmodel, could have increased the preci-

sion of the findings and enhanced the scope of the study by allowing

the inclusion of other metabolites, such as glutamine/glutamate and

lactate.

These limitations should be addressed in the future in order to allow

validation of the anorexia-related brain metabolic changes uncovered

in our study, as well as to deepen our understanding of the pathophysi-

ology of this condition.

In conclusion, we found that metabolites are distributed differently

throughout the brain and that the concentrations of those metabolites

showed significant differencesbetweenanorexic patients and controls.

The cingulate and precuneus seemed to be particularly involved, the

former being known to be dysfunctional in eating disorders. Finally, it

could be interesting in the future to study these metabolites in recov-

ered anorexics.
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