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Abstract: A massive but reversible reduction of cortical thickness and subcortical gray matter (GM)
volumes in Anorexia Nervosa (AN) has been recently reported. However, the literature on alterations
in white matter (WM) volume and microstructure changes in both acutely underweight AN (acAN)
and after recovery (recAN) is sparse and results are inconclusive. Here, T1-weighted and diffusion-
weighted MRI data in a sizable sample of young and medication-free acAN (n 5 35), recAN (n 5 32),
and age-matched female healthy controls (HC, n 5 62) were obtained. For analysis, a well-validated
global probabilistic tractography reconstruction algorithm including rigorous motion correction imple-
mented in FreeSurfer: TRACULA (TRActs Constrained by UnderLying Anatomy) were used. Addition-
ally, a clustering algorithm and a multivariate pattern classification technique to WM metrics to
predict group membership were applied. No group differences in either WM volume or WM micro-
structure were detected with standard analysis procedures either in acAN or recAN relative to HC
after controlling for the number of performed statistical tests. These findings were not affected by age,
IQ, or psychiatric symptoms. While cluster analysis was unsuccessful at discriminating between
groups, multivariate pattern classification showed some ability to separate acAN from HC (but not
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recAN from HC). However, these results were not compatible with a straightforward hypothesis of
impaired WM microstructure. The current findings suggest that WM integrity is largely preserved in
non-chronic AN. This finding stands in contrast to findings in GM, but may help to explain the rela-
tively intact cognitive performance of young patients with AN and provide the basis for the fast recov-
ery of GM structures. Hum Brain Mapp 37:4069–4083, 2016. VC 2016 Wiley Periodicals, Inc.

Key words: diffusion tensor imaging; tractography; fractional anisotropy; machine learning algorithm;
anorexia nervosa
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INTRODUCTION

Anorexia nervosa (AN) is a severe eating disorder that
usually begins in adolescence in females and is associated
with intense fear of weight gain, preoccupation with body
image and emaciation [American Psychiatric Association,
2000]. AN has the largest standardized mortality ratio
among all psychiatric disorders [Papadopoulos et al.,
2009], but its etiology remains unknown.

In acutely underweight AN patients (acAN), a major
reduction in grey matter (GM) volume [for review, see
Seitz et al., 2014, 2016; Van den Eynde et al., 2012] and
cortical thickness [King et al., 2015] has been observed
with a possible exception of increased GM in the orbito-
frontal cortex [Frank et al., 2013]. However, GM atrophy
may be reversible already following partial weight restora-
tion [Bernardoni et al., 2016; Roberto et al., 2011] and
recovered AN (recAN) show no lasting major GM thick-
ness or subcortical GM volume differences relative to age-
matched healthy control participants [HC; King et al.,
2015; Wagner et al., 2006]. Nonetheless, some irreversible
GM damage may be expected in some patients depending
on factors including age of disease onset, duration of ill-
ness and illness severity.

While less is known about changes in white matter
(WM) alterations associated with AN, recent meta-analyses
suggest that the general pattern of reduced GM volume in
acAN and normalization following weight restoration may
also be observable in WM [Seitz et al., 2014, 2016; Titova
et al., 2013; see also Boghi et al., 2011; Lavagnino et al.,
2015; Seitz et al., 2015] which is also supported by animal
model [Reyes-Haro et al., 2015]. The largest known longi-
tudinal study of WM volume in AN (n 5 34) reported links
between increases in body mass index (BMI) and WM vol-
ume increases [Roberto et al., 2011].

Going beyond measures of WM volume, a growing
number of recent AN studies have capitalized on advances
in MR technology to explore microstructural changes in
WM using diffusion tensor imaging (DTI). DTI uses the
translational motion of water molecules to estimate diffu-
sion rates in three-dimensional space and is highly sensi-
tive to subtle changes in WM integrity since water
molecules show the fastest unidirectional diffusion along
highly directional myelinated WM tracts [Jones et al., 2013;
Le Bihan, 2003]. The most common metric of WM integrity

is fractional anisotropy (FA), a scalar value of the degree
of anisotropic/directional diffusion within a voxel associ-
ated with axon density and myelination. Additional meas-
ures including mean diffusivity (MD), the overall degree
of water diffusion, radial diffusivity (RD), the magnitude
of water molecule displacements perpendicular to WM
pathways and axial diffusivity (AD), the rate of diffusion
in the parallel direction may help to better specify and
characterize dynamic (pathological) changes in tissue
microstructure [Alexander et al., 2007].

To date, most DTI studies in AN have been based on
small samples (n< 20) using voxel-based approaches and
results have been mixed [for review, see Frank, 2015a;
Martin Monzon et al., 2016]. Reduced FA has been
reported in both adolesecent [Frank et al., 2013] and adult
acAN [Frieling et al., 2012; Kazlouski et al., 2011; Naga-
hara et al., 2014; Via et al., 2014] relative to HC in multiple
diffuse WM pathways including fornix, fronto-occipital
fasciculus, posterior cingulum, posterior thalamic radia-
tion, mediodorsal thalamus, superior longitudinal fascicu-
lus, and cerebellum. However, the only consistent FA
reduction reported thus far has been located in the fornix
[Frank, 2015b], a WM tract particularly susceptible to arti-
facts in diffusion imaging [Jones and Cercignani, 2010].
Furthermore, some studies have reported regional FA
increases [Frank et al., 2013]. For example, in a recent com-
paratively well-powered study in adolescents (n 5 22
acAN) study, Vogel et al. [2016] found increased FA in
bilateral frontal, parietal, and temporal regions.

Only two known DTI studies have focused on recAN.
Yau et al. [2013] reported intact FA, but reduced MD in
frontal, parietal and cingulum WM regions in a small sam-
ple of former patients. In a recent study with the largest
AN sample to date (n 5 24 recAN), Shott et al. [2015] tar-
geted WM connections (using local probabalistic tractogra-
phy) between selected regions of interest within the brain
reward circuit and found greater strength of WM fiber
connections, but lower FA (using voxel-based analysis) in
the insula, ventral striatum, and orbitofrontal cortex.

In attempt to quantify potential alterations in WM integ-
rity in AN in specific known pathways in greater detail than
that provided by voxel-based analysis, two additional stud-
ies have also employed tractography. In a small sample of
adolescent acAN, Travis et al. [2015] found (using local
probabilistic tractography) both decreased FA (bilateral
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fornix, right anterior superior longitudinal fasciculus) and
increased FA (thalamic radiation, left anterior longitudinal
fasciculus) relative to HC. Using a local deterministic
approach in a small sample of treatment-resistant adult
acAN patients, Hayes et al. [2015] found decreased FA and
altered AD and RD in the fornix, anterior limb of the cap-
sula interna, cingulum and inferior front-occipital fascicu-
lus. Together, the results describing WM microstructure in
AN are inconclusive and more research is needed.

Several factors may contribute to the inconclusive results
of the aforementioned studies. Some studies were based on
adult patients suffering from chronic AN [Hayes et al., 2015;
Kazlouski et al., 2011; Via et al., 2014] and in other studies
the patients underwent a period of realimentation before
scanning, and thus the patients may have been partly
renourished at the time of scanning [Frank et al., 2013;
Kazlouski et al., 2011; Nagahara et al., 2014; Via et al., 2014].
Furthermore, studies with smaller sample sizes are limited
in their ability to control for potential confounding factors
[Button et al., 2013] and previous studies included a sub-
stantial number of patients taking psychotropic medica-
tions. Furthermore, if patients and controls are not very
carefully matched regarding age, developmental trajectories
of WM microstructure might lead to spurious group differ-
ences [Lebel et al., 2008; Simmonds et al., 2014].

To develop a better understanding of WM microstruc-
ture in AN, the current study employed a global probabil-
istic tractography approach (see below) to analyze DTI
data in a comparatively large and medication-free sample
of both young acAN and recAN female patients relative to
pairwise age-matched HC participants. The sample is
largely overlapping (88% cohort acAN-HC, 94% cohort
recAN-HC) with the sample in which we reported sub-
stantially reduced cortical thickness and GM volumes in
the underweight state and complete normalization in
recovered patients [King et al., 2015].

The DTI analysis employed in the current study is a
global probabilistic tractography [Jbabdi et al., 2007] algo-
rithm introduced by Yendiki et al. [2011]. This method,
known as TRACULA—TRActs Constrained by UnderLying
Anatomy—implemented in FreeSurfer [Fischl et al., 2002],
provides an automated and unbiased reconstruction of the
major WM pathways based on knowledge of prior distribu-
tions of the neighboring structures of each pathway derived
from a set of training subjects and can effectively minimize
the effects of motion artefacts known to bias DTI results
[Yendiki et al., 2013]. TRACULA performs tractography in
individual native space of the diffusion-weighted data and
is therefore less susceptible to issues with normalization
(co-registration to a common template) procedures known
to be particular problematic for voxel-based methods [Jones
and Cercignani, 2010]. Furthermore, in contrast to local trac-
tography algorithms which estimate WM pathways
between a seed and other connected regions in a step-by-
step fashion, global tractography methods have an
improved ability to isolate specific pathways by defining

both tract end points and estimating all possible connections
at once [Jbabdi and Johansen-Berg, 2011; Mangin et al.,
2013]. As in previous studies using TRACULA, we first
tested for group differences in FA, MD, RD, and AD with
univariate statistics. However, given that univariate meth-
ods do not take the covariance between measures into
account and may, thus, have limited ability to detect a spe-
cific combination of markers that predict membership [e.g.,
disease status; Sch€olkopf and Smola, 2002], we further scru-
tinized the data with a supplemental cluster analysis and a
multivariate pattern classification procedure.

METHODS

Participants

The sample in the current study consisted of a total of
129 female volunteers: 35 acAN (12–24 years old) accord-
ing to DSM-IV [American Psychiatric Association, 1994],
32 recAN (16–28 years old) and 62 HC (12–28 years old).
The study was approved by the Institutional Review
Board of the Technische Universit€at Dresden and all par-
ticipants (or their legal guardians, if under 18 years old)
gave written informed consent.

Patients with acAN were recruited from specialized eat-
ing disorder programs at a university child and adolescent
psychiatry and psychosomatic medicine department and
underwent magnetic resonance imaging within 96 hours
after beginning behaviorally oriented nutritional rehabilita-
tion programs.

To be considered “recovered,” recAN subjects had to (1)
maintain a BMI> 18.5 kg/m2 (if older than 18 years) or a
BMI >10th BMI percentile [if younger than 18 years;
Kromeyer-Hauschild et al., 2001] for at least 6 months prior
to the study, (2) menstruate, and (3) have not binged,
purged or engaged in significant restrictive eating patterns.

HCs were recruited through advertisement among mid-
dle school, high school, and university students. To be
included in the HC group, participants had to be of nor-
mal weight, eumenorrhoeic, and have no history of neuro-
logical or psychiatric illness.

Three acAN (9%) had comorbid psychiatric disorders (two
depressive disorder including dysthymia and one other). In
the recAN group, 22% of the participants had associated psy-
chiatric comorbidity at the time of treatment (16% depressive
disorders including dysthymia and 6% other disorders).

Information pertinent to exclusion criteria and possible
confounding variables in all participants, including men-
strual cycle (menstruation criteria were only applied to
participants 13 years or older; see Supporting Informa-
tion), eating behavior, weight history and use of contracep-
tive medication were obtained using the expert version of
the structured interview for Anorexia and Bulimia Nerv-
osa for DSM-IV [Fichter and Quadflieg, 2000], supple-
mented by our own semi-structured interview, which
includes several specific questions regarding general
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medical, neurological, and psychiatric history; both of
which were administered by a trained master’s or doctoral
level interviewer. In patients, this information served as
the basis for comorbid diagnoses, which were confirmed
by an expert clinician with over 10 years of experience
after careful chart review (including consideration of med-
ical and psychiatric history, physical examination, routine
blood tests, urine analysis and a range of additional psy-
chiatric screening instruments). HC participants were
excluded if they had any history of psychiatric illness (as
assessed by the interviews described above), a lifetime
BMI below the 10th BMI percentile (if younger than 18
years) or BMI below 18.5 kg/m2 (if older than 18 years) or
were currently obese (BMI over 97th BMI percentile if
younger than 18 years; BMI over 30 kg/m2 if older than
18 years). Participants of all study groups were excluded if
they had a lifetime history of any of the following clinical
diagnoses: organic brain syndrome, schizophrenia, sub-
stance dependence, psychosis NOS, bipolar disorder, buli-
mia nervosa, or binge-eating disorder (or “regular” binge
eating—defined as bingeing at least once weekly for three
or more consecutive months). Further exclusion criteria for
all participants were IQ lower than 85, psychotropic medi-
cation within 4 weeks prior to the study, current substance
abuse, current inflammatory, neurologic or metabolic ill-
ness, chronic medical or neurological illness that could
affect appetite, eating behavior, or body.

Clinical Measures

To complement the information obtained with the clini-
cal interviews, we also used the Eating Disorder Inventory
(EDI-2 [Paul, 2005]), the Beck Depression Inventory (BDI-II
[Hautzinger et al., 2009]), the revised Symptom Checklist
90 (SCL-90-R [Franke, 2002]) and a short version of the
Wechsler Intelligence Scale for Children (HAWIK [Peter-
mann and Daseking, 2009]) for participants aged 15 years
or younger or the short version of the Wechsler Adult
Intelligence Scale (WIE [von Aster et al., 2006]) for partici-
pants aged 16 years or older.

Hydration status has been shown to impact brain structure
[Streitb€urger et al., 2012]. As in our previous structural imag-
ing studies in AN [King et al., 2015; Bernardoni et al., 2016],
we also measured urine specific gravity to gauge hydration
status in the current acAN sample. For further details regard-
ing clinical measures, see Supporting Information.

Demographic and clinical study data were collected and
managed using a secure, web-based electronic data cap-
ture tool, the Research Electronic Data Capture (REDCap
[Harris et al., 2009]).

Structural Image Acquisition

T1-weighted images were acquired on the 3.0 T scanner
(Magnetom Trio, Siemens, Erlangen, Germany) of the
Technische Universit€at Dresden Neuroimaging Center

using a 12 channel head coil and rapid acquisition gradi-
ent echo (MP-RAGE) sequence with the following parame-
ters: 176 sagittal slices (1 mm thickness, no gap), TR 5

1,900 ms; TE 5 2.26 ms; flip angle 5 98; voxel size 5 1.0 3

1.0 3 1.0 mm3, FoV 5 256 3 256 mm2, and bandwidth of
200 Hz/pixel.

Diffusion weighted images were acquired using a spin-
echo sequence with 30 diffusion directions with a diffusion
weighting b of 1,300 s/mm2 and additionally six images
with b 5 0. The acquisition parameters were: 2.4 mm iso-
tropic resolution, matrix size 128 3 128, no inter slice gap,
TE 5 104 ms, TR 5 15 s, BW 5 2,056 Hz/pixel and GRAPPA
acceleration factor 2. Total acquisition time was 6.1 min.

Image Analysis

Diffusion tensor analysis was performed using an auto-
mated approach with the TRACULA algorithm [version
5.3.0; Yendiki et al., 2011] within the FreeSurfer software
suite (http://surfer.nmr.mgh.harvard.edu). FreeSurfer is a
well-established software that also includes automated vol-
umetric segmentation and cortical surface reconstruction
of structural MR data (here T1-weighted images) into ana-
tomically defined GM and WM regions [Dale et al., 1999;
Desikan et al., 2006; Fischl and Dale, 2000; Fischl et al.,
1999a,b, 2002]. TRACULA employs global probabilistic
tractography with anatomical priors derived from the
FreeSurfer “recon-all” procedure. Pre-processing included
a correction for eddy currents employing FSL (version 5.0,
http://www.fmrib.ox.ac.uk/fsl) and a least squares tensor
fitting (FSL’s dtifit). For global probabilistic tractography
we registered the individuals’ diffusion-weighted image to
their FreeSurfer-segmented anatomical images and then
registered it to the MNI template. For further details
regarding analysis of the DTI data, see Supporting
Information).

TRACULA reconstructs 18 major WM pathways: cortico-
spinal tract (cst), uncinate fasciculus (unc), inferior longitu-
dinal fasciculus (ilf), anterior thalamic radiations (atr),
cingulum-cingulate gyrus bundle (ccg), cingulum-angular
bundle (cab), superior longitudinal fasciculus-parietal ter-
minations (slfp), superior longitudinal fasciculus-temporal
terminations (slft), corpus callosum-forceps major (fmar),
and corpus callosum-forceps minor (fmin). Other than the
corpus callosum, pathways were reconstructed separately
for each hemisphere (abbreviated as lh for left hemisphere
and rh for right hemisphere). To handle possible bias due
to motion artifacts, we estimated the motion measures
with TRACULA 5.3.0 and calculated the total motion
index (TMI) according to Yendiki et al. [2013].

Quality assurance was done for each processing step.
We excluded one recAN participant due to high motion
(TMI> 10). As an additional measure to limit undue influ-
ence of potentially erroneous tract reconstruction, we
excluded anisotropy and diffusivity values from single
tracts in single participants if the tract volume was
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excessively small or large (63 SD) relative to the rest of
the diagnostic group. Using this criterion, 35 outliers
(1.5%) in 25 participants (6 acAN, 7 recAN, 12 HC) were
identified (see also Supporting Information).

Finally, we obtained mean values of FA, MD, RD, and
AD as well as tract volume in each of the 18 WM path-
ways and for each participant.

Statistical Analyses

Given the age difference between the acAN and recAN
groups (the acAN was predominately adolescent, while the
recAN group was primarily young adult; see Table I), two
independent group comparisons of the DTI data were per-
formed: (1) acAN versus HC and (2) recAN versus HC. To
ensure appropriate comparisons, we carried out case-control
age-matching using an automated search algorithm for opti-
mal pairs [propensity score; Leuven and Sianesi, 2003]. The
maximum age difference between the individuals within one
pair was 2 years for both the acAN-HC and the recAN-HC
group (acAN-HC mean age difference within a matched pair
was 0.8 years, recAN-HC mean age difference within a
matched pair was 0.6 years). Four HCs were in both groups,
that is, the matching algorithm assigned them for compari-
son with acAN and recAN. Mean age and variance for
patients and HC was similar in both groups (Table I).

Following Yendiki et al. [2011, 2013], we used analysis
of covariance for each of the four DTI parameters (FA,
MD, RD, AD) as well as tract volume with group as pre-
dictor and both age and TMI as nuisance regressors
(Tables II and III). Using the same basic regression model,
we explored whether depressive symptoms (BDI-II scores)
or IQ might explain group differences in the four DTI

measures. For the analysis of covariance with IQ as predic-
tor, we replaced missing values (3 acAN, 1 HC) with the
respective group mean score. Additional regression mod-
els explored whether “drive for thinness” (EDI-2 subscale
scores) and depressive symptoms (BDI-II scores) covaried
with WM microstructure parameters in any tracts within
either the acAN or recAN sample.

To control for multiple testing, the level of statistical sig-
nificance for each tract was corrected using a False Discov-
ery Rate [FDR; Benjamini and Hochberg, 1995] of q< 0.05
across all four WM metrics and across all tracts simultane-
ously. For exploratory analysis, we used a more liberal
approach—uncorrected P-values with a threshold of 0.01.
Since univariate methods do not account for potentially
meaningful relationships between combinations of meas-
ures in which the groups might differ, we also performed
a k-means clustering analysis as well as an analysis using
a machine learning algorithm to test whether a combina-
tion of the DTI metrics can help to predict group member-
ship (Supporting Information).

Analysis of standard WM volume data (obtained using
a standard “recon-all” FreeSurfer analysis of T1-weighted
MRI data) is described in Supporting Information.

If not indicated otherwise, all values are presented as
mean 6 SD. All tests were performed with SPSS statistical
software version 21.0 (SPSS, Chicago, Illinois).

RESULTS

Demographic and Clinical Characteristics

The demographic and clinical characteristics of the
acAN, recAN, and respective HC groups are summarized

TABLE I. Demographic variables and clinical measures of cohort I (acAN/HC) and cohort II (recAN/HC)

N Sample Analyses

acAN/HC acAN HC_acAN t df P
recAN/HC recAN HC_recAN

Age 35/35 16.1 (2.8) 16.4 (2.6) 20.434 68 0.666
31/31 22.5 (3.0) 22.5 (2.9) 20.013 60 0.990

IQ 32/34 112.5 (11.4) 110.5 (10.1) 0.527 64 0.446
31/31 108.5 (10.0) 111.5 (8.3) 21.274 60 0.208

BMI 35/35 14.70 (1.31) 20.75 (2.98) 211.485 68 <0.0001
31/31 21.09 (1.91) 21.34 (2.18) 21.048 60 0.299

TMI 35/35 0.2257 (.23) 0.1657 (.34) 0.145 68 0.885
31/31 0.1742 (.27) 0.2548 (.31) 20.196 60 0.845

EDI-2 (drive for thinness) 35/35 26.11 (10.30) 13.89 (6.86) 5.846 68 <0.0001
31/31 18.97 (10.74) 12.97 (4.96) 2.825 60 0.006

BDI-II 35/35 20.49 (11.91) 5.55 (5.71) 6.686 68 <0.0001
31/31 8.35 (8.37) 4.67 (6.22) 1.966 60 0.054

Acutely underweight anorexia nervosa patients (acAN) were age-matched with healthy controls (HC_acAN), and recovered patients
(recAN) were age-matched with healthy controls (HC_recAN). All values are means and standard deviation except for TMI (standard
error of the mean). The average duration since weight normalization in the recAN group was 57.0 6 33 (SD) months (range: 6–140
months). The duration of recovery in 2 recAN was <12 months. Abbreviations: df, degrees of freedom; BMI, body mass index (test sta-
tistics are based on BMI Standard Deviation Score, see Supporting Information); IQ, intelligence quotient; TMI, total motion index; EDI-
2, Eating Disorder Inventory; BDI-II, Beck Depression Inventory-II.
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in Table I. Neither acAN nor recAN differed in age,
motion during scanning (TMI), or IQ relative to their HC
counterparts. As expected, (age-adjusted) BMI was signifi-
cantly lower in the acAN group relative to the correspond-
ing HCs, but did not differ from that of the matched HCs
for recAN. RecAN still showed some residual eating disor-
der symptoms, but depressive symptoms were not signifi-
cantly different between recAN and HC.

Group Comparisons: acAN-HC

Figure 1 presents the reconstructed tracts for one repre-
sentative HC participant. There were no statistically signif-
icant differences (FDR) in WM tract volumes or overall
cortical-, cerebellar-, or corpus callosum WM volumes
when comparing acAN and HC (Supporting Information,
Tables S1 and S3). There were also no differences (FDR) in
FA, MD, RD, and AD between the groups in any of the
tracts. At a considerably less conservative statistical thresh-
old (p< 0.01, uncorrected), AD was lower in acAN in rh
slft (Fig. 2, Table II; see also Supporting Information Table
S5). Including depressive symptoms (BDI-II scores) or IQ
as a covariate did not change these results (FDR, see Sup-
porting Information Tables S7 and S11). The results were
also not changed by limiting the analysis to adolescent
participants under 18 years old (Supporting Information
Table S16). Supplementary cluster analysis based on all
tracts and DTI metrics yielded no significant difference in
the number of acAN and HC in the two clusters (Support-
ing Information Table S13), that is, no clinically meaning-
ful partitioning. However, a machine learning algorithm
did show some predictive ability to separate acAN from
HC (Supporting Information Fig. S1). Nonetheless, the
results were not clearly in line with a hypothesis of
impaired WM integrity in the patients (Supporting Infor-
mation, Table S15).

Group Comparisons: recAN-HC

Neither WM tract volumes, nor overall cortical-, cerebel-
lar-, or corpus callosum WM volumes differed significantly
(FDR) between recAN and HC (Supporting Information
Tables S2 and S4). There were also no statistically signifi-
cant differences (FDR) in FA, MD, RD, and AD between
recAN and HC in any of the tracts either in the entire
sample (Fig. 3, Table III; see also Supporting Information
Table S6) or a sub-sample including only adults over the
age of 18 years (Supporting Information Table S17). In
exploratory analysis using lenient uncorrected P-values
(P< 0.01), the following group differences were evident:
reduced RD in lh cst and rh atr and reduced AD in lh slfp
for recAN compared with HC (Fig. 3, Table III, see also
Supporting Information Table S6). Including depressive
symptoms (BDI-II scores) as a covariate did not have any
significant effect (FDR) on these results (Supporting Infor-
mation Table S8), but analysis of covariance with IQ did
reveal reduced RD in the lh and rh atr in recAN compared
with HC (FDR; Supporting Information Table S12). Sup-
plementary cluster analysis yielded no clinically meaning-
ful partitioning (Supporting Information Table S13) and a
machine learning algorithm did not help to predict group
membership (Supporting Information Fig. S1).

Associations with Clinical Characteristics Within

acAN AND recAN

In order to explore whether drive for thinness (EDI-2)
and depression (BDI-II) scores were associated with indi-
ces of WM integrity within either the acAN or recAN
groups, we added these scores as covariates in a regres-
sion model. In acAN, after correcting for multiple compar-
isons using FDR (q< 0.05) none of the tracts were
associated with either drive for thinness or depressive

Figure 1.

Visualization of white matter tracts as reconstructed by TRA-

CULA (displayed at 20% of their maximum threshold) are over-

laid on selected slices of fractional anisotropy maps (from left to

right, coronal, sagittal, axial) and a 3D anatomical view (far right)

of a representative HC patient whose age and BMI approxi-

mated the group mean (age 5 16.1 years, BMI 5 20.1). ATR,

anterior thalamic radiation; CAB, cingulum-angular bundle;

CCG, cingulum-cingulate gyrus bundle; CST, corticospinal tract;

FM, corpus callosum-forceps major; Fm, corpus callosum-

forceps minor; ILF, inferior longitudinal fasciculus; SLFP, superior

longitudinal fasciculus-parietal ending; SLFT, superior longitudinal

fasciculus-temporal ending; UNC, unicate fasciculus.
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symptoms (Supporting Information Table S9). In recAN, a
positive association between drive for thinness and FA in
the rh atr was revealed, but no association with depression
was evident (Supporting Information Table S10).

Measurements of hydration status in acAN patients
were in the normal range (Supporting Information). There-
fore, we did not conduct further testing for correlations
with measures of anisotropy or diffusivity.

DISCUSSION

In this study we evaluated WM microstructure in one of
the largest samples of young patients with both acAN and
recAN. Controlling for motion and applying strict meas-
ures to exclude possible bias due to age, early realimenta-
tion, circadian fluctuations or medication, we did not find
any significant volumetric differences or microstructural
abnormalities in 18 WM tracts in young acAN nor recAN
compared with pair-wise age-matched HC. Supporting
and extending these findings, cluster analyses applied to
all WM microstructure metrics simultaneously did not

reveal any patterns that would predict group membership.
However, a machine learning algorithm showed some
potential to differentiate acAN from HC, but not recAN
from HC.

The volumes of the WM tracts (based on tractography
results) as well as total cortical WM volume, cerebellar
and corpus callosum WM volumes (assessed with the
standard FreeSurfer technique based on T1-weighted
images) were similar to age-matched HC. Similarly, previ-
ous studies also found no group differences in WM vol-
ume [Frank et al., 2013; Kazlouski et al., 2011; Via et al.,
2014] or even increased WM volume in temporal lobe
areas in acAN [Frank et al., 2013]. Seitz et al. [2014]
reviewed GM and WM changes in AN. In contrast to
robust group differences in GM volume, only seven out of
13 studies reported significant WM volume reduction in
acAN, while WM reductions in recAN were generally not
significant.

Our findings of relatively intact WM microstructure
stand in contrast to most previous DTI studies both in
acAN [Frank et al., 2013; Frieling et al., 2012; Hayes et al.,
2015; Kazlouski et al., 2011; Nagahara et al., 2014; Travis

Figure 2.

acAN-HC comparison. Mean FA, MD, RD, and AD for each of the 18 pathways reconstructed

by TRACULA are plotted for the acAN and age-matched HC group. Group averages and stand-

ard error bars are shown.
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et al., 2015; Via et al., 2014; Vogel et al., 2016] and recAN
[Yau et al., 2013; Shott et al., 2015] which have shown
some evidence of altered WM microstructure in the disor-
der. For example, one of the largest (n 5 19) studies in
acAN to date [Via et al., 2014] found significantly reduced
FA in patients (age range: 18–49) in the slf and increased
MD in the fornix using tract-based spatial statistics (TBSS;
a voxelwise technique in which participants’ FA is pro-
jected onto a common WM skeleton by filling each skele-
ton voxel with the maximum FA value found along the
perpendicular tract direction). However, in line with our
and others’ findings [Frank et al., 2013; Nagahara et al.,
2014; Vogel et al., 2016], this study did not find any corre-
lations between measures of WM microstructure and eat-
ing disorder symptoms (other than BMI) or harm
avoidance [but see Kazlouski et al., 2011]. We also
explored the potential influence of depressive symptoms
both within the patient groups and relative to HC; finding
that intact WM microstructure in AN was not mediated by
elevated levels of depression. Another example comes
from the most recent investigation of WM microstructure
in a comparably large sample of adolescent acAN (n 5 22)

which found FA to be increased in patients in widespread
bilateral areas of frontal, parietal and temporal cortex.
When considered in relation to previous findings in adult
samples, these findings in a typical adolescent sample sug-
gest that alterations in WM microstructure in AN may
reflect a highly time-dependent pathomechanism that can
vary dynamically as a function of chronicity.

The first study to focus on recAN [Yau et al., 2013]
found no differences in FA in a small sample (n 5 12), but
lower MD in the posterior cingulum, precuneus, SLF, cor-
pus callosum, capsula interna and corona radiata in recAN
compared with HC; suggestive of preserved (or recovered)
WM integrity (at least in patients with less severe illness
history). This is generally compatible with the suggestive
evidence for reduced RD in recAN found here in a supple-
mentary analysis exploring possible effects of IQ in bilat-
eral atr (Supporting Information Table S12). In contrast,
Frieling et al. [2012] reported reduced FA in the thalamic
radiation, but this finding was based on a mixed sample
of acAN and recAN. Last but not least, the recent study in
recAN [Shott et al., 2015] using fiber-tracking between
selected reward-related ROIs found a combination of

Figure 3.

recAN-HC comparison. Mean FA, MD, RD, and AD for each of the 18 pathways reconstructed

by TRACULA are plotted for the recAN and age-matched HC group. Group averages and stand-

ard error bars are shown.
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increased connectivity and decreased FA, which was inter-
preted to reflect WM remodeling after impairments during
the underweight state. Considered in relation to these
divergent previous findings in both acAN and recAN, the
current results including the discriminative ability of the
applied machine learning algorithm (Supporting Informa-
tion Fig. S1; Table S15) are not clearly in line with a
straightforward hypothesis such as “impaired WM micro-
structure in acAN,” but seem to point more toward a com-
plex pattern of either subtle increases or decreases in
anisotropy and diffusivity in AN depending on a range of
variables including age, age of illness onset, duration, and
severity of illness, intellectual functioning, nutritional state,
or specific WM pathway.

In addition to excluding patients taking psychotropic
medication, we took several extra measures to control for
potentially confounding factors that might have affected
the results of previous DTI studies in AN (and hence may
explain the previous heterogeneous evidence). First, no
known studies have corrected for head motion beyond the
simple algorithm that is part of eddy current correction. A
recent article demonstrated that group differences in DTI
metrics can emerge simply due to the fact that some
patient populations show more head motion during scan-
ning than the HC [Yendiki et al., 2013]. Second, it has
been suggested that WM integrity correlates positively
with IQ, especially in frontal and occipito-parietal areas
[Schmithorst et al., 2005]. IQ has been reported to be above
average in AN [Lopez et al., 2010]—a circumstance which
could potentially have explained our findings. However,
in our samples there were no group differences in IQ and
the inclusion of IQ into our models did not change our
results in acAN (and revealed reduced RD in recAN). Of
note, IQ in acAN was not measured in the acutely under-
weight state in the current sample. Thus, it is unlikely that
IQ was underestimated. Third, many studies have scanned
acAN patients more than a week after starting realimenta-
tion [Frank et al., 2013; Kazlouski et al., 2011; Via et al.,
2014] or did not clearly specify this important variable
[Frieling et al., 2012; Nagahara et al., 2014; Travis et al.,
2015]. As recently discussed in an expert commentary by
Frank [2015b], variance in time between start of realimen-
tation and scanning might account for differences between
structural MRI studies in AN.

Although all DTI analysis methods have their own set
of advantages and disadvantages [Jones et al., 2013], trac-
tography [Parker et al., 2002; Schmahmann et al., 2007]
and more specifically, global tractography [Mangin et al.,
2013; Jbabdi and Johansen-Berg, 2011] as used in our
study, is considered one of the most accurate methods for
identifying WM tracts and their characteristics. An auto-
matic tract identification method as implemented in TRA-
CULA, overcomes many of the disadvantages of previous
tractography methods, which were relying on ROIs [Yeat-
man et al., 2012; Yendiki et al., 2011]. In contrast, voxel-
wise measures suffer from insufficient precision to align

brain images of subjects to a common coordinate frame.
Accordingly, the analysis is sensitive to variations in tract
size and shape. The TBSS approach employed in several
recent studies in AN (see “Introduction” section) can also
not ensure that voxels correspond to the same tract across
subjects [Yeatman et al., 2012] and is based on the assump-
tion that microstructural abnormalities are spatially homo-
geneous [White et al., 2009]. Further, Maximov et al. [2015]
have shown that the results obtained with TBSS depend
on the fitting algorithm, reducing reproducibility among
labs.

Another reason for the heterogeneity of previous find-
ings might lie within the high inter-subject variability of
DTI metrics. Variability is highest for the mean tract vol-
ume, followed by FA and lowest for MD [Heiervang et al.,
2006; Szczepankiewicz et al., 2013; see also Supporting
Information Table S14). Accordingly, given the relatively
small sample sizes in most previous studies, it may be
possible to detect meaningful and valid group differences
in MD, but rarely in FA. Furthermore, differences between
studies in scanner field strength, voxel sizes, angular reso-
lution, and patient characteristics might also explain some
of the heterogeneity.

Given massively reduced cortical thickness and GM vol-
umes in acAN (which are comparable to findings in Alz-
heimer’s patients [King et al., 2015])—our findings of
preserved WM microstructure are somewhat surprising. It
may explain, why (adolescent) acAN patients often do not
show marked impairments in executive functioning [Lang
et al., 2014; Muetzel et al., 2015; Sarrar et al., 2011]. Possi-
bly, relatively intact WM structures may provide the basis
of the reported reversibility of GM atrophy in AN and ill-
ness recovery in general [King et al., 2015; Bernardoni
et al., 2016]. In fact, our results may shed some light onto
the pathophysiology of GM atrophy in AN. The lack of
significant WM changes in acAN may indicate that neu-
rons and their axons remain intact and GM volume reduc-
tions can be attributed to changes in neuronal size and
dendritic remodeling [Diaz-Cintra et al., 1994; Lerch et al.,
2011]. In contrast, a study in patients with bulimia nervosa
found that reduced cortical volume was driven by under-
lying white matter changes [Marsh et al., 2015; see also
Frank, 2015c]. Preserved WM integrity, does not mean that
brain connectivity is completely unaffected in acAN and
recAN. In fact, we and others have recently shown that
functional resting state connectivity in young acAN is dif-
ferent from HC. We found increased path length and
assortativity on a global level [Geisler et al., 2015] and
reduced connectivity of the insula (and associated subcort-
ical regions) on an intermediate and regional level [Boehm
et al., 2014; Ehrlich et al., 2015; Geisler et al., 2015]. Fur-
thermore, connectivity within the frontoparietal (cognitive
control) network and in the somatosensory network has
been shown to be increased in acAN [Boehm et al., 2014;
Favaro et al., 2012; Lee et al., 2014]. More rigorous func-
tional resting state connectivity studies especially in recAN
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are needed to understand the reversibility of these
phenomena.

Our study has to be considered in the light of the fol-
lowing limitations: First, we recruited mainly adolescents
with first-episode AN and recAN which often have not
suffered from long and chronic AN. One potential source
for discrepancies between the current work and previous
studies may thus be the varying duration of illness and
recovery—therefore, our results may not generalize to all
patients with AN. Second, undernutrition can lead to
delayed maturation of endocrine systems as well as brain
systems which may bias matching procedures that rely on
chronological age [Lacey et al., 1979; Pozo and Argente,
2002]. However, such developmental differences should
theoretically lead to even more pronounced differences in
WM characteristics. Third, current DTI techniques may
miss subtle or more focal WM changes that may be
detectable with higher angular or spatial resolution.
Indeed, a limitation of the employed global probabilistic
tractography approach as implemented here in TRA-
CULA is that DTI metrics are averaged over relatively
large fiber paths and, thus, may not capture more local-
ized changes in WM integrity. Furthermore, while uni-
variate statistics were unable to detect any noteworthy
statistical differences between the groups, multivariate
pattern classification techniques applied to all DTI met-
rics simultaneously had showed some discriminant ability
to separate acAN from HC (but not recAN from HC).
Whether the benefits of studying adolescent acAN at 7
Tesla outweigh potential side effects and discomfort is
still a matter of debate. Finally, the current results are
not directly comparable to those that might be obtained
with other DTI processing algorithms such as TBSS or
local tractography and future studies are needed to com-
pare the different approaches.

CONCLUSION

In conclusion, in a well-powered sample of young acAN
as well as recAN patients, we found preserved WM tract
volumes and integrity in comparison to age-matched HC,
while controlling for a range of possible confounders. This
finding stands in contrast to massively reduced (but
largely reversible) GM volume and cortical thickness in a
largely overlapping sample [King et al., 2015; Bernardoni
et al., 2016], but may help to explain the relatively pre-
served cognitive performance of AN patients [Fowler
et al., 2006; Lopez et al., 2010; Sarrar et al., 2011]. Although
our finding needs replication, it is encouraging for
patients, parents and therapists alike since it suggests that
the structural brain connectome is not severely affected by
acute (non-chronic) undernutrition and may provide an
explanation for the recovery of other brain functions dur-
ing weight-restoration.
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