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Abstract
Objective: Patients with atypical anorexia nervosa (AN) are often in the normal-weight range at

presentation; however, signs of starvation and medical instability are not rare. White matter

(WM) microstructural correlates of atypical AN have not yet been investigated, leaving an

important gap in our knowledge regarding the neural pathogenesis of this disorder.

Method: We investigated WM microstructural integrity in 25 drug-naïve adolescent patients

with atypical AN and 25 healthy controls, using diffusion tensor imaging (DTI) with a tract-based

spatial statistics (TBSS) approach. Psychological variables related to the eating disorder and

depressive symptoms were also evaluated by administering the eating disorder examination

questionnaire (EDE-Q) and the Montgomery–Åsberg depression rating scale (MADRS-S) respec-

tively, to all participants.

Results: Patients and controls were in the normal-weight range and did not differ from the body

mass index standard deviations for their age. No between groups difference in WM microstruc-

ture could be detected.

Discussion: Our findings support the hypothesis that brain structural alterations may not be asso-

ciated to early-stage atypical AN. These findings also suggest that previous observations of alter-

ations in WM microstructure in full syndrome AN may constitute state-related consequences of

severe weight loss. Whether the preservation of WM structure is a pathogenetically discriminant

feature of atypical AN or only an effect of a less severe nutritional disturbance, will have to be veri-

fied by future studies on larger samples, possibly directly comparing AN and atypical AN.
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1 | INTRODUCTION

Atypical anorexia nervosa (AN) is defined by the presence of all the criteria

for AN except significantweight loss, as reported in the fifth edition of the

Diagnostic and Statistic Manual of Mental Disorders (DSM-5) (American

Psychiatric Association, 2013). Patients with atypical AN are often in the

normal-weight range at presentation (Moskowitz & Weiselberg, 2017;

Sawyer, Whitelaw, Le Grange, Yeo, & Hughes, 2016), however, signs of

starvation and medical instability are not rare (Moskowitz & Weiselberg,

2017), and medical consequences can be as severe as in full-threshold AN

(Sawyer et al., 2016). Neuroimaging can help us investigate the patho-

physiology and neurobiology related to EDs development (Beato-

Fernandez, Rodriguez-Cano, & Garcia-Vilches, 2011; Frank, 2015).

Though its usefulness as a diagnostic tool is still limited (Jauregui-Lobera,

2011), its prognostic value has been highlighted (Jauregui-Lobera, 2011).

Nonetheless, most of the current neuroimaging research has focused on
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full-syndrome AN rather than atypical AN, leaving an important gap in our

knowledge regarding the neural correlates underlying this disorder. This is

of particular interest, given the current debate whether full-syndrome and

atypical AN should be considered as different manifestations of the same

disease along a spectrum of severity, rather than different diagnostic cate-

gories (Fairweather-Schmidt &Wade, 2014).

Only few neuroimaging studies have been conducted on adoles-

cents with EDs, and the few studies available have been conducted in

full-syndrome AN patients. White matter (WM) integrity and struc-

tural connectivity (Frank, Shott, Hagman, & Yang, 2013; Gaudio et al.,

2017; Kaufmann et al., 2017; Olivo et al., 2017; Pfuhl et al., 2016; Tra-

vis et al., 2015; Vogel et al., 2016; von Schwanenflug et al., 2018)

have been explored with somewhat conflicting results (Figure 1). In

particular, diffusor tensor imaging (DTI) studies reported either

increased (Frank et al., 2013; Travis et al., 2015; Vogel et al., 2016) or

decreased (Frank et al., 2013; Gaudio et al., 2017; Olivo et al., 2017;

von Schwanenflug et al., 2018) fractional anisotropy (FA) in AN

patients compared to controls, and one study did not find any differ-

ences in diffusivity parameters between patients and controls (Pfuhl

et al., 2016). Moreover, some findings, such as the occurrence of

microstructural changes in the fornix of AN patients, might have been

biased by partial volume effects (Kaufmann et al., 2017). Given the

heterogeneity of the samples between studies in terms of AN subtype

(restrictive vs. binge) and disease duration, and the scarce number of

studies available, any straightforward interpretation of the discrepan-

cies has to be considered speculative at best.

In adults, on the other hand, FA has been consistently found to be

decreased in AN patients compared to controls (Cha et al., 2016;

Frieling et al., 2012; Kazlouski et al., 2011; Nagahara et al., 2014). The

FA measures the diffusivity of water molecules along the principal

direction of the axon. FA is sensitive to several tissue characteristics,

such as myelination, axon diameter, fiber density, and organization

(Beaulieu, 2002). FA decreases often occur in several psychiatric disor-

ders, and are generally due to either decreased diffusivity along the lon-

gitudinal axis of the axon (e.g., due to axonal loss) or to increased radial

diffusivity (e.g., due to disruption of the myelin sheaths) (Beaulieu,

2002). On the other hand, FA increases are less frequent, and might

reflect restricted perpendicular diffusivity, facilitated parallel diffusivity

or some combination of the two, reflective of a change in fibers archi-

tecture (e.g., due to increased fiber coherence following a reduction in

the number or density of crossing fibers) (Jones & Cercignani, 2010;

Travis et al., 2015). In adults, a reduction in FA due to the impact of

malnutrition, dehydration, and weight loss (King, Frank, Thompson, &

Ehrlich, 2017) might thus be more likely to occur compared with an

increase in FA. In fact, an increase in FA would require an architectural

reorganization which, though possible in adults (Wang & Young, 2014),

is often partially counterbalanced by age-related myelin loss and turn-

over (Wang & Young, 2014). The adolescent brain, on the other hand,

is at a stage of rapid development (Lebel, Treit, & Beaulieu, 2017). The

shape and strength of newly-built connections are dramatically influ-

enced by heredity, sex hormones, and environmental and social stimuli

(Arain et al., 2013) (Figure 1). As a result, white matter undergoes com-

plex structural and architectural changes during adolescence (Lebel

et al., 2017), and increases and decreases in FA can be observed at dif-

ferent stages and in different structures.

To date, no neuroimaging studies, in either adults or adolescents

have been conducted to investigate WM integrity in atypical AN. We

used DTI to investigate WM microstructural integrity in 25 drug-naïve

adolescent patients with atypical AN, and 25 healthy controls. We

aimed at exploring the WM microstructural correlates of adolescent

atypical AN, and its relation with neuropsychological clinical symp-

toms. To this aim, ED-related symptoms were evaluated by adminis-

tering the eating disorder examination questionnaire (EDE-Q) to all

participants. To better characterize our sample, depressive symptoms,

FIGURE 1 Fractional anisotropy increases and decreases in patients with anorexia nervosa. The figure summarizes previous findings relative to

fractional anisotropy alterations detected in patients with full-syndrome anorexia nervosa, compared with age-matched controls. Several factors,
listed in the figure, can disrupt white matter microstructure in adult and adolescent patients. In adolescent patients (left), increases (pink) as well
as decreases (blue) in FA values have been variably reported in several white matter structures, and sometimes both increases and decreases have
been detected in the same tracts (purple and light blue), such as the corpus callosum, even in the same paper (Travis et al.). Conversely, in adults,
FA has been consistently found to be decreased in several structures (blue). The figures have been generated with FSL for illustrative
purposes only
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which have been reported to have high comorbidity with restrictive

ED and can contribute to the high rate of suicides and suicide

attempts in these patients, were measured with the Montgomery–

Åsberg depression rating scale self-report (MADRS-S) (Brockmeyer

et al., 2012; Franko & Keel, 2006; Harrington, Jimerson, Haxton, &

Jimerson, 2015; Jaite, Hoffmann, Glaeske, & Bachmann, 2013;

Koutek, Kocourkova, & Dudova, 2016; Lule et al., 2014).

2 | METHODS

2.1 | Subjects

All participants and their guardians gave written consent to participate

in the study. The protocol was in accordance to the Declaration of

Helsinki and was approved by the local ethics committee of the Fac-

ulty of Medicine of Uppsala University, Uppsala, Sweden. Demo-

graphic and clinical information are reported in Table 1 and Figure 2.

Twenty-five adolescent female outpatients (mean age 14.8 years,

range 13–18 years) were recruited by the eating disorder unit (EDU)

of the Department of Child and Adolescent Psychiatry at the Uppsala

University Hospital, Uppsala, Sweden. The diagnosis of atypical AN

was based on the criteria listed in the fifth edition of the Diagnostic

and Statistical Manual of Mental Disorders (DSM-5) (American Psychi-

atric Association, 2013), as patients presented with features of AN

but were above −2 BMI standard deviation scores (SDS) for age

(Table 1). The initial assessment of patients and the diagnostic proce-

dure were performed by a pediatrician with experience of ED, and fol-

lowed a structured protocol including: the history of the ED, medical

history (including medical and psychiatric comorbidity), menstrual sta-

tus, demographics, and physical examination (including weight and

height measurements). Nine patients had secondary amenorrhea,

three patients were in premenarche, one patient was taking hormonal

contraceptives, and the remaining twelve patients had menstruations.

Diagnoses of atypical AN were then confirmed by a psychiatrist or

psychologist at the EDU, and the history of weight and height changes

was obtained from the growth charts provided by the school health

services, and weight loss was calculated as the difference between

maximum documented weight and the weight at diagnosis. Patients

started treatment the day after the visit, however, the diagnosis of

atypical AN was still confirmed at the time of scanning. Twenty-five

healthy controls (mean age 14.5 years, range 13–18 years) were

recruited from local schools through advertisement. Ten patients and

18 controls of our current sample were also included in our previous

DTI study on restrictive EDs (Olivo et al., 2017). Sixteen patients and

22 controls of our current sample were also included on our previous

voxel-based morphometry (VBM) study on atypical AN (Olivo

et al., 2018).

ED-related cognition was assessed via a 38-items self-reported

questionnaire, the EDE-Q (Fairburn & Beglin, 1994), youth version

(Carter, Stewart, & Fairburn, 2001). The EDE-Q comprises four sub-

scales measuring specific features of the ED behavior: restraint, eating

concern, shape concern, and weight concern. Given the high comor-

bidity with depression, depression symptoms were assessed with the

MADRS-S (Svanborg & Asberg, 1994), Swedish version.

Inclusion criteria were female gender, and age between 13 and

18 years. Exclusion criteria for all participants were male gender,

comorbid neurological diseases, left-handedness, metallic implants,

claustrophobia, and use of psychotropic medications, past or current

comorbidity (patients) or history (controls) of psychiatric disorders.

For controls, additional exclusion criteria were a BMI below the 5th or

above the 95th percentile per age, and an EDE-Q total score > 2.0,

which has been suggested as the optimal cut-off to distinguish

between the clinical and the general population (Ekeroth & Birgegard,

2014). We focused on females given the higher prevalence of ED in

women (Lahteenmaki et al., 2014; Mangweth-Matzek & Hoek, 2017;

Smink, van Hoeken, & Hoek, 2012; Sweeting et al., 2015), estimated

to be 1.6% compared to 0.1% in males, as reported in a Swedish sam-

ple (Goodman, Heshmati, Malki, & Koupil, 2014).

2.2 | MRI acquisition

The scanning procedure was carried out within 40 days of the initial

visit at the clinic. This delay was due to technical reasons. At their first

visit to the clinic, parents and their children were given information

about the study and they had 1 week time to communicate whether

they wanted to participate or not. Then, a time for the MRI was set in

accordance to the hospital necessities. The queue for scanning,

coupled to the rapid diagnosis-to-treatment time, led to a delay of

10–40 days. Under this period, the average weight gain of the partici-

pants was 2.4 kg. The diagnosis of ED was still confirmed. The partici-

pants were instructed to eat before coming to the hospital. Prior to

the scanning, they were asked to rate their satiety on a visual scale

ranging from 1 to 10. If they indicated a score below three, they were

provided with something to eat, like cookies or snacks.

A Philips 3-Tesla scanner (Achieva, Philips Healthcare, Best Neth-

erlands) using a standard 32-channel head coil was used to acquire

the MRI sequences. Structural images were acquired with a

T1-weighted turbo-field-echo (TFE) sequence (TR = 8,100 ms; TE =

3.7 ms; flip angle: 8�; slice thickness = 1 mm; slice spacing = 1 mm).

TABLE 1 Clinical and demographics data of the participants

Patients
mean (SD)

Controls
mean (SD) p

Age (years) 14.8 (1.5) 14.5 (1.4) .447

BMI at diagnosis (Kg/m2) 18.6 (2.4) 20.0 (1.9) .014*

Weight gain before scanning 2.4 (2.2) — —

BMI at scanning (Kg/m2) 19.5 (2.5) 20.0 (1.9) .365

BMI-SDS −0.28 (1.1) 0.04 (0.6) .109

EDE-Q 3.2 (1.7) 0.3 (0.3) .001**

Restraint 3.0 (1.9) 0.2 (0.3) .001**

Eating concern 2.7 (1.7) 0.1 (0.2) .001**

Weight concern 3.5 (1.9) 0.3 (0.4) .001**

Shape concern 3.8 (2.1) 0.6 (0.6) .001**

MADRS-S 27.5 (11.2) 5.4 (5.7) .001**

Disease duration (years) 0.7 (0.4) — —

Age at max documented
weight (years)

13.9 (1.4) — —

Weight loss (Kg) 6.3 (4.5) — —

*p < .05; ** p < .01.
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The DTI data were acquired using an echoplanar imaging sequence

(EPI) (TR: 6700 ms, TE: 77 ms, voxel size: 1.75 × 1.75 × 1.75 mm3,

48 directions, 60 axial slices covering the whole brain).

2.3 | Preprocessing of DTI data

Preprocessing of the DTI data was carried out in FMRIB Software

Library (FSL), provided in the public domain by the Oxford Centre for

Functional Magnetic Resonance Imaging of the Brain (Smith et al.,

2004). DTI images were corrected for eddy currents and head motion

using the FMRIB's Diffusion Toolbox (FDT) implemented in FSL. Brain

images were extracted from the b0 volume using the brain extraction

tool (BET) (Smith, 2002).The diffusion tensor model was then fitted at

each voxel, obtaining FA, mean diffusivity (MD), and axial diffusivity

(AD) maps. The second and third eigenvalues were then averaged to

obtain the radial diffusivity (RD) maps.

A whole-brain, voxel-wise tract-based spatial statistics (TBSS) (Smith

et al., 2006) analysis was performed using the FSL. For each analysis, the

FA images were aligned to a common target (FMRIB58_FA; http://fsl.

fmrib.ox.ac.uk/fsl/fsl4.0/tbss/FMRIB58_FA.html) in the MNI 152 stan-

dard space using nonlinear registration, and resampled to a 1 ×

1 × 1 mm3 voxel size. The normalization parameters were then applied

to the other diffusivity parameters maps (AD, RD, MD). FA images were

averaged to create a mean FA image, then a skeleton was created, repre-

senting the center of all fibers bundle, using a threshold of FA > 0.2 to

exclude voxels not belonging to WM. FA maps of each participant were

then projected onto the skeleton. The same procedure was applied to

the MD, RD, and AD maps.

2.4 | Statistical analyses

Statistical analyses of clinical measures were performed with Statisti-

cal Package for Social Sciences, v 24.0, by IBM (SPSS; https://www.

FIGURE 2 Psychometric questionnaires scores in patients compared with controls. The figure shows the mean scores on the EDE-Q (upper

panel) and MADRS-S (lower panel) questionnaire in patients (blue) and controls (green). The patients scored significantly higher on the (a) EDE-Q
total score and EDE-Q subscales, namely (b) Restraint, (c) Eating concern, (d) Weight concern, and (e) Shape concern. They did also score
significantly higher on the (f ) MADRS-S, compared with controls
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ibm.com/analytics/data-science/predictive-analytics/spss-statistical-

software). A series of Mann–Whitney tests were carried out to test

for differences between patients and controls in age, BMI, BMI-SDS

for age, and total scores on the psychological questionnaires. The

threshold for significance was set at p < .01, corrected for multiple

comparisons according to Bonferroni (0.05/5 tests). As the EDE-Q

total score was found to significantly differ between groups, EDE-Q

subscales were also investigated, setting the threshold for significance

at p < .0125, corrected for multiple testing according to Bonferroni.

Statistical analyses of DTI data were carried out using a nonpara-

metric permutation-based statistics (Smith et al., 2006), as implemen-

ted in FSL. Patients and controls were tested for differences in FA,

AD, MD, and RD (Alexander, Lee, Lazar, & Field, 2007) with two dif-

ferent models. In the first model, age was entered as sole covariate of

no interest. As nutritional status can impact on brain development

during adolescence (Arain et al., 2013), a second model was run, by

including also BMI at scanning as covariate in order to explore the

influence of BMI on WM integrity, as also suggested in the guidelines

proposed by (Frank, Favaro, Marsh, Ehrlich, & Lawson, 2018). Disease

duration was also tested for correlations with FA, AD, MD, and RD in

patients, correcting for age (Frank et al., 2018). The number of permu-

tations was set at 10,000, and the threshold for significance was set

at p < .05, corrected for multiple comparisons at cluster level with a

threshold-free cluster enhancement (TFCE) approach (Smith &

Nichols, 2009).

Additionally, a region of interest (ROI) based analysis was carried

out. Forty-eight WM tracts, as defined in the Juelich Histological atlas

(JHU) provided by FSL, were investigated for FA differences between

groups. Mean FA values were extracted from each structure and

imported in SPSS. A series of ANOVA analyses were carried out to test

for an effect of group on each tract, including age (first model), or age

and BMI (second model) as covariates. The threshold for significance

was set at p < .001, to account for multiple testing according to Bon-

ferroni's approach (0.05/48 tracts).

3 | RESULTS

3.1 | Clinical assessment

Age did not differ between groups. At diagnosis, BMI was significantly

lower in patients (p < .014) though it did not survive the threshold for

multiple testing; however the BMI-SDS did not differ between groups.

At the time of scanning, BMI did not differ between patients and con-

trols. The EDE-Q and MADRS-S scores were significantly higher in

patients compared with controls (p < .001). All of the EDE-Q sub-

scales were also significantly different between groups (p < .001)

(Table 1 and Figure 2).

3.2 | White matter microstructural assessment

In the DTI analysis, no differences in FA, MD, or RD were detected

when comparing patients and controls, either when correcting for age,

or for age and BMI. A cluster of reduced AD in patients compared to

controls was found (28 voxels), encompassing the right superior

corona radiata and superior longitudinal fasciculus (SLF) (p < .05, tfce-

corrected) when correcting for age, however it was no longer signifi-

cant when further correcting for BMI. Disease duration did not

correlate with diffusivity parameters in patients.

3.3 | ROI-based analysis of FA values

At the ROI-based analysis, the left anterior corona radiate, the left for-

nix, and the tapetum showed trends of significant difference between

groups, not surviving the threshold for multiple testing. None of the

other tracts from the JHU atlas showed FA differences between

groups. Mean FA values and standard deviations for each tract are

reported in Table 2.

4 | DISCUSSION

We investigated WM microstructural integrity and ED-related symp-

tomatology in a sample of 25 drug-naïve adolescents diagnosed with

atypical AN, compared with 25 healthy controls of comparable age.

We report higher ED-related and depressive symptomatology in

patients compared with controls, as measured by the EDE-Q and

MADRS-S questionnaires respectively. However, no difference in

most of WM diffusivity parameters could be detected. Only a reduced

AD, reflective of axonal damage (Alexander et al., 2007), was found in

patients in the right superior corona radiata extending to the right

SLF. However BMI is likely to be responsible for this alteration. In fact,

the difference between groups was no longer detectable when the

analysis was corrected for BMI, which might reflect the occurrence of

a statistical phenomenon known as the Simpson paradox (Kievit,

Frankenhuis, Waldorp, & Borsboom, 2013; Wang, Wu, Kwan, Tu, &

Feng, 2018). The Simpson paradox arises when the relationship

between two variables is modified by other factors (the so-called “hid-

den variables”) which might be mediating such association. While

patients and controls did not differ in terms of BMI at scanning, in

fact, the variance was nonetheless greater for patients than controls

(6.3 vs. 3.5), with a BMI range of 10.8 kg/m2 in patients and

7.8 kg/m2 in controls (15.1 kg/m2 to 25.9 kg/m2 in patients and

16.4 kg/m2 to 24.2 kg/m2 in controls). In line with this hypothesis,

BMI has been reported to be positively correlated to the AD of the

right corona radiata and right SLF (Xu, Li, Lin, Sinha, & Potenza, 2013),

so that lower BMI is associated with reduced AD.

In our previous study, conducted on a mixed sample including

adolescents with both full syndrome or atypical AN, we found

reduced FA and increased RD in patients compared with controls in

the corpus callosum, corona radiata and posterior thalamic radiation.

However our current imaging findings, coupled with our previous

VBM study reporting preserved grey matter volumes in atypical AN

(Olivo et al., 2018), suggest that the brain structural correlates of atyp-

ical AN may differ from full syndrome AN. In fact, in adolescents with

full syndrome AN, WM microstructural alterations can be seen in the

brain even at early stages (Gaudio et al., 2017; Travis et al., 2015), so

whether our previous findings might have been driven by the inclu-

sion of patients with full syndrome AN is an open question. In fact, all

patients in our current sample were in the normal-weight range and
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TABLE 2 FA values in patients and controls

Patients
mean (SD)

Controls
mean (SD) p (age) p (age + BMI)

Middle cerebellar peduncle 0.29 (0.02) 0.29 (0.01) .961 .952

Pontine crossing tract 0.39 (0.03) 0.40 (0.03) .735 .622

Genu of corpus callosum 0.40 (0.02) 0.40 (0.01) .214 .270

Body of corpus callosum 0.57 (0.02) 0.58 (0.02) .446 .496

Splenium of corpus callosum 0.69 (0.02) 0.69 (0.02) .823 .815

Fornix 0.40 (0.04) 0.40 (0.03) .413 .621

Corticospinal tract, R 0.32 (0.03) 0.31 (0.03) .405 .485

Corticospinal tract, L 0.28 (0.02) 0.28 (0.01) .378 .497

Medial lemniscus, R 0.44 (0.03) 0.43 (0.02) .148 .190

Medial lemniscus, L 0.44 (0.03) 0.43 (0.03) .166 .205

Inferior cerebellar peduncle, R 0.26 (0.02) 0.26 (0.02) .918 .983

Inferior cerebellar peduncle, L 0.25 (0.01) 0.24 (0.02) .460 .505

Superior cerebellar peduncle, R 0.52 (0.03) 0.51 (0.02) .409 .444

Superior cerebellar peduncle, L 0.49 (0.02) 0.48 (0.02) .316 .346

Cerebral peduncle, R 0.61 (0.03) 0.61 (0.02) .194 .292

Cerebral peduncle, L 0.61 (0.02) 0.60 (0.02) .313 .405

Anterior limb of internal capsule, R 0.50 (0.02) 0.50 (0.02) .439 .631

Anterior limb of internal capsule, L 0.49 (0.02) 0.49 (0.02) .747 .573

Posterior limb of internal capsule, R 0.60 (0.02) 0.59 (0.02) .511 .695

Posterior limb of internal capsule, L 0.60 (0.03) 0.60 (0.02) .670 .860

Retrolenticular part of internal capsule, R 0.55 (0.03) 0.54 (0.02) .507 .678

Retrolenticular part of internal capsule, L 0.55 (0.02) 0.55 (0.02) .766 .514

Anterior corona radiata, R 0.34 (0.03) 0.45 (0.02) .224 .207

Anterior corona radiata, L 0.34 (0.02) 0.35 (0.02) .030* .037*

Superior corona radiata, R 0.44 (0.02) 0.44 (0.02) .221 .211

Superior corona radiata, L 0.44 (0.02) 0.44 (0.02) .088 .065

Posterior corona radiata, R 0.45 (0.02) 0.45 (0.02) .563 .599

Posterior corona radiata, L 0.43 (0.03) 0.43 (0.02) .388 .378

Posterior thalamic radiation, R 0.56 (0.03) 0.55 (0.03) .219 .243

Posterior thalamic radiation, L 0.55 (0.03) 0.53 (0.02) .054 .062

Sagittal stratum, R 0.51 (0.04) 0.49 (0.03) .101 .144

Sagittal stratum, L 0.47 (0.03) 0.46 (0.01) .194 .234

External capsule, R 0.37 (0.03) 0.36 (0.02) .517 .643

External capsule, L 0.38 (0.02) 0.37 (0.02) .908 .936

Cingulum (cingulate gyrus), R 0.41 (0.03) 0.41 (0.03) .538 .641

Cingulum (cingulate gyrus), L 0.45 (0.03) 0.46 (0.03) .109 .107

Cingulum (hippocampus), R 0.36 (0.03) 0.35 (0.03) .832 .858

Cingulum (hippocampus), L 0.35 (0.02) 0.34 (0.02) .863 .988

Fornix (cres)/stria terminalis, R 0.45 (0.03) 0.46 (0.02) .513 .495

Fornix (cres)/stria terminalis, L 0.47 (0.02) 0.48 (0.02) .019* .017*

Superior longitudinal fasciculus, R 0.44 (0.02) 0.43 (0.02) .702 .810

Superior longitudinal fasciculus, L 0.43 (0.02) 0.43 (0.02) .855 .544

Superior fronto-occipital fasciculus, R 0.44 (0.03) 0.43 (0.02) .700 .783

Superior fronto-occipital fasciculus, 0.42 (0.02) 0.42 (0.03) .456 .338

Uncinate fasciculus, R 0.42 (0.03) 0.42 (0.03) .860 .843

Uncinate fasciculus, L 0.41 (0.03) 0.40 (0.03) .563 .467

Tapetum, R 0.36 (0.03) 0.38 (0.02) .030* .050*

Tapetum, L 0.27 (0.02) 0.29 (0.03) .019* .035*

*p < .05.
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their BMI-SDS for age was comparable to the controls', contrarily to

the typical under-weight status of AN patients. As nutritional status is

known to impact brain maturation and development during adoles-

cence (Arain et al., 2013), this might partially explain the discrepancy

between the findings in AN and atypical AN. In fact, brain develop-

ment, in terms of reduced gyrification of GM and cortical folding, has

been found to be influenced by the weight status in adolescents with

AN (Bernardoni et al., 2018), and GM volumetric alterations have

been largely reported in both adolescents and adults with AN (Frank,

2015; Seitz et al., 2014; Seitz, Herpertz-Dahlmann, & Konrad, 2016).

Nonetheless, our patients had experienced a significant weight loss.

Unfortunately, we were not able to directly compare atypical AN with

full-syndrome AN due to the low number of AN patients recruited. In

our clinical setting, in fact, only around 12% of the patients with a

restrictive ED had full-syndrome AN. Though this is a lower propor-

tion compared to other studies, epidemiological studies have indeed

reported atypical AN to be more common than full-syndrome

AN. Moreover, the chain for referral to a specialist was very rapid,

preventing further weight loss so that most of the patients were still

above the weight limit for full-syndrome AN. Thus, whether the pres-

ervation of grey and white matter structure is a discriminant feature

of atypical AN, or whether it is due to the maintenance of a normal-

range weight, will have to be assessed by future studies directly com-

paring AN and atypical AN.

We did not perform any free water correction. Ventricular volume

has been reported to be greater in AN compared with controls, and it

has been reported to affect WM diffusivity parameters, at least in the

fornix (Kaufmann et al., 2017). In our sample, we could not detect any

difference between groups in terms of either total or voxel-wise CSF

volumes. It must also be noted that though the TBSS approach is more

robust to free water artifacts compared to other procedures

(Kaufmann et al., 2017), it can still be affected, though to a lesser

extent (Kaufmann et al., 2017). However, free-water artifacts tend to

generate false positive rather than false negative results

(Stippich, 2015).

Ours is the first study investigating WM microstructural alter-

ations in adolescents with atypical AN, however some limitations

exist. First of all, we could not perform a direct comparison of AN

patients with atypical AN, thus any interpretation of the differences

between these two disorders has to be considered speculative. More-

over, though our sample size was adequate at least for functional MRI

studies (Thirion et al., 2007), data are lacking regarding the appropri-

ate sample size for DTI studies. Thus, future studies with larger sample

sizes are required to verify and further elucidate our findings. Another

important limitation is the delay between the diagnosis and the scan-

ning, leading to starting the treatment before the MRI assessment. As

described in the methods, this delay was due to the informed consent

protocol and hospital procedures. Nonetheless, whether early-onset

effects of the treatment might have affected our results needs to be

clarified. Finally, we reported all the relevant information for study

reproducibility as suggested by (Frank et al., 2018) and (King, Frank,

Thompson, & Ehrlich, 2018); however, some information were

missing. For example, we did not have information regarding physical

activity of the participants and we were lacking information regarding

the menstrual status of the controls, thus we could not control its

relation with WM diffusivity.

5 | CONCLUSIONS

We investigated WM microstructural integrity and neuropsychological

scores in a sample of 25 drug-naïve adolescents diagnosed with atypi-

cal AN, compared with 25 healthy controls of comparable age.

Patients scored significantly higher on the EDE-Q and MADRS-S

questionnaires, measuring ED-related and depressive symptomatol-

ogy, respectively. However, no differences could be detected in WM

microstructure between patients and controls, indicating that brain

structural alterations do not play a core role in the pathogenesis of

atypical AN. These findings also suggest that previous observations of

alterations in WM microstructure in full syndrome AN may constitute

state-related consequences of severe weight loss. Nonetheless,

whether the preservation of WM structure is a discriminant feature of

atypical AN will have to be verified by future studies on larger sam-

ples, possibly directly comparing AN with atypical AN.
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