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A B S T R A C T   

Previous research evidenced alterations of different cortical parameters in patients with acute Anorexia Nervosa 
(AN), but no study to date investigated the morphology of individual sulci and their relationship with other 
structural indices. Our study aims at exploring the depth and width of 16 major cortical sulci in AN at different 
stages of the disorder and their relationships with the gyrification gradient. Two samples were included in the 
study. The first involved 38 patients with acute AN, 20 who fully recovered from AN, and 38 healthy women 
(HW); the second included 16 patients with AN and 16 HW. Sulcal width and depth were estimated for 16 sulci 
and outlined with a factorial analysis. An anterior-posterior gradient of gyrification was also extracted. 
Compared to HW, patients with acute AN displayed higher width and depth values in specific cortical sulci, and 
an altered gyrification gradient in areas encompassing the Central Sulcus, and Parieto-Temporal and Frontal 
Lobe regions. Sulcal width negatively correlated with gyrification gradient in areas where these values are 
altered in AN patients. Our results suggest the presence of alterations in sulcal morphology with a pattern similar 
to the gyrification gradient one and which seems to be related with malnutrition.   

1. Introduction 

Anorexia Nervosa is a severe psychiatric disorder with complex 
pathogenesis, which involves developmental, psychosocial, and bio
logical factors (Zipfel et al., 2015). In recent years, many efforts have 
focused on investigating the neurobiological characteristics of AN, in the 
attempt to clarifying the complex interplay of state-dependent charac
teristics, neurodevelopmental trajectories, and disorder consequences 
(Couzin-Frankel, 2020; Favaro, 2013). Studies that evaluated brain 
morphology in the acute phases of AN highlighted alterations in various 
parameters that describe distinct cortical aspects, and that are differ
ently related with both developmental and atrophic processes (Bernar
doni et al., 2018; Collantoni et al., 2020b; Favaro et al., 2015; 
Lavagnino et al., 2016; Nickel et al., 2019). The two most considered 
indices in the cortical evaluation of AN are gyrification index (GI) and 

cortical thickness (CT), which differ from each other in their stabili
ty/changing rates during development. In fact, while the gyrification 
index tends to remain stable throughout brain maturation (Armstrong 
et al., 1995; White et al., 2010), cortical thickness undergoes profound 
changes, especially during adolescence (Thambisetty et al., 2010). This 
different susceptibility to maturational and environmental factors makes 
GI and CT particularly useful in the evaluation of AN because they are 
likely to capture peculiar pathophysiological aspects characterizing the 
disorder (Cascino et al., 2020; Collantoni et al., 2019). 

Nevertheless, in the wake of studies that considered novel cortical 
indices to better characterize the neurobiology of brain development 
and aging (Madan and Kensinger, 2018, 2016; McDonough and Madan, 
2020; Sandu et al., 2014), recent research has included in the cortical 
evaluation of AN morphological parameters that offer a non-redundant 
description of the brain structure when compared to the more 
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conventional ones. The evaluation of absolute mean curvature (AMC), 
fractal dimension (FD) and sulcal depth (SD), besides CT and GI, have 
allowed more in-depth considerations about the structural changes of 
the brain in AN, and contribute in highlighting that the acute phases of 
the disorder are likely to be characterized by a flattening of the cortex 
and an associated reduction in sulcal depth (Bernardoni et al., 2018; 
Collantoni et al., 2020b; Nickel et al., 2019; Schultz et al., 2017). 

The evidence of a cortical flattening during adolescence is well 
established in the literature (Alemán-Gómez et al., 2013). This mecha
nism seems to be driven by a simultaneous decrease in SD and an in
crease in sulcal width (SW) over time, which goes along with a reduction 
in CT. Modification in sulcal morphology during brain maturation has 
been hypothesized to account for the age-related stability of GI, as it is 
likely that sulcal widening compensates the decrease in SD, thus keeping 
the ratio between total and exposed surface quite constant (Kochunov 
et al., 2005; Magnotta, 1999). Therefore, it is possible to hypothesize 
that the alteration in GI evidenced in acute phases of AN, as well as its 
substantial normalization after weight gain, could be linked to a varia
tion in the ratio between these two indices, or to an alteration of their 
developmental trajectories due to disorder-related factors. Furthermore, 
since these two indices’ morphological changes are likely to be corre
lated, it is conceivable that their alterations follow a similar topological 
pattern. 

Visual assessment of sulcal widening have long been used to clini
cally reveal signs of cortical atrophy in different medical conditions, and 
in AN as well (Artmann et al., 1985). Of particular interest, in the 
evaluation of sulcal morphology, is that sulcal abnormalities are likely to 
integrate atrophy of both gray matter and of the surrounding gyral white 
matter, thus showing sensitivity to different pathogenic processes that 
may occur at different stages of the disorder. AN seems to be charac
terized, after the earliest stages, by a neurobiological progression that 
profoundly reflect on its prognostic features (Treasure et al., 2015). 
Therefore, as the disorder progresses, morphological cortical alterations 
are likely to become more pronounced, strengthening the relationship 
between gyrification abnormalities and sulcal morphology. In partic
ular, alongside the disorder progression, a similarly localized pattern of 
reduced cortical gyrification and sulcal morphology is expected. In this 
regard, it is important to consider that previous studies investigating 
patients with a short illness duration did not reveal significant cortical 
morphology abnormalities (Lavagnino et al., 2016), thus suggesting that 
these may occur in later stages of the disorder. 

In light of all these considerations, the main aim of our study was to 
evaluate sulcal width and depth in 3 groups of patients with AN: one 
with a recent onset (less than one year), one with longer duration of 
illness (more than one year), and one after full remission of the disorder. 
Secondly, we examined, in the different stages of the disorder, how 
sulcal morphology related with the topography of cortical gyrification 
and its association with clinical variables. To better verify the presence 
of a topographical correspondence between the alterations in cortical 
gyrification and in sulcal morphology, we have extracted and plotted an 
anterior-posterior gyrification gradient of the entire cortex. We hy
pothesized the presence of a more pronounced sulcal widening and a 
reduction in sulcal depth in patients with AN, with a direct and signif
icant association with the BMI and with the disorder stages. Further
more, we hypothesized a specific pattern of relationships between sulcal 
morphology and cortical gyrification topography in AN: an inverse 
correlation between gyrification and sulcal width, and a positive cor
relation between gyrification and sulcal depth in areas where both 
measures are significantly altered. 

2. Methods 

2.1. Sample characteristics and clinical assessment 

The sample included was similar to a previous study (Collantoni 
et al., 2020a). A total of 74 patients with AN (54 with acute AN and 20 

fully recovered (recAN)), and 54 HW were recruited from two sites. 
Site 1. Patients of the Padova site included 58 patients with AN (38 

with acute AN and 20 in full remission) and 38 HW. From the acute AN 
sample, 32 subjects were affected by the restricting subtype and 6 by the 
binge-purging subtype. 7 patients presented restrictive AN subtype with 
a history of binge eating or purging behaviors. The sample included was 
the same as in a previous study (Collantoni et al., 2020b; Favaro et al., 
2013). Patients were recruited from the Padova Hospital Eating Disor
ders Unit, were assessed using the Structured Clinical Interview for 
DSM-5 (American Psychiatric Association et al., 2013), and recruited if 
meeting full criteria for AN. The mean age of the patients was 26.1 years 
(SD=7.2), ranging from 15.5 to 40.5 years old. A sample of HW similar 
to the patient group in age, hand lateralization, educational level, and 
ethnicity was recruited from the same geographical area. 

Patients who recovered from AN (recAN) were recruited according to 
the following criteria: 1) having had AN (according to DSM-5 criteria) in 
their lifetime; 2) being asymptomatic for at least six months at the time 
of scanning (mean remission time: 38.5 months (standard deviation =
33.2; range 6–96)). Exclusion criteria for the recovered group were: 1) 
food restriction; 2) bingeing, 3) excessive exercise; 4) fasting and 
purging in the last 6-months; 5) Amenorrhea. None of recovered-group 
participants relapsed in the year following the scanning. 

Site 2. Patients of the Turin site were consecutively recruited at the 
Outpatient Program of the Center for Eating Disorders of the University 
of Turin if meeting full criteria for AN, as assessed with the Structured 
Clinical Interview for DSM-5 by an experienced psychiatrist. The mean 
age of the patients was 21.2 years (SD=4.3), ranging from 18 to 33 years 
old. A sample of HW similar to the patient group in age, hand laterali
zation, educational level, and ethnicity was recruited from the same 
geographical area. A total of 16 patients with AN and 16 HW were finally 
enrolled; all the patients were affected by the restricting subtype. 

Written informed consent was provided by all participants. This 
study was approved by the Ethical Committees of the “Città della Salute 
e della Scienza” Hospital of Turin and of the Hospital of Padova. Table 1 
describes the main characteristics of the sample. 

Exclusion criteria for patients with AN and HW in both sites were the 
following: 1) male gender; 2) current or lifetime neurological diseases; 
3) moderate mental impairment (IQ < 60) or learning disabilities; 4) 
active suicidality or major depression; 4) bipolar disorder or schizo
phrenia spectrum disorder; 5) history of drug/alcohol dependence; 6) 
pregnancy; 7) known contraindications to conventional MRI, past or 
present use of medications (for HW). 

2.2. Magnetic resonance acquisition 

At both site 1 and 2 data were acquired on Philips Achieva 1.5 Tesla 
MRI scanners equipped for echo-planar imaging and with 8 channels 
optimized head SENSE coils. The sequences acquired were 3D sagittal 
T1-weighted gradient echo. 

At site 1, RF spoiled Incoherent Gradient Echo (Philips acronym 3D- 
FFE, 3D Fast-Field Echo) were acquired with the following parameters: 
voxel size 0.66 × 0.66 × 1 mm 3, TE = 3.8 ms, TR = 20 ms, Flip Angle =
20◦, Matrix 320 × 320, FOV = 210 mm, pixel BW = 189 Hz, 160 slices of 
1 mm, SENSE = 1.3 × 1.6, duration 7–9 min. 

At site 2, Ultrafast 3D Gradient Echo (Philips acronym 3D-TFE, 3D 
Turbo-Field Echo, Siemens acronym MP-RAGE, Magnetization Prepared 
Rapid Acquisition Gradient Echo) were acquired with the following 
parameters: voxel size = 1 × 1 × 1 mm 3, TE = 3 ms, TR = 7 ms, Flip 
Angle = 8◦, Matrix 256 × 256, FOV = 256 mm, pixel BW = 241 Hz, 190 
slices of 1 mm, SENSE = 1 × 3, duration 4–5 min. 

2.3. Data processing and statistics 

Data processing was performed using the FreeSurfer package (Mar
tinos Center for Biomedical Imaging, Massachusetts General Hospital, 
Boston) version 5.3.0 (Fischl, 2012). The preprocessing was carried out 
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according to the standard procedure using the following steps: 
skull-stripping and intensity correction, determination of the gray 
matter–white matter boundary for each cortical hemisphere using tissue 
intensity and neighborhood constraints, tessellation of the resulting 
surface boundary to generate multiple vertices across the whole brain 
before inflating. Surface reconstruction and segmentation were inspec
ted. Minor manual intervention was performed according to FreeSurfer 
guidelines. 

Sulcal morphology. Sulcal width and depth were estimated for 16 
major sulci using the calcSulc toolbox (Madan, 2019). The considered 
sulci are the Central, Post-Central, Inferior Frontal, Superior Frontal, 
Parieto-Occipital, Middle Occipital and Lunate, Occipito-Temporal, and 
Marginal Part of the Cingulate sulci, in both hemispheres. We conducted 
analysis on individual sulcal measures and also performed a factor 
analysis, in order to perform between-groups comparisons between 
those factors that better explained the variance from the data. 

Gyrification topography. To evaluate the topographical distribu
tion of cortical gyrification an anterior-posterior gyrification pattern 

was extracted and plotted separately in both experimental and control 
groups based on recently developed method (Madan, 2021). The gyr
ification measurements for each MRI session (Schaer et al., 2012) were 
resampled to the common surface space using FreeSurfer’s spherical 
surface co-registration (Fischl et al., 1999), and then mean gyrification 
values were simplified in an anterior-posterior plot after dividing the 
surface space in 200 coronal sections (as described in Madan, 2021). 

All the data were adjusted for age and site of acquisition using linear 
regressions and saving residuals. Group comparisons were performed by 
means of GLM. Correlations were performed using Spearmen’s ρ(rho). 
Given the high number of correlations and the fact that the morpho
logical data could be related with each other, we considered the corre
lation results significant at a threshold of p < 0.008, false discovery rate 
(FDR) corrected. However, given the exploratory nature of the research 
and considering that the present is the first paper exploring the 
morphology of specific cortical sulci and their relationship with the 
anterior-posterior gyrification gradient, we have also reported the un
corrected correlation values. Correlation values exceeding the FDR 

Table 1 
. - Characteristics of the samples at the two study sites.   

site 1 site 2   
AN (n =
38) 

HW (n =
38) 

RecAN (n =
20) 

AN vs HW RecAN vs 
HW 

AN (n =
16) 

HW (n =
16) 

AN vs HW ANsite1 vs 
ANsite2 

HCsite1 vs HC 
site2 

Age (years) 26.1 (7.2) 25.3 (6.3) 26.3 (7.1) 0.54 (0.59) 0.59 (0.56) 21.2 
(4.3) 

22.5 (2.4) 1.06 (0.30) 2.55 (0.01) 1.70 (0.10) 

Body mass index 15.8 (1.8) 21.7 (2.9) 19.6 (1.6) 10.51 
(<0.001) 

2.91 
(0.005) 

16.1 
(1.2) 

21.6 (2.4) 8.10 
(<0.001) 

0.22 (0.59) 0.12 (0.91) 

Education (ys) 14.3 (2.3) 15.4 (2.3) 14.2 (2.7) 2.44 (0.02) 1.97 (0.05) 14.6 
(2.1) 

15.7 (2.0) 1.57 (0.13) 0.41 (0.68) 0.45 (0.66) 

Duration of illness 
(months) 

78.6 
(81.3) 

= 45.7 (65.0) = = 8.8 (3.1) = = 3.41 (0.001) =

Age at onset (years) 18.3 (5.1) = 17.7 (3.2) = = 20.2 
(4.3) 

= = 1.27 (0.21) =

Legend: AN: anorexia nervosa; HW: healthy women; RecAN: recovered AN patients. 

Table 2 
Sulcal width (mm) for all groups.  

Sulcus name Hem AN Mean (SD) recAN Mean (SD) HW Mean (SD) ANOVA F (p) Post-hoc Bonferroni adjusted p-value 

Central L 2.62 (0.42) 2.19 (0.30) 2.27 (0.38) 13.91 
(<0.001) 

AN > recAN, p = 0.003 
AN > HW, p < 0.001  

R 2.55 (0.36) 2.18 (0.31) 2.27 (0.36) 9.67 
(< 0.001) 

AN > recAN, p = 0.007 
AN > HW p <0.001 

Post-Central L 3.22 (0.53) 2.86 (0.45) 2.80 (0.50) 9.33 
(< 0.001)  AN > HW, p <0.001  

R 3.09 (0.51) 2.65 (0.34) 2.66 (0.46) 11.94 
(< 0.001) 

AN > recAN, p = 0.008 
AN > HW, p <0.001 

Superior Frontal L 3.17 (0.53) 2.90 (0.73) 2.95 (0.55) 2.86 
(0.061)   

R 3.14 (0.66) 2.91 (0.63) 3.15 (0.77) 0.38 
(0.688)  

Inferior Frontal L 2.62 (0.62) 2.51 (0.71) 2.55 (0.62) 0.20 
(0.816)   

R 2.40 (0.51) 2.11 (0.39) 2.29 (0.63) 1.28 
(0.286)  

Parieto-Occipital L 2.52 (0.39) 2.14 (0.28) 2.30 (0.44) 6.08 
(0.003) 

AN > recAN, p = 0.006 
AN > HW, p = 0.035  

R 2.64 (0.50) 2.18 (0.32) 2.37 (0.37) 7.35 
(0.001) 

AN > recAN, p = 0.005 
AN > HW, p = 0.007 

Occipito-Temporal L 2.05 (0.43) 2.04 (0.34) 2.02 (0.36) 0.07 
(0.937)   

R 1.97 (0.46) 2.04 (0.31) 2.02 (0.43) 0.33 
(0.780)  

Middle Occipital and Lunate L 1.77 (0.38) 1.63 (0.45) 1.69 (0.42) 0.60 
(0.549)   

R 1.60 (0.40) 1.39 (0.39) 1.51 (0.32) 1.43 
(0.243)  

Marginal part of Cingulate L 2.17 (0.34) 1.94 (0.29) 1.98 (0.32) 5.92 
(0.004) 

AN > recAN, p = 0.044 
AN > HW, p = 0.007  

R 2.33 (0.36) 2.16 (0.45) 2.06 (0.35) 6.99 
(0.001) 

AN > HW, p = 0.001  
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adjusted threshold are discussed as statistical tendencies. 
A vertex-wise analysis of gyrification was also conducted and re

ported in Supplementary Materials. 

3. Results 

3.1. Sulcal morphology 

Table 2 shows the average sulcal width values of the three groups. 
Patients with acute AN displayed significantly higher width values in left 
and right Central, Post-Central, Parieto-Occipital and Pars Marginalis of 
Cingulate Sulcus compared to HW. Patients with acute AN showed 
significantly higher depth values in the left Pars Marginalis of the 
Cingulate Sulcus compared to HW (F(2125) = 6.85, p = 0.001). No other 
significant differences in sulcal depth values were detected between 
patients with acute AN and HW (Table S2). 

For both sulcal width and depth, no statistically significant differ
ences emerged in the comparison between recAN and HW, indicating 
that recovering from anorexia allowed the brain to return to a similar 
state as the healthy individuals. 

3.2. Anterior-posterior gradient in gyrification 

The results of the gyrification gradient are shown in Fig. 1. As dis
played in the figure, the gradient in the three groups follows a similar 
pattern, demonstrating that the overall distribution of gyrification does 
not change in AN, where it is only diminished in magnitude. Interest
ingly, AN is associated with overall decreases in gyrification gradient, 
which is, however, significantly reduced in areas encompassing the 
Central Sulcus, Parieto-Temporal regions, and Frontal Lobe ones in 
acute AN when compared to HW. 

3.3. Factor analysis 

To better interpret sulcal morphology values, we conducted an 
exploratory factor analysis. The purpose of the analysis was to summa
rize the data of all sulcal measures and to determine the latent factors 
influencing them. A further aim of this analysis was to better identify the 
topographic patterns of cortical alteration, also maximizing the associ
ations between sulcal morphology, gyrification, and clinical variables. 

Sulcal Width. Results of Bartlett’s test of sphericity support the 
existence of factors within the data χ2= 314.495, p<.001. Thus, we 
conducted the analysis using a principal component analysis extraction 
with an orthogonal (varimax) rotation method. The Kaiser’s (K1) cri
terion pointed out the presence of six factors that accounted for more 
than 60% of the total variance. Only factor loadings above 0.40 (or 
below – 0.40) were considered to meet the minimal level for interpre
tation of factor structure. 

Rotation factor loadings for sulcal width are reported in Table 3. 
Sulci that salient loading on by Factor 1 included the right Post-central 

Sulcus, the right Pars Marginalis of Cingulate Sulcus and Central Sulcus 
bilaterally; Factor 2 was loaded on by right and left Parieto-Occipital 
sulcus, left Inferior Frontal sulcus, and left Post-Central sulcus; Factor 
3 was loaded on by Occipito-Temporal and Middle Occipital sulci 
bilaterally; Factor 4 was loaded on by left Central and Superior Frontal 
sulci; factor 5 was loaded on by Superior Frontal sulcus bilaterally, and 
left Pars Marginalis of Cingulate Sulcus; factor 6 was loaded on by left 
Occipito-Temporal and Inferior Frontal sulci. 

Sulcal Depth. Results of Bartlett’s test of sphericity support the ex
istence of factors within the data χ2=404.529, p < .001. The Kaiser’s 
criterion and the scree plot pointed out the presence of six factors, that 
accounted for more than 60% of the total variance. Rotation factor 
loadings for SW are reported in Table 4. Factor 1 was loaded on by Pars 
Marginalis of Cingulate sulcus and Parieto-Occipital sulcus bilaterally; 
Factor 2 was loaded on by left and right Inferior Frontal sulcus, right 
Superior Frontal sulcus, and left Post-Central sulcus; Factor 3 was loaded 
on by Occipito-Temporal sulcus bilaterally, Factor 4 was loaded on by 
left Post-Central sulcus and Central Sulcus bilaterally; Factor 5 was 
loaded on by left Superior Frontal and right Post-Central sulci; Factor 6 
was loaded on left Post-central, right Central, and left and right Middle- 
Occipital sulci. Total variance explained by every single factor is re
ported in supplementary Tables 2 and3. 

Between-group comparison revealed statistically significant differ
ences in the first loaded factor (F(2125) = 14.107, p < 0.001) and in the 
second loaded factor (F(2125) = 5.860, p = 0.004) computed on SW 
values. Post-hoc analyses showed significant differences between acute 
AN patients and both recAN (p = 0.016, p = 0.008) and HW (p < 0.001, 
p = 0.036). 

Between group comparisons computed on SD values revealed sig
nificant differences in the first loaded factor (F(2125) = 3.885, p =
0.023) and in the fifth loaded factor (F = 3.770, p = 0.026). Post hoc 
analyses showed significant differences between acute AN and HW (p =
0.038, p = 0023) 

Correlation analysis detected the presence of a positive correlation 
between BMI and the third factor computed on SD (rho = 0.364, p =
0.007). Moreover, the duration of the disorder positively correlated with 
the first SW factor (rho = 0.441, p = 0.007 and negatively correlated 
with the fifth SD factor (rho = − 0.426, p = 0.008. No other significant 
associations between factors computed on sulcal morphology values and 
BMI, illness duration and age of onset of the were present. 

3.4. Gyrification gradient and sulcal morphology in patients with short 
duration of an vs long duration of an 

To further explore the effects of duration of illness on sulcal width 
and depth we divided the sample in patients with a short duration of 
illness (Short AN) (equal to or less than 1 year) and patients with a 
longer durations (Long AN). The control group was divided to compare 
groups of similar age and site of scanning. The short-AN group (n 
AN=23, n HC=24.) had an average duration of 8.7 ± 3.0 months (age: 

Fig. 1. Gyrification index across posterior (percentile 0; caudal) to anterior (percentile 100; rostral). The red line represents the distribution of gyrification gradient 
in patients with acute AN; the green line represents the recAN group; the blue line represents the HW. For ease of interpretation, colored labels are included at the 
bottom, denoting each of the four lobes, insula, and central sulcus, along with an inflated brain (right panel) with the same coloring (also see Madan, 2021). gray 
boxes identify the areas were the differences in gyrification gradient are significantly different in acute AN patients and HW at p < 0.005-uncorrected. 
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19.7 ± 4.0 vs. 21.3 ± 2.9 years; body mass index: 15.9 ± 1.3 vs. 21.9 ±
2.4 kg/m2; 7 patients and 8 healthy women were scanned at Site 1. The 
long-AN group (n AN=31, n HC=30) had an average duration of 93.9 ±
82.6 months (age: 27.8 ± 6.9 vs. 27.0 ± 5.9 years; body mass index 15.9 
± 1.8 vs. 21.4 ± 3.1 kg/m2; all patients and all healthy women were 
scanned at site 1). 

Results of gyrification gradient are shown in Fig. 2. Gyrification 
gradient showed two clusters of alteration in the Long AN group when 
compared to HW, while the Short AN group showed only one and more 
confined cluster of alteration. 

Table 5 shows the comparisons between Short AN group and HW and 
Long AN group and HW in sulcal width values. Patients with a short 
duration of the disorder showed significantly higher width values in left 
and right Central and Post-Central sulci, in right Parieto-Occipital sulcus 
and in right Pars Marginalis of the Cingulate Sulcus when compared to 
HW. Patients with a long duration of the disorder showed higher width 
values in right Post-Central sulcus and in Central, Parieto-Occipital and 
Pars Marginalis of Cingulate sulci bilaterally. 

The comparisons between Short AN group and HW and Long AN 
group and HW in sulcal depth values showed higher depth values in the 
left Pars Marginalis of the Cingulate sulcus in patients with short dura
tion of the disorder (F(1,43) = 5.079, p = 0.029), and higher depth 
values in the left and right Pars Marginalis of the Cingulate sulcus in 
patients with a long duration of the disorder (F(1,58) = 10.321, p =
0.002), (F(1,58) = 5.391, p = 0.024) (Table 4 in supplementary mate
rials). Differences in sulcal width and depth between patients with AN 
and HW in Sites 1 and 2 are reported in supplementary Tables 5 and 

Table 6. 
A comparison between patients with a short duration of the disorder 

and HW revealed the presence of a significant difference in the first (F 
(1,40) = 6.007, p= 0.019), fourth (F(1,40) = 5.105, p = 0.029), and fifth 
(F(11,40) = 8.025, p = 0.007) factors computed on width. A tendency 
toward significance also emerged for the second factor (F(40,1) = 4.017, 
p = 0.052). No statistically significant differences emerged in a com
parison between Short AN group and HW in factors computed on depth. 
A comparison between the Long AN group and HW revealed the pres
ence significant differences first factor computed on width (F(1,56) =
16.021, p < 0.001) and in the first and fifth factors computed on depth (F 
(1,58) = 7.053, p = 0.010; F(1,58) = 5.767, p = 0.020). 

An uncorrected correlation analysis detected the presence of positive 
correlations between the first two factors computed on SW and duration 
of the disorder in the Long AN group (rho = 0.391, p = 0.036; rho =
0.422, p = 0.023), and a negative correlation between the disorder 
duration and the fifth loaded factor computed on sulcal depth (rho =
− 0.357, p = 0.049). No loaded factors computed on sulcal width showed 
correlations with the duration of the disorder in the Short AN group, 
while a negative correlation between the disorder duration and the sixth 
loaded factor computed on sulcal depth was evidenced in patients with 
shorter duration of AN (rho = − 0.772, p = 0.042). Moreover, a negative 
correlation between BMI and the third factor computed on sulcal width 
(rho = − 0.536, p = 0.012) and a positive correlation between the third 
factor computer on sulcal depth were evidenced in the Short AN group 
(rho = 0.496, p = 0.016). No other significant correlation between 
factors computed on sulcal width and depth and clinical values emerged 

Table 3 
Sulcal width factor analysis.  

Sulcus Name Factor Communality 
1 2 3 4 5 6 

Marginal part of Cingulate R 0.768      0.665 
Post-Central R 0.661      0.507 
Central R 0.690      0.699 
Central L 0.614   0.422   0.665 
Parieto-Occipital R  0.690     0.610 
Parieto-Occipital L  0.565     0.457 
Inferior Frontal R  0.648     0.425 
Occipito-Temporal R   0.618    0.396 
Occipito-Temporal L   0.613   0.476 0.652 
Middle Occipital and Lunate L   0.598    0.442 
Middle Occipital and Lunate R   0.591    0.575 
Superior Frontal L    0.824   0.721 
Superior Frontal R     − 0.736  0.756 
Post-Central L  0.442   0.584  0.664 
Marginal part of Cingulate L .    0.457  0.535 
Inferior Frontal L      0.774 0.683  

Table 4 
Sulcal depth factor analysis.  

Sulcus Name Factor Communality 
1 2 3 4 5 6 

Marginal Part of Cingulate L 0.752      0.639 
Marginal Part of Cingulate R 0.722      0.660 
Parieto-Occipital L 0.697      0.658 
Parieto-Occipital R 0.684      0.621 
Inferior Frontal R  0.766     0.677 
Inferior Frontal L  0.749     0.616 
Superior Frontal R  0.539     0.598 
Post-Central L  0.483  0.441  − 0.423 0.659 
Occipito-Temporal L   0.870    0.796 
Occipito-Temporal R   0.849    0.767 
Central L    0.739   0.689 
Central R    0.659  0.413 0.733 
Superior Frontal L     0.789  0.716 
Post-Central R     0.644  0.620 
Middle Occipital and Lunate R      0.740 0.647 
Middle Occipital and Lunate L      0.640 0.476  
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in the Short AN and Long AN groups. 

3.5. Correlation between gyrification gradient, sulcal morphology, and 
clinical indices 

An uncorrected correlation analysis between the values of the section 
where gyrification gradient is altered in the whole AN, short AN, and 
long AN groups and results of factor analysis evidenced the presence of 
negative correlations between the first factor computed on SW and 
gyrification in the whole AN sample (rho = − 0.298, p = 0.036) and in 
the long-AN one (rho= − 0.298, p = 0.042), and between the second 
factor computed on SW and gyrification in the Short AN sample (rho =
− 0.564, p = 0.008). Positive correlation between second factor on SD 
and gyrification in the whole sample (rho = 0.346, p = 0.010). 

Negative correlations emerged between gyrification gradient and the 
duration of the disorder in the whole AN group and in the Long AN one 
(rho = − 0.540, p =.000; rho = − 0.494, p =0.005), and between gyr
ification gradient and the age of onset of the disorder in the Short AN 
group (rho = − 0.439, p = 0.036). 

4. Discussion 

In this study, we evaluated sulcal width and depth of 16 main brain 
sulci in AN, also trying to disentangle the relationships between any 
change in sulcal morphology and gyrification gradients across different 
stages of the disorder. Our results showed a higher sulcal prominence in 
patients with AN when compared to HW, which reached a statistical 
significance in Central, Post-Central, Parieto-Occipital, and Pars Mar
ginalis of Cingulate sulcus bilaterally. Nevertheless, in contrast with 
previous findings, our study did not evidence a significant reduction in 
sulcal depth in the experimental sample (Bernardoni et al., 2018; Nickel 
et al., 2019). Instead, our results highlighted that the left Pars Marginalis 
of the Cingulate sulcus was significantly deeper in patients with AN 
compared to HW. The already evidenced association between cortical 
gyrification and sulcal morphology in healthy as well as in clinical 

Fig. 2. Gyrification index across posterior (percentile 0; caudal) to anterior (percentile 100; rostral). In figure (a) the red line represents the distribution of gyr
ification gradient in patients with duration of the disorder longer than 1 year, while the blue line represents the HW. In figure (b) the red line represents the dis
tribution of gyrification gradient in patients with duration of the disorder shorter than 1 year, while the blue line represents the HW. gray boxes identify the areas 
were the differences in gyrification gradient are significantly different in acute AN patients and HW at p < 0.005-uncorrected. 

Table 5 
Effects of illness duration on sulcal width.    

Short Duration (< 1 year) 
23 AN vs. 24 HW 

Long Duration (> 1 year) 
31 AN vs. 30 HW 

Sulcus Name Hem F(p) Effect 
size d 

F(p) Effect 
size d 

Central L 7.04 
(0.011) 

0.80 15.33 
(<0.001) 

1.05  

R 7.18 
(0.010) 

0.78 9.80 
(0.003) 

0.82 

Post-Central L 23.55 
(<0.001) 

1.31 3.29 (0.075) 0.48  

R 5.40 
(0.025) 

0.65 16.38 
(<0.001) 

1.05 

Superior Frontal L 2.88 (0.097) 0.43 2.13 (0.150) 0.37  
R 0.47 (0.496) − 0.19 0.45 (0.504) 0.15 

Inferior Frontal L 0.33 (0.566) − 0.22 1.25 (0.268) 0.29  
R 4.00 (0.052) 0.56 0.13 (0.721) − 0.05 

Parieto-Occipital L 2.58 (0.115) 0.49 5.31 
(0.025) 

0.59  

R 4.63 
(0.037) 

0.63 5.81 
(0.019) 

0.63 

Occipito- 
Temporal 

L 0.04 (0.837) − 0.05 0.76 (0.387) 0.23  

R 0.02 (0.900) 0.08 0.79 (0.378) − 0.23 
Middle Occipital 

and Lunate 
L 0.34 (0.566) 0.22 0.80 (0.375) 0.22  

R 0.03 (0.854) 0.03 3.67 (0.061) 0.47 
Marginal part of 

Cingulate 
L 4.17 

(0.047) 
0.50 6.03 

(0.017) 
0.66  

R 9.99 
(0.003) 

0.90 6.05 
(0.017) 

0.62  
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populations (Janssen et al., 2014; Kochunov et al., 2005; Magnotta, 
1999; (White et al., 2003) suggested the opportunity of investigating the 
presence of possibile relationships between sulcal measures and gyr
ification ones. Since the alterations in sulcal width showed to be topo
logically confined in central and post-central areas of the cortex, we 
analyzed the topographical disposition of gyrification in an 
anterior-posterior gradient that allowed us to better visualize if alter
ations of these two indices are similarly distributed across the cortex. 

The observation that a significant reduction in gyrification gradient 
tends to localize in those areas that are characterized by higher sulcal 
widening indicates and confirms that these cortical alterations in AN are 
not widespread to the whole cortex (Favaro et al., 2015; Lavagnino 
et al., 2018). Moreover, it supports the usefulness of investigating the 
complex brain alterations underlying the neurobiology of the disorder 
using different indices that can capture distinct aspects of cortical 
morphology, but whose changes are likely to be subtended by similar 
pathogenetic processes (King et al., 2018). 

To better characterize the topological patterns in which the indi
vidual sulcal morphology is organized, we conducted a factor analysis 
that showed the presence of six latent factors for both sulcal width and 
depth. A between-group comparison conducted on these factors 
confirmed the presence of a significant widening of sulci that are 
localized in areas encompassing temporal, parietal, and central sulcus 
regions. Interestingly, in line with the comparisons of individual sulci 
measures in patients with AN and HW, this analysis showed a significant 
difference in a factor encompassing sulci that are deeper in the experi
mental group than in control one. The increased depth that some of the 
examined sulci showed in patients with acute AN compared to HW 
differs from findings of previous studies (Bernardoni et al., 2018; Nickel 
et al., 2019) and is partially divergent with the hypothesis that changes 
in sulcal morphology are associated with a flattening of the cortex. 
Therefore, this observation should be further investigated by relating 
the sulcal morphological characteristics to other cortical parameters (e. 
g., using methods similar to Miller et al., 2021). 

To better explore the relationship between changes in sulcal 
morphology and gyrification gradient, we conducted a correlation 
analysis between these two indices, that showed a trend toward an in
verse association between the first loaded factor computed on sulcal 
width (which encompass the central sulcus bilaterally, the right post- 
central and the pars marginalis of the cingulate sulci) and the section 
where gyrification gradient showed to be more altered in the acute AN 
group. A negative association between increased sulcal prominence and 
gyrification was already evidenced by Janssen et al. (2014) in the frontal 
lobe of a sample of adolescent patients with schizophrenia, which 
allowed hypothesizing a causal relationship between the modification 
patterns of these two indices. Similar to schizophrenia, the etiology of 
AN seems to be characterized by alterations in neurodevelopmental 
trajectories (Favaro, 2013). Still, brain structural modifications in this 
disorder are also likely to be profoundly associated with the effects of 
malnutrition. For these reasons, examining the morphology of cortical 
sulci and their relationship with gyrification patterns can be highly 
helpful in better disentangling the complex neurobiology of AN. 

Interestingly, there is a trend toward a positive correlation between 
the gyrification gradient and the second loaded factor calculated on the 
depth of the sulcus (which encompass the inferior frontal sulcus bilat
erally, the right inferior frontal and the left post-central sulci), sup
porting the presence of an inverse association between gyrification and 
the different morphological characteristics of the sulci. This complex 
relationship between sulcal morphology and gyrification is interesting 
and deserves to be further investigated by future research. In fact, if 
sulcal width has increased more significantly than sulcal depth, as ap
pears to be evidenced by our results, the exposed cortical surface should 
increase, and gyrification index with it (Kochunov et al., 2005). It could 
be hypothesized that the enlargement of the main sulci coincides with an 
overall reduction in the complexity of specific cortical areas, which in 
turn may be due to a flattening of minor sulci that have not been 

investigated in the present research. 
The analysis of how sulcal morphology varied according to the 

different stages of AN showed similar alterations in the groups of pa
tients with different disorder durations, suggesting the absence of a clear 
effect of the duration of the illness on the structural modification of the 
sulci. The presence of a less distributed alteration in gyrification 
gradient evidenced by the comparison between the Short AN group and 
the HW one, than the one displayed by the comparison between Long AN 
group and HW suggests that longer duration of the disorder may have a 
greater impact on the cortical structure. Furthermore, The significant 
association between the duration of the disorder and the morphology of 
specific sulci and gyrification gradient in the whole AN group and in the 
Long AN one suggests an effect of the disorder duration on cortical 
morphological that deserves to be further investigated by future 
research. However, it is worth noting that the smaller size of the Short 
AN group than the Long AN one may account for differences in detecting 
cortical modifications between them. 

Overall, our results suggest that sulcal morphology measures have a 
good ability in detecting the presence of cortical morphological alter
ations in the acute phases of anorexia nervosa. The absence of significant 
differences in sulcal morphology measures between patients who 
recovered from the disorder and HW suggests that these cortical modi
fications are unlikely to be a trait or scar of AN. 

This study had some limitations but also several strengths. First, the 
cross-sectional design of the research does not allow for causal in
ferences, and longitudinal investigations are needed to confirm these 
findings. Second, BMI is scarcely accurate in quantifying malnutrition; 
therefore, other parameters like weight suppression or weight suppres
sion speed should be considered to account for its role in affecting the 
cortical structure (Solmi et al., 2018). Third, absence of males in the 
sample does not allow any inference about the presence of cortical al
terations in male patients with AN. Nevertheless, this is, to our knowl
edge, the first study that examines sulcal width and gyrification gradient 
in AN, thus integrating previous observations with parameters that can 
provide novel information about cortical structure. The presence of a 
relationship between gyrification gradient and sulcal morphology 
values support the presence of common causal determinants in the al
terations of these two indices and highlights the importance of analyzing 
cortical morphology in AN by employing different and non-redundant 
parameters. 

In conclusion, our study evidenced the presence of higher width in 
specific cortical sulci in patients with acute AN, which is confirmed and 
summarized by the results of a factorial analysis. Patients with a dura
tion of the disorder longer than 1 year showed similar patterns of sulcal 
alterations when compared to HW than patients with a shorter duration 
of the disorder. Significant associations between areas where the gyr
ification gradient is altered in the three groups of acute AN patients 
(Whole AN, Short AN, and Long AN) and specific sulcal width measures 
emerged. 
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