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Background: Fear of negative evaluation (FNE), referring to negative expectation and feelings toward other people’s
social evaluation, is closely associated with social anxiety that plays an important role in our social life. Exploring the
neural markers of FNE may be of theoretical and practical significance to psychiatry research (e.g., studies on social
anxiety).
Methods:  To  search  for  potentially  relevant  biomarkers  of  FNE  in  human  brain,  the  current  study  applied
multivariate  relevance  vector  regression,  a  machine-learning  and  data-driven  approach,  on  brain  morphological
features (e.g., cortical thickness) derived from structural imaging data; further, we used these features as indexes to
predict self-reported FNE score in each participant.
Results:  Our  results  confirm  the  predictive  power  of  multiple  brain  regions,  including  those  engaged  in  negative
emotional  experience  (e.g.,  amygdala,  insula),  regulation  and  inhibition  of  emotional  feeling  (e.g.,  frontal  gyrus,
anterior  cingulate  gyrus),  and  encoding  and  retrieval  of  emotional  memory  (e.g.,  posterior  cingulate  cortex,
parahippocampal gyrus).
Conclusions:  The  current  findings  suggest  that  anxiety  represents  a  complicated  construct  that  engages  multiple
brain systems, from primitive subcortical mechanisms to sophisticated cortical processes.

Keywords: fear  of  negative  evaluation;  social  anxiety;  structural  magnetic  resonance  imaging;  machine  learning;
relevance vector regression

Author summary: The  current  findings  indicate  that  fear  of  negative  evaluation,  an  anxiety-related  trait,  could  be
decoded  from  the  structural  features  of  individual  brains.  These  findings  advance  our  understanding  on  the  neural
signatures of anxiety and implicate potential clinical applications of brain imaging measures.

 
 INTRODUCTION

Social  anxiety  refers  to  a  persistent  fear  of  being
involved  in  social  or  performance  contexts  that  are

exposed  to  unfamiliar  people  and/or  potential  scrutiny
by  others  [1].  Fear  of  negative  evaluation  (FNE)  is
considered  to  be  a  core  feature  of  social  anxiety  and
social  anxiety disorder  (SAD) in  many clinical  theories
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such  as  the  cognitive-behavioral  models  [2,3].  This
psychological  construct  consists  of  one’s  feelings  of
apprehension  about  others’  evaluations,  one’s  expecta-
tion of being evaluated negatively by others, and distress
over  those  negative  evaluations  [4],  all  of  which  are
critical to the pathogenesis and progression of irrational
social  anxiety  [5].  FNE and  social  anxiety  are  strongly
interrelated. On one hand, people with a higher level of
FNE  show  an  interpretation  bias  of  identifying  others’
emotional  expressions  in  a  negative  way,  which  may
explain their  susceptibility to social  anxiety [6].  On the
other hand, socially anxious individuals exhibit a variety
of  “safety”  activity,  as  behavioral  manifestations  of
FNE,  to  avoid  potential  negative  social  judgment;  for
instance,  they  might  avoid  speaking  or  control  body
movement in social encounters [7]. At the clinical level,
Carleton  et  al.  found  that  FNE  score  is  consistently
higher among all patients with a (principal or additional)
diagnosis  of  SAD compared  to  other  diagnostic  groups
[5]. Though FNE and social anxiety are closely related,
these  two  concepts  are  not  homogeneous:  according  to
Weeks  et  al.,  FNE  pertains  to  the  sense  of  dread
associated  with  being  evaluated  negatively  in  social
situations,  whereas  social  anxiety  pertains  to  affective
reactions  to  those  situations  [8].  Regarding  that,
although many neuroscience studies  have been devoted
to  investigate  social  anxiety  [9],  it  would  still  be
necessary  to  explore  the  neural  basis  of  FNE (which  is
largely known in the literature).
Here,  we  first  introduce  the  key  brain  regions  of

general anxiety and social anxiety; we expect that some
of these regions are also involved in FNE. The amygdala
and the medial prefrontal cortex (mPFC), two key nodes
in  the  “fear  circuit”  (refering  to  its  significance  in  fear
conditioning  and  extinction)  [10–12],  are  widely
believed to  be  essential  for  anxiety  [13–15].  According
to  Bishop,  threat-related  anxiety  response  emerging
from the amygdala is top-down regulated by the mPFC;
thus,  excessive  anxiety  is  associated  with  amygdalar
hyper-responsivity  as  well  as  frontal  hyporesponsivity
[14].  Both  structural  and  functional  connectivity  of  the
amygdala-prefrontal circuitry predict individual level of
anxiety  [16,17].  Aside  from  the  amygdala,  Paulus  and
Stein pointed out that the anterior insula also influences
the  processes  of  initiating  and  maintaining  anxious
affect  [18–20].  All  of  these  brain  areas  play  important
roles in clinical and non-clinical social anxiety [21–25].
It  should  be  noted  that  the  neural  underpinnings  of
social  anxiety  also  represent  some  uniqueness.  For
instance,  the  ventral  striatum  (a  key  area  for  reward
encoding in the brain, including social rewards) [26,27]
shows decreased activation among SAD patients, though
this  region  is  not  traditionally  regarded  as  a  key
component of the anxiety circuit [25,28].

These  classic  findings  have  been  widely  acknow-
ledged  in  the  anxiety  literature  [29,30].  Taking  a  step
further,  recent  studies  have  linked  anxious  pathology
with  disturbances  in  a  distributed  set  of  cortical  and
subcortical  regions,  including  (but  not  limiting  to)  the
anterior  cingulate  gyrus,  mid-cingulate  cortex,  orbito-
frontal  cortex,  thalamus,  hypothalamus,  hippocampus,
bed nucleus of the stria terminalis, and ventral tegmental
area [31–33]. The aforementioned brain areas might not
be directly involved in the generation and regulation of
anxiety  response,  but  participate  in  other  cognitive
processes that help maintain anxiety symptoms, such as
the  encoding  of  uncertainty  and  uncontrollability  [32].
Inspired by these new understandings, the current study
searches  for  potentially  relevant  biomarkers  of  FNE  in
the whole brain rather than focusing on selected regions
of  interest  (e.g.,  amygdala,  mPFC,  and  anterior  insula)
from the anxiety literature [33].
To  achieve  this  goal,  we  implemented  a  data-driven

and machine-learning-based analysis approach that takes
advantage of complexity in the underlying data set, i.e.,
multivariate  relevance  vector  regression  (RVR)  on
structural  brain  imaging  data  [34].  The  RVR,  a  sparse
kernel  method  formulated  in  a  Bayesian  framework
[35],  takes  all  neurobiological  features  together  to
determine  their  relationships  beyond  individual  values
[36].  Specifically,  multiple  morphological  features  of
the data (e.g., gray matter volume and cortical thickness;
see  next  section  for  details)  were  derived  across  the
whole  brain  to  predict  self-reported  FNE  score.  The
value  of  this  approach  to  clinical  science  has  been
appreciated,  since  its  multivariate  nature  provides
valuable  insights  into  the  multifactorial  etiology  of
clinical  disorders,  and  enables  the  detection  of  subtle
and  spatially  distributed  effects  compared  to  traditional
univariate  methods  [37–40].  Using  the  same  approach,
we  recently  have  revealed  white  matter  structural
connectivity underlying dispositional worry [41]. In this
study, we expected to observe multidimensional neuroa-
natomical  patterns  associated  with  FNE.  In  light  of  the
literature  (see  above),  we  hypothesized  that  the
amygdala,  mPFC,  anterior  insula,  and  ventral  striatum
were  likely  to  be  involved,  but  did  not  rule  out
unexpected  findings  since  our  methodology  is  data-
driven.

 RESULTS

 Multivariate RVR analysis

The application of RVR to the combined morphological
features allowed individualized prediction of the fear of
negative  evaluation  scale  (BFNE)  scores  (MAE =  6.69,
P  <  0.001;  r  =  0.27,  P  <  0.001;  Fig. 1).  Prediction
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performance  became  worse  when  using  the  single-type
metric (Table 1).

 Contributing morphological features

Contributing  features  were  selected,  including  15  corti-
cal thickness features, 9 gray matter volume features, 12
surface  area  features,  23  sulcal  depth  features,  and  1
subcortical  volume  feature  (Fig. 2,  Table 2).  The  15
cortical  thickness  features  were  derived  from  the
following  regions:  left  orbital  gyrus,  superior  parietal
gyrus, right middle frontal sulcus, fronto-marginal gyrus
and  sulcus,  lateral  sulcus,  bilateral  posterior  cingulate
gyri,  occipital  sulci  and  gyri,  and  temporal  gyri.  The  9
gray  matter  volume  features  were  derived  from  the
following  regions:  left  lateral  sulcus,  temporal  gyri,
bilateral  insula,  and  occipital  gyrus  and  sulcus.  The  12

surface  area  features  were  derived  from  the  following
regions:  left  orbital  sulcus,  lateral  sulcus,  posterior
cingulate  gyrus,  subcallosal  gyrus,  calcarine  sulcus,
right  insula,  parahippocampal  gyrus,  superior  parietal
  

Table  1    Results  of  RVR  prediction  using  combined
morphological features or a single morphological feature
Features MAE P(MAE) r P(r)

Combined 6.69 <0.001 0.27 <0.001

Gray matter volume 6.98 0.07 0.12 0.019

Cortical thickness 6.87 0.026 0.23 <0.001

Sulcal depth 7.84 0.997 ‒0.078 0.79

Surface area 6.86 0.012 0.11 0.031

Subcortical volume 5.92 0.68 ‒0.51 1

LOSOCV, leave-one-subject-out cross-validation; MAE, mean
absolute error.

 

 

 

Figure 1.    RVR findings of the multivariate regression analysis in BFNE score prediction using leave-one-subject-out
cross-validation procedures. (A) Correlation between actual  and predicted BFNE scores. (B) Permutation distribution of the
correlation coefficient (r) with blue dashed line indicating value obtained from real scores. (C) Consistency between actual and
predicted BFNE scores. (D) Permutation distribution of the mean absolute error with blue dashed line indicating value obtained
from real scores. RVR, relevance vector regression; BFNE, brief version of the fear of negative evaluation scale.
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Figure 2.    Morphological  features contributing to  the prediction of  BFNE score. (A)  Cortical  thickness.  (B)  Gray  matter
volume. (C) Surface area. (D) Sulcal depth. BFNE, brief version of the fear of negative evaluation scale.

 

  

Table  2    Contributing  morphological  features  with  an  absolute  weight  score  higher  than  10% of  the  maximum  absolute
weight value for RVR to predict dispositional fear of negative evaluation
Brain regions Hemi. Lobes Metric Weights

Orbital gyrus L Frontal CT 0.080

Fronto-marginal gyrus and sulcus R Frontal CT 0.109

Middle frontal sulcus R Frontal CT 0.077

Posterior ramus of the lateral sulcus R Frontal CT ‒0.077

Opercular part of the inferior frontal gyrus R Frontal CT ‒0.071

Horizontal ramus of the anterior segment of the lateral sulcus L Frontal GMV 0.094

Horizontal ramus of the anterior segment of the lateral sulcus L Frontal SA 0.085

Medial orbital sulcus L Frontal SA 0.070

Suborbital sulcus R Frontal SA 0.079

Gyrus rectus L Frontal SD 0.099

Precentral gyrus L Frontal SD 0.082

Inferior orbital gyrus R Frontal SD 0.130

Fronto-marginal gyrus and sulcus R Frontal SD ‒0.092

Suborbital sulcus R Frontal SD 0.088

Superior frontal gyrus R Frontal SD 0.080

Inferior frontal sulcus R Frontal SD 0.074

Long insular gyrus and central sulcus of the insula L Insula GMV ‒0.109

Anterior segment of the circular sulcus of the insula R Insula GMV 0.077

Anterior segment of the circular sulcus of the insula R Insula SA 0.075

Inferior segment of the circular sulcus of the insula R Insula SD 0.078

Posterior-dorsal part of the cingulate gyrus L Limbic CT 0.073

Posterior-dorsal part of the cingulate gyrus R Limbic CT 0.068

Subcallosal gyrus L Limbic GMV 0.069

Parahippocampal gyrus R Limbic GMV ‒0.076

Posterior-dorsal part of the cingulate gyrus L Limbic SA ‒0.086

Subcallosal gyrus L Limbic SA 0.078

Parahippocampal gyrus R Limbic SA ‒0.073

Subcallosal gyrus L Limbic SD 0.104
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gyrus,  and  bilateral  temporal  gyri  and  sulci.  The  23
sulcal  depth  features  were  derived  from  the  following
regions:  left  gyrus  rectus,  anterior  cingulate  gyrus  and
sulcus, subcallosal gyrus, right orbital gyrus and sulcus,
inferior  and superior  frontal  gyri,  insula,  temporal  gyri,
bilateral  occipital  gyri  and  sulci,  occipito-temporal  gyri
and  sulci.  The  subcortical  volume  feature  included  the
volume of right amygdala.

 Model validation

The 10-fold cross-validation was used to re-estimate the

performance  of  prediction.  The  resultant  correlation
coefficient  and  MAE  values  remained  significant
(MAE  =  6.85, P  =  0.004;  r  =  0.23, P  =  0.001; Fig. 3).
These  results  validated  the  main  findings  derived  from
the LOOCV approach and demonstrate the robustness of
the current findings across different CV schemes.

 DISCUSSION

In  the  current  study,  we  utilized  RVR  for  a  better
understanding  of  the  neurobiological  mechanisms  of
FNE.  Not  surprisingly,  the  results  show  that  the

(continued)
Brain regions Hemi. Lobes Metric Weights

Anterior part of the cingulate gyrus and sulcus L Limbic SD 0.082

Pericallosal sulcus R Limbic SD 0.072

Amygdala R Limbic vol ‒0.080

Superior parietal gyrus L Parietal CT 0.077

Superior parietal gyrus R Parietal SA 0.071

Subparietal sulcus L Parietal SD 0.076

Lateral aspect of the superior temporal gyrus L Temporal CT 0.070

Inferior temporal sulcus R Temporal CT ‒0.071

Inferior temporal gyrus L Temporal GMV ‒0.080

Superior temporal gyrus L Temporal GMV 0.072

Inferior temporal gyrus L Temporal SA ‒0.084

Lateral occipito-temporal gyrus L Temporal SA 0.070

Inferior temporal sulcus R Temporal SA 0.083

Lateral occipito-temporal gyrus L Temporal SD 0.117

Medial occipito-temporal gyrus L Temporal SD 0.116

Lateral occipito-temporal sulcus L Temporal SD ‒0.095

Anterior transverse temporal gyrus L Temporal SD 0.075

Lateral occipito-temporal sulcus R Temporal SD ‒0.072

Lateral aspect of the superior temporal gyrus R Temporal SD 0.071

Middle temporal gyrus R Temporal SD 0.070

Superior occipital sulcus L Occipital CT 0.139

Calcarine sulcus L Occipital CT ‒0.096

Superior occipital sulcus R Occipital CT ‒0.079

Middle occipital sulcus and lunatus sulcus R Occipital CT 0.076

Inferior occipital gyrus and sulcus R Occipital CT ‒0.074

Superior occipital gyrus L Occipital GMV ‒0.075

Superior occipital sulcus and transverse occipital sulcus R Occipital GMV ‒0.072

Calcarine sulcus L Occipital SA 0.078

Middle occipital gyrus L Occipital SD 0.095

Superior occipital gyrus L Occipital SD 0.094

Lingual gyrus L Occipital SD ‒0.075

Inferior occipital gyrus and sulcus R Occipital SD 0.071

Hemi., hemisphere; L, left; R, right; CT, cortical thickness; GMV, gray matter volume; SA, surface area; SD, sulcal depth; vol, volume.
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morphological  features  (including  cortical  thickness,
gray  matter  volume,  surface  area,  sulcal  depth,  and
subcortical  volume)  of  multiple  regions  significantly
predicted  FNE  on  the  individual  level  (measured  by
BFNE score). Some of these regions (e.g., the amygdala,
insula,  and  frontal  areas)  have  widely  been  considered
as  key  parts  of  the  “anxious  brain,” while  others  have
yet  to  be  adequately  paid  attention  to  in  the  literature
(see  the  Introduction).  Moreover,  the  robustness  of  the
above findings has been validated.
Inspired by one of our recent studies on the imbalance

between  different  brain  networks  in  anxiety  [42],  here
we  first  discuss  the  key  nodes  within  the  affective
network and salience network, particularly the amygdala
and insula [43–47]. It has been well established that both
the amygdala and insula are related to not  only general
anxiety but also social anxiety, including the perception
and  evaluation  of  threatening  social  cues  [48–51].  For
example,  the  amygdala  is  activated  more  strongly  by

harsh  (angry,  disgusted,  fearful)  faces  among  patients
with generalized social phobia, and its activation level is
positively correlated with their severity of social anxiety
symptoms  [52,53].  In  the  same  vein,  generalized  SAD
patients also exhibit greater anterior insula reactivity for
fear  (versus  happy  or  neutral)  faces  compared  with
healthy  controls  [54,55].  Here,  please  note  that  our
results reveal that the insula, not just its anterior part, is
associated with FNE, possibly a unique neural signature
that  distinguishes  FNE  with  general  anxiety  or  social
anxiety.
In  our  opinion,  the  amygdala  and  insula  might

contribute to FNE by showing heightened sensitivity to
(real  or  hypothetical)  social  evaluation  such  as  praises
and  criticisms,  which  further  manifests  as  disengaging
from, and sustained attention to, this kind of information
[56–58]. Meanwhile, it might be worth pointing out that
our  findings  represent  some  form  of  hemisphere
asymmetries:  first,  although  gray  matter  volume  and

 

 

Figure 3.    RVR  findings  of  the  validation  analysis  using  10-fold  cross-validation  procedures. (A)  Correlation  between
actual and predicted BFNE scores. (B) Permutation distribution of the correlation coefficient (r) with blue dashed line indicating
value obtained from real scores. (C) Consistency between actual and predicted BFNE scores. (D) Permutation distribution of the
mean absolute error with blue dashed line indicating value obtained from real scores. RVR, relevance vector regression.

 

 

Decoding fear of negative evaluation from brain morphology

 

© The Authors (2022). Published by Higher Education Press 395



sulcal depth of the bilateral insula were predictive of the
level of FNE, only the surface area of its right side was
also a predictor [59,60]; second, the volume of the right
(but not left) amygdala was another effective predictive
feature.  These  phenomena  might  be  of  clinical
significance,  because  some  other  studies  have  also
observed  right-side  activation  asymmetries  among
anxious  individuals  [61–63].  Theoretically,  the  current
findings echo the thoughts of Davidson et al. that certain
regions  of  the  right  hemisphere  are  specialized  for  the
processing  of  particular  negative  emotions  and  more
intense defensive responses [64–67].
Second,  a  large  number  of  areas  in  the  executive

control  network  were  involved  in  the  prediction  of
BFNE  score  (specifically,  the  right  middle  frontal
sulcus,  fronto-marginal  gyrus  and  sulcus,  inferior  and
superior frontal gyri, anterior cingulate gyrus and sulcus,
and  orbital  gyrus  and  sulcus)  [68,69].  Recent  studies
suggest  that  social  anxiety  could  be  better  understood
from the  interaction  between  the  affective  network  and
the  executive  control  network  [68].  That  is  to  say,  the
executive  control  network  is  responsible  for  regulating
excessive  and  inappropriate  emotional  response  to
threatening  social  information  [70,71].  As  pointed  out
by  Amaral,  social  anxiety  might  be  raised  from
dysregulation of the frontal  system (which is  the center
of  the  executive  control  network)  on  normal  amygdala
function  [48].  Jacob  et  al.  found  that  the  connectivity
between  the  affective  network  and  the  executive
control/reappraisal  network  might  be  particularly
important  for  SAD  diagnosis  [72].  It  is  therefore
understandable  that  multiple  regions  in  this  network
were highlighted in our results.
Other  than  that,  our  RVR  analysis  also  indicated

several  other  brain  regions  that  might  be  of  interest,
including  the  posterior  cingulate  gyrus/gyri  and
parahippocampal  gyrus.  As  we  mentioned  in  the
Introduction, these regions may not be directly involved
in social anxiety, but contribute to the development and
maintenance  of  FNE.  The  posterior  cingulate  gyrus
sustains  memory  retrieval  (especially  for  meaningful
and  emotionally  salient  events)  [73].  More  broadly
speaking,  the  posterior  cingulate  cortex,  in  which  the
posterior cingulate gyrus and gyri  are located, mediates
the  interaction  between  emotion  and  memory  [74,75].
Meanwhile,  the  parahippocampal  gyrus  is  critical  in
emotional  memory  encoding,  such  as  arousal-mediated
memory  effects  [76–78].  Accordingly,  we  suggest  that
these  regions  are  associated  with  the  encoding  and
retrieval  of  negative  social  experience,  which  then
reinforce the tendency to avoid being evaluated in social
situations (i.e., the behavioral component of FNE).
Noninvasive  neuroimaging  techniques  have  contribu-

ted to search for quantitative brain-based measurements

of psychiatric disorders [79,80]. Nevertheless, neuroima-
ging  markers  in  psychiatry  still  lack  the  level  of
precision  for  clinical  practice  [81].  As  pointed  out  by
Etkin, one of the major factors that limited the impact of
neuroimaging  efforts  is  the  failure  in  embracing  fully
data-driven  analyses  [80].  Here,  the  findings  of  this
study  show  that  data-driven,  machine-learning  algori-
thms  and  multivariate  tools  such  as  the  RVR  are
particularly  suitable  for  examining  neural  mechanisms
underlying  complex  traits  [82–84].  RVR  offers  a  good
way to measure interactions between structural  features
and  psychological  measures  beyond  that  of  traditional
univariate  brain  mapping  approaches,  and  has  great
potentials  to  aid  in  diagnosis  across  clinical  care
contexts [84]. We expect that the RVR, as well as other
multivariate predictive models, would be critical for the
relevant  field  to  move  toward  a  translational  neurosci-
ence era [39].
A  few  limitations  of  this  paper  should  be  addressed.

First,  while  our  results  reveal  a  broad  range  of  brain
areas that are predictive of individual level of FNE, the
functional connectivity between these areas is unknown.
Consequently,  it  is  undetermined whether  some (or  all)
of  these  areas  are  organized  into  large-scale  neural
networks  underlying  FNE.  As  we  pointed  out  before,
research on within- and between-network connectivities
in  social  anxiety  has  been  fruitful  in  recent  years
[85–87].  We  therefore  encourage  future  studies  to  take
functional  connections  between  the  brain  areas
highlighted  by  RVR  prediction  into  account.  Second,
combining data from different modalities (e.g., not only
structural but also functional data) may further improve
the  performance  of  our  prediction  model.  Third,  our
prediction  was  obtained  from  a  non-clinical  sample;
therefore,  it  remains  unclear  whether  the  same
biomarkers  are  also  effective  among  patients  who  are
clinically  diagnosed  with  SAD.  Finally,  there  are  three
versions of  the BFNE in previous psychometric  studies
(i.e., two 8-item variants and a 12-item variant), and it is
debated  which  of  these  versions  is  most  suitable  to
adequately  measure  FNE  [88,89].  Carleton  et  al.
suggested  that  the  validity  of  the  12-item  variant  was
actually  inferior  or  comparable  to  the  two  8-item
variants  [5].  Taking  these  issues  into  account,  the
reliability of the current findings (which were based on
the 12-item variant) should be re-examined in follow-up
research.
In  summary,  applying  RVR  on  structural  MRI

features has resulted in new discovery of biomarkers of
FNE.  Various  regions  across  the  brain  were  predictive
of  FNE on the individual  level,  which might  be related
to different aspects of its psychological mechanisms. We
argue  that  these  findings  serve  as  a  starting  point  that
would inspire further investigation to improve prediction

 

Chunliang Feng et al.

 

396 © The Authors (2022). Published by Higher Education Press



accuracy  and  generalizability.  They  may  also  provide
insights  into  neurobiology  of  social  anxiety  and
potential  targets  for  pharmacotherapy.  The  current
findings,  together  with  other  recent  studies  [90–93],
indicate  that  researchers  are  on  the  verge  of  a  detailed,
systematic  brain  map  of  anxiety,  which  covers  from
primitive  subcortical  mechanisms  to  sophisticated
cortical processes [94].

 MATERIALS AND METHODS

 Participants

Two  hundred  and  eighteen  adult  participants  (59
females;  age  22.10  ±  2.49  years,  range:  18 ‒36  years)
were  recruited.  All  the  participants  were  right  handed,
and  all  were  clear  of  organic  brain  diseases  or  any
abnormal nervous system manifestations. The study was
conducted  in  accordance  with  the  1964  Declaration  of
Helsinki and its later amendments, and was approved by
the Ethics Committee of Beijing Normal University. Writ-
ten informed consent was obtained from all participants.

 Brief fear of negative evaluation scale

To  assess  individual  differences  in  fear  of  negative
evaluation,  we  administered  the  brief  version  of  the
BFNE  [95].  The  BFNE  consists  of  12  items,  and  each
item is scored on a five-point Likert scale ranging from
1  (“not  at  all  characteristic  of  me”)  to  5  (“extremely
characteristic of me”). The reliability and validity of the
BFNE  have  been  demonstrated  by  previous  studies
[96,97].  People  scoring  higher  on  the  BFNE  scale  are
more  prone  to  avoid  the  prospect  of  being  evaluated
unfavorably.  The  Cronbach’s  alpha  coefficient  of  the
scale was 0.89 in the current sample.

 Magnetic resonance imaging (MRI) data
acquisition

Images  were  acquired  with  a  Siemens  TRIO  3-Tesla
scanner  at  the  Beijing  Normal  University  Imaging
Center  for  Brain  Research.  High-resolution  structural
images were acquired through a 3D sagittal T1-weighted
magnetization-prepared  rapid  acquisition  with  gradient-
echo  (MPRAGE)  sequence,  using  the  following
parameters: sagittal slices, 144; TR, 2530 ms; TE, 3.39 ms;
slice thickness, 1.33 mm; voxel size, 1 × 1 × 1.33 mm3;
flip  angle,  7°;  inversion  time,  1,100  ms;  FOV,  256  ×
256 mm2.

 Image processing

Individual T1-weighted MRI images were preprocessed

and  parceled/segmented  with  the  standard  (recon-all)
pipeline  in  Freesurfer  version  6.0  [98].  Four  measures
were  calculated  for  each  of  the  148  cortical  regions
across  hemispheres  according  to  the  Destrieux  atlas
(Fig. 4)  [99],  including  gray  matter  volume,  cortical
thickness,  sulcal  depth,  and  surface  area.  Moreover,
volume  measures  of  17  subcortical  regions  across
hemispheres were also extracted.

 Development of prediction model

The  morphological  measures  derived  from  cortical  and
subcortical regions (n = 609) were concatenated to yield
a  feature  vector  for  each  participant.  The  relationship
between  BFNE  scores  and  brain  morphometry  was
examined  using  multivariate  RVR  as  implemented  in
PRoNTo  and  in-house  scripts  running  under  Matlab
environment  (Mathworks,  2016  release).  RVR  is  a
sparse  kernel  learning  multivariate  regression  method
set  in a fully probabilistic  Bayesian framework [35].  In
this  framework,  a  zero-mean  Gaussian  prior  is
introduced over the model weights, and is governed by a
set of hyper-parameters, one for each weight. The most
probable  values  for  these  hyper-parameters  are  then
iteratively  estimated  from  the  training  data,  with
sparseness  achieved  due  to  posterior  distributions  of
many of the weights peaking sharply around zero. Those
training  vectors  associated  with  non-zero  weights  are
referred  to  as  “relevance”  vectors.  The  optimized
posterior distribution of the weights can then be used to
predict  the  target  value  (e.g.,  anxiety  score)  for  a
previously  unseen  feature  vector,  by  computing  the
predictive distribution [35].
In  the  current  work,  a  leave-one-out  cross  validation

(LOOCV)  was  used  to  evaluate  the  out-of-sample
prediction  performance.  N−1  participants  (where  N  is
the number of participants) were used as the training set,
with the remaining individual used as the testing sample.
During the training procedure, each feature was linearly
scaled to  a  range of  zero to  one across  the  training set,
and  then  an  RVR  prediction  model  was  constructed
using  this  training  set.  During  the  testing  procedure,
each testing participant’s feature vector was scaled using
the  scaling  parameter  acquired  during  the  training
procedure.  Following  this,  the  RVR  prediction  model
was used to predict the testing participant’s BFNE score
[100]. The training and testing procedures were repeated
for N times such that each participant was used once as
the testing participant.

 Evaluating the performance of the model

The  accuracy  of  prediction  was  measured  with
frequently  used  statistics  [100,101]:  (i)  the  correlation
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coefficient (r); and (ii) mean absolute error (MAE). The
permutation  test  was  applied  to  determine  whether  the
obtained  metrics  were  significantly  better  than  those
expected  by  chance.  More  specially,  we  permuted
BFNE  scores  across  training  samples  without
replacement  for  1000  times,  and  each  time  re-applied
the  above  LOOCV  prediction  procedure.  The
permutation  resulted  in  a  distribution  of  r  and  MAE
values  reflecting the  null  hypothesis  that  the  model  did
not  exceed  chance  level.  The  number  of  times  that  the
permuted  value  was  greater  than  (or,  with  respect  to
MAE,  less  than)  the  true  value,  was  then  divided  by
1000,  providing an estimated P-value for  each statistic.
Note  that  a  control  analysis  was  implemented  to
examine the significance of predictions for the model, so
as to control for potential confounds of age, gender, and
total  intracranial  volume.  In  particular,  the  association
between  actual  and  predicted  BFNE  scores  was
computed based on the residuals after adjusting for these
confounding variables [83,102].

 Contributing features and corresponding weights
of the model

To  quantify  the  contribution  of  each  feature  to
prediction,  we constructed  a  new RVR model  using  all
participants.  The  absolute  value  of  the  RVR  weight  of
each  feature  quantifies  its  contribution  to  the  model
[100,103].  Please  note  that  RVR  calculates  the  weight

for  samples.  As  RVR  is  a  sparse  model  in  the  sample
space, most weight will be zero; the remaining samples
with  non-zero  weight  were  used  to  fit  the  model.  The
regression  coefficients  of  all  features  were  determined
as  the  weighted  sum  of  the  feature  vector  of  the  non-
zero  weighted  samples  [100,103].  A  larger  absolute
value  of  weight  indicates  a  greater  contribution  of  the
corresponding  feature  to  prediction,  in  the  context  of
every  other  feature  [100,103,104].  The  feature  was
selected  for  visualization  if  the  absolute  value  of  its
weight  was  higher  than  10%  of  the  maximum absolute
weight  value.  We  applied  this  threshold  to  eliminate
noise  components  for  a  better  visualization of  the  most
discriminating regions [100,104].

 Model validation

A 10-fold cross-validation was applied to re-estimate the
prediction  performance  for  validation  purpose.  All
participants were divided into 10 subsets, in which nine
were  used  as  the  training  sets,  and  the  remaining  one
was used as  the testing set.  The training set  was scaled
and used to train an RVR prediction model,  which was
then  used  to  predict  the  scores  for  the  scaled  testing
data.  The  scaling  of  testing  data  used  parameters
acquired  from  training  data.  This  procedure  was
repeated  for  10  times,  so  that  each  subset  was  used  as
testing  set  once.  Finally,  the  correlation  r  and  MAE
between  the  true  and  predicted  scores  were  calculated

 

 

Figure 4.    Brain regions in the Destrieux atlas.
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across  all  participants.  Since  the  full  dataset  was
randomly  divided  into  10  subsets,  performance  might
have  depended  on  data  division.  Therefore,  the  10-fold
cross-validation  was  repeated  for  100  times,  and  the
results  averaged  to  produce  a  final  prediction
performance. A permutation test was applied 1000 times
to test the significance of the prediction performance.
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