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ABSTRACT
The understanding of suicidal ideation would be significantly enhanced by a biologically based measure that can meaningfully 
inform about the nature of the underlying neurocognitive alteration, as well as objectively identify individuals experiencing 
suicidal thoughts. Here we report on such an approach that assesses alterations in the neural representations of concepts related 
to death in people who engage in suicidal ideation. Young healthy control participants and participants with Suicidal Ideation 
thought about the meaning of 28 stimulus concepts, among them concepts referring to death or suicide, while their brain activity 
was assessed using fMRI. Their brain activity was analyzed using a machine-learning algorithm (Gaussian Naïve Bayes) to dis-
tinguish the two groups, based on their brain activity in brain regions previously found to be related to thinking about oneself. 
The classifier distinguished the two groups with moderate but reliable accuracy, based on alterations in the fMRI signatures of 
the self-representation when they thought about death-related concepts. The study establishes a biological, neurocognitive basis 
that identifies meaningful alterations in psychological representations in participants with suicidal ideation.

1   |   Introduction

While no definitive neural biomarkers for suicidal thoughts and 
behavior have been established, converging evidence suggests 
that alterations in brain structure, task-based activation, and 
functional connectivity support the search for neural markers 
for suicidal risk (Auerbach et al. 2021; Chen et al. 2022). In this 
study, we offer a new approach to the understanding of suicide 
risk that uses machine learning to detect alterations of the neu-
ral signatures of death-related concepts in suicidal individuals. 
This approach capitalizes on a growing body of research in 
cognitive neuroscience that uses machine learning techniques 
to identify individual concepts from their functional magnetic 

resonance imaging (fMRI) signatures (Just et al. 2010; Kassam 
et al. 2013; Mitchell et al. 2008).

The fMRI signatures of familiar concepts are common and 
reproducible across neurotypical individuals. Moreover, the 
signatures can be decomposed into meaningful psychological 
components. For example, the concept of spoon includes a neu-
ral representation of the way a spoon is manipulated (located in 
motor-related regions), as well as its role in eating (represented 
in gustatory areas such as insula and inferior frontal gyrus) 
(Just et al. 2010). Another example is that the concept of house is 
represented in regions related to shelter and physical setting or 
location (parahippocampal and parietal areas) (Just et al. 2010). 
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This approach has previously been used to detect altered neural 
representations of social interactions (e.g., hate or hug), enabling 
the reliable discrimination between 17 participants with high 
functioning Autism Spectrum Disorder and 17 matched neuro-
typical individuals based on their differential representations of 
such concepts (Just et al. 2014).

The current study used this approach to determine whether 
the neural representations of various concepts related to death 
are altered in a group of participants with suicidal ideation, rel-
ative to a control group. The neural signature of the stimulus 
concepts was treated as a decomposable biomarker of the under-
lying thought processes, with a focus on one particular compo-
nent of the concept representation. This focus was on a possible 
alteration in the representation of the self within death-related 
concepts, which has been shown to be affected in patients with 
suicidal ideation (Glenn, Werntz, et  al.  2017; Glenn, Lanzillo, 
et al. 2017; Nock, Park, et al. 2010).

While the research reported below focuses on neural represen-
tations involved in suicidal ideation, it is useful to acknowledge 
the distinction between suicidal ideation and behavior. Suicidal 
ideation and behavior show different patterns of familial trans-
mission (Lieb et al. 2005) and show a different clinical profile 
(Nock, Hwang, et al. 2010). Despite these distinctions, there is a 
clear relation between ideation and behavior; 33.9% of ideators 
go on to make an attempt (Nock et al. 2013) and the IAT is predic-
tive of both suicidal ideation and attempts (Moreno et al. 2022).

Behavioral evidence within the suicide literature motivates the 
study of altered neural representations of certain concepts in sui-
cidal individuals. An adapted version of the Implicit Association 
Test (IAT) that pairs death-related words and self-related words 
has repeatedly shown that individuals with suicidal ideation 
have an implicit association between concepts of death and the 
concept of self (Sohn et al. 2021). These studies suggest that sui-
cidal individuals find the death-related concepts (such as die, 
dead, deceased, lifeless, suicide, death, and funeral) to be more 
salient to themselves than do non-suicidal individuals (Cha 
et al. 2010), and they associate suicide- and death-related con-
cepts with self (Nock and Banaji 2007).

If there is increased self-related ideation in association with 
death-related concepts in people with suicidal ideation, then 
that alteration could potentially be detectable using a brain ac-
tivation measure, such as fMRI. Consistent with this view, an 
fMRI study examining neural activation patterns of healthy in-
dividuals during the death-IAT task found greater activation in 
the self-death than the self-life condition in two self-related re-
gions: right precuneus and right middle temporal gyrus/angular 

gyrus, indicating some neural distinctiveness of death-related 
concepts (Ballard et al. 2019). Neurosynth (https://​neuro​synth.​
org/​analy​ses/​terms/​​self%​20ref​erent​ial/​) helpfully provides an 
archive of fMRI studies from which the brain locations associ-
ated with self-ideation can be identified. Hypotheses regarding 
self-ideation activation can be tested in these a priori specified 
brain locations.

Building on previous studies, the current investigation applied 
machine-learning multivoxel analysis to fMRI brain activa-
tion data as people thought about various types of concepts, 
including death-related concepts. The goal was to detect ac-
tivation alterations, particularly in regions associated with 
self-representation, that can identify an individual as suicidal. 
The study tests the hypothesis that participants with suicidal 
ideation will reliably differ from non-suicidal control partici-
pants with regard to their neural representations of death- and 
suicide-related concepts. The study assesses whether a machine-
learning classifier can reliably determine whether a participant 
is a member of the suicidal ideation group or the control group. 
The study also investigates whether the neural representations 
of three other categories of concepts that are not related to death, 
namely positive concepts, negative concepts, and concepts per-
taining to attitudes towards suicide, are altered among those 
experiencing suicidal ideation, testing the specificity of our hy-
pothesized effects.

We previously published a paper on this topic that we later 
retracted after learning of a flawed statistical analysis (Just 
et al. 2017). The current paper reports a new study based on a 
much larger new sample and a corrected analysis.

2   |   Methods

2.1   |   Sample

Participants were 154 young adults, either with current suicidal 
ideation (SI, n = 89) or healthy controls with no personal or fam-
ily history of psychiatric disorder, or personal history of sui-
cide ideation/attempt, or mental health treatment (HC, n = 65). 
Another 33 participants were not included because they met 
exclusion criteria, including neurological disorders, anoxia his-
tory, head injuries, Wechsler verbal score < 80 (Wechsler 1999), 
current use of sedative medication, pregnancy, psychosis, ob-
sessive compulsive disorder, Autism Spectrum Disorder, acute 
mania, substance misuse, or positive urine drug/saliva alcohol 
screen, and ineligibility for magnetic resonance imaging (MRI). 
The final groups were balanced on gender ratio, age (range 
18–30), and WASI IQ. Participants in the suicidal ideator group 
were significantly more symptomatic than the control group on 
almost all other measures, as shown in Table 1.

Data from 77 additional participants (41 HC and 36 SI) were ex-
cluded because of inadequate fMRI data quality. Their rank classi-
fication accuracy of the 28 stimuli by a classifier, that is, identifying 
which one of the 28 stimulus items they were thinking about, was 
below 0.6, low relative to other such neurosemantic studies. This a 
priori assessment of data quality gauges whether a participant con-
sistently performed the thinking task for 3 s as instructed, focus-
ing on the properties of the stimulus concept, as opposed to letting 

Key Points

•	 Identification of a conceptual alteration in the rep-
resentation of self in suicidal ideation.

•	 Two particular concepts previously found to distin-
guish suicidal ideation using the behavioral d/sIAT, 
namely death and funeral, were found to also be dis-
tinguishing based on their neural representations.

https://neurosynth.org/analyses/terms/self referential/
https://neurosynth.org/analyses/terms/self referential/
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their mind wander to other thoughts, during the 25 min testing pe-
riod. Following a shift from a Verio to a Prisma MRI scanner mid-
way through the study (described below), the instructions added 
an emphasis on paying attention to the task and keeping still, and 
the yield increased from 66% to 73% for SI's and from 53% to 67% 
for HC's. Characteristics of the full set of 264 recruited individuals 
are presented in Supporting Information Table 1.

2.2   |   Procedures

Participants attended one lab-based session in which they com-
pleted a clinical assessment and engaged in a behavioral task 
during a fMRI scan. The purpose of the task and scan was to assess 
neural representations of suicide-related (vs. non-suicide-related) 
concepts. The study protocol was approved by the University of 
Pittsburgh (STUDY19020027: PRISM) and Carnegie Mellon 
University (STUDY2018_00000054) Institutional Review Boards. 
All participants provided informed written consent.

2.3   |   Clinical Assessment

History of suicide attempt (defined as potentially self-injurious be-
havior with some non-zero intention of dying) was assessed with 
the Suicide History Form and Suicide Intent Scale (Beck et al. 1974; 
Oquendo et al. 2003). The severity of suicidal ideation was assessed 
using the interview-rated Columbia-Suicide Severity Rating 
Scale (C-SSRS) (Posner et al. 2008), and the self-reported Suicide 

Ideation Questionnaire (A-SIQ) (Reynolds 1987). Cognitions pro-
tective against suicidal behavior were measured by the Reasons 
for Living scale (Linehan et  al.  1983). General psychopathol-
ogy, depression and anxiety, were assessed using the Structured 
Clinical Interview for DSM-5 (SCID-5) (First et al. 2016), the Adult 
Self Report (ASR) (Achenbach 2003; Achenbach et al. 1998), the 
Patient Health Questionnaire-9 (PHQ-9) (Kroenke et al. 2001), the 
Generalized Anxiety Disorder 7 (GAD-7) (Spitzer et al. 2006), and 
the two-item screen for detecting a history of physical or sexual 
abuse in childhood (Thombs et al. 2007). Additional assessments 
included the Barratt Impulsivity Scale, the Social Readjustment 
Rating Scale, the Sleep Disturbance Short Form A-Life (part of the 
Patient-Reported Outcomes Measurement System (PROMIS)), the 
Multidimensional Scale of Perceived Social Support (MSPSS), and 
an Aggression Questionnaire.

2.4   |   Task Description

Participants were presented with a set of 28 stimulus items, 6 times, 
in different random orders. Participants were instructed to actively 
think about the concept to which the stimulus word referred while 
it was displayed, thinking about the concept's main properties and 
attempting consistency across presentations. The stimuli were 28 
word-concepts, composed of four groups of 7 words each, related 
to: (1) suicide; (2) negative affect; (3) positive affect; and (4) atti-
tudes potentially related to suicidal ideation (e.g., angry, shame), as 
shown in Table 2. Each item was displayed for 3 s followed by a 4 s 
blank interval to allow the hemodynamic response to die down. 

TABLE 1    |    Demographic information and clinical variables.

Participants

Test statistic (df) p-ValueSuicidal ideators (n = 89) Healthy controls (n = 65)

Measure

Gender (Male:Female) 13:75 15:50 χa (1) = 1.94 0.16

Mean age 22.7 (3.49) 23.55 (3.35) t(151) = −1.21 0.23

WASIb IQ 112.54 (10.91) 111.85 (12.15) t(142) = 0.35 0.72

ASIQa 47.28 (21.84) 0.63 (1.26) t(151) = 17.09 0.000

PHQ-9c 12.92 (5.45) 0.92 (1.55) t(151) = 17.45 0.000

GAD-7d total 12.35 (4.43) 2.03 (2.77) t(152) = 16.56 0.000

Trauma/hite 0.157 (0.366) 0.03 (0.174) t(152) = 2.58 0.01

Trauma/touche 0.36 (0.483) 0.092 (0.292) t(152) = 3.96 0.000

Number of attempts 0.325 (0.469) N/A

Number of interrupted 
attempts

0.157 (0.366) N/A

Number of aborted 
attempts

0.258 (0.44) N/A

Note: The degrees of freedom in each cell vary as a function of the available data (some participants did not complete or elected not to answer some questions). 
Standard deviations are shown in parentheses.
aAdult Suicide Ideation Questionnaire.
bWechsler Abbreviated Scale of Intelligence.
cPatient Health Questionnaire.
dGeneralized Anxiety Disorder 7-items.
eA brief two trauma screener.
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Seventeen-sec long fixation intervals were included periodically to 
provide an activation baseline. The stimuli were displayed in white 
font and centered on a black background.

2.5   |   Image Acquisition and Preprocessing

Approximately 1/3 (74 of 231) of the participants were scanned on 
a Siemens Verio 3.0 Tesla scanner, and the remaining 2/3 were 
scanned on a Siemens Prisma 3.0 Tesla scanner after the Verio 
became inaccessible. There were no discernible differences in 
data quality between the scanners when participants recruited for 
equipment comparison only were tested. The processed data con-
sisted of the mean % signal change from the fixation condition of 
each voxel, averaged over four consecutive images acquired within 
a 4-s window, offset 4 s from the stimulus onset, to account for 
hemodynamic delay. These mean images for each stimulus item 
were then normalized (see Supporting Information S1).

3   |   Data Analysis

The primary analysis used a classifier to distinguish the SI and HC 
groups based on their brain activation as they thought about the 
meaning of particular stimulus items using three variations in the 
analysis. The main focus of the analysis was on the neural activa-
tion during the processing of the specific subset of seven stimulus 
concepts related to suicide, concepts of the type that had previously 
been shown in behavioral studies to have been altered in suicidal 
ideators, such as death, and funeral as well as the five additional 
suicide-related concepts shown in Table 2. The neural alteration 
distinguishing the SI and HC groups was expected to occur par-
ticularly in brain locations associated with self-reflection, as reg-
istered in the Neurosynth database. The ability to discriminate 
between the neural representations of the two groups was also ex-
amined for the three other categories of stimulus concepts, namely 
positive concepts, negative concepts, and concepts pertaining to 
attitudes towards suicide, as shown in Table 2. Below, three main 
facets of the data analysis are described.

3.1   |   Focus on the Activation in Brain Regions 
Associated With Self-Representation

The first analysis that tested for alteration of the self-representation 
component of the suicide-category concepts focused on an a priori 

measure of self-representation in the brain, with the goal of iden-
tifying group membership (SI vs. HC). The voxel clusters in this 
analysis were the seven largest clusters that were associated with 
self-referential processing, identified using Neurosynth's meta-
analysis database. The classification focused on the Neurosynth 
self-related brain locations, by thresholding and clustering the z-
map of those locations, resulting in seven brain locations (shown 
in Figure 1A). The centroids of the clusters were in the left pre-
cuneus, middle temporal gyrus, medial frontal gyrus, cingulum 
(anterior and middle), and bilateral angular gyrus. The activation 
level in each cluster was computed as the mean activation of the 
five most stable voxels in the cluster. Then, to focus the classifica-
tion on the most discriminating features, the optimal set of features 
(of the 49 possible features consisting of the activation levels for 7 
words in 7 locations) was selected only in the training set on each 
cross-validation fold (see supplemental materials). This analysis 
was also applied to the other three stimulus concept types (posi-
tive, negative, and attitude concepts). A variation on this analysis 
was conducted using only two death-related suicide concepts that 
were previously studies behaviorally and is labeled as the third 
analysis variation in the results.

3.2   |   Finding Clusters of Voxels With Stable 
Responses to the Stimuli

The second classification analysis was based on the activation 
of the two groups in regions that they both systematically acti-
vated in response to a given set of stimuli, without regard to the 
regions' association with self-representation in previous studies. 
The analyses focused on the voxels whose levels of differential 
activation over the set of stimulus items (or their semantic tun-
ing curve) was stable or consistent across the multiple presenta-
tions of the set of stimulus items. This feature selection method 
was applied because it has been demonstrated to select voxels 
whose activation levels constitute the neural signatures of a va-
riety of concept types (30–35). Voxel stability was computed over 
a specific set of concepts (e.g., the 7 suicide concepts) and the 
stable voxel clusters were defined as a contiguous set of at least 5 
voxels that were present in at least 10 participants in the training 
sets for both the SI and HC groups. Stable voxel clusters were 
selected by fold using only the training sets. Data from the vali-
dation and test sets were not used in this procedure so as not to 
bias the selection of these stable voxel clusters. Additional meth-
odological details are in the Supporting Information S1.

3.3   |   Machine Learning Methods

The classification used a nested cross-validation procedure pro-
posed by Varoquaux et al. (2017) in which the data are repeat-
edly partitioned into a validation set and a decoding set, and the 
mean classification of the validation set is obtained. A validation 
set consisted of approximately 25% of the data (with the con-
straint that the set contained an equal number of SI's and HC's).

A Gaussian Naïve Bayes (GNB) classifier (using pooled vari-
ance) was used. This classifier's multivariate nature is a good 
match to the phenomenon of interest here, which is inherently 
multivariate. Cognitively-driven phenomena typically simul-
taneously modulate activation in multiple voxels or voxel 

TABLE 2    |    Stimulus concepts.

Suicide Positive Negative Attitude

Apathy Bliss Boredom Angry

Death Carefree Criticism Burdensome

Distressed Comfort Cruelty Impulsiveness

Funeral Excellent Evil Pain

Gloom Good Inferior Perfectionism

Hopeless Praise Terrible Shame

Lifeless Vitality Trouble Worthless
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clusters that need not be proximal to each other. The classifier 
was trained on the decoding sets and it then classified each 
participant in the validation set as belonging to either the SI 
or the HC group. The accuracy of this classification was mea-
sured as the proportion of correctly classified participants. 
Statistical significance was obtained using permutation test-
ing, in which participant labels (SI or HC) were randomly 
assigned during the training of the classification model. The 
classification analysis was repeated while statistically con-
trolling for group differences in demographic variables and 
data quality using a regression method (Dukart et  al.  2011; 
Koikkalainen et al. 2012). The regression model was embed-
ded within the cross-validation and applied to the training set 
separately for each fold (see Supporting Information  S1 for 
additional information on the machine learning procedures).

4   |   Results

The main finding was that SIs could reliably be distinguished 
from HCs based on their representations of the seven suicide-
related concepts, using any one of three variations in the 

neurosemantic analysis. In all three cases, the two groups were 
reliably distinguishable using a Gaussian Naïve Bayes classifier: 
(1) by comparing the activation in self-related brain regions; 
(2) by comparing the activation in data-defined clusters of sta-
ble (systematically responsive) voxels; and (3) by limiting the 
suicide-related concepts to two specific death-related concepts 
in self-related brain regions.

First, the two groups (89 SIs and 65 HCs) were reliably distin-
guishable by a Gaussian Naïve Bayes classifier, based on their 
mean activation in clusters of stable voxels (averaged over the 5 
most stable voxels in each cluster) in self-related brain regions 
while the participants thought about the 7 suicide-related 
concepts, with a classification accuracy of 0.57 (p < 0.01; all 
p values were derived from permutation testing using the 
same parameters, as described in Supporting Information S1). 
Although this classification accuracy is modest, it neverthe-
less establishes a highly reliable statistical difference between 
the two groups in their neural representations of suicide-
related concepts. The relevant self-related regions involved 
in this analysis were defined a priori in the Neurosynth data-
base and then limited in this analysis to the 7 largest of these 

FIGURE 1    |    Location of activation in previously-identified self-related regions. (A) Locations of 7 largest self-related activation regions in previous 
studies, from the Neurosynth database. The centroids of the clusters (as numbered in the Figure) were in the left precuneus (1), middle temporal 
gyrus (2), medial frontal gyrus (3), cingulum: Anterior (4) and posterior (5), and bilateral angular gyrus: Left (6) and right (7). (B) Mean positive acti-
vation for the death-related words (funeral and death) in the 7 largest self-related clusters for the two groups. Activation in the SI group is indicated 
in green, the HC activation is indicated in red, and the overlap is in yellow. In the self-related regions, the proportion of participants with stable voxels 
was larger for the SI group than the HC group (t = 2.29, p < 0.025); the proportion of participants with a stable voxel in each location was used rather 
than the number of participants due to the different number of participants in each group.
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clusters, as shown in Figure  1A. In 90 random validation 
sets of the participant sample consisting of 20 SIs and 20 HCs 
that were used in the cross-validation procedure, a mean of 
14.5 of the 20 SIs (SD = 0.15) and 7.6 of the 20 HCs (SD = 0.18) 
were classified correctly (Sensitivity = 0.72, Specificity = 0.38, 
Positive Predictive Value [PPV] = 0.54, Negative Predictive 
Value [NPV] = 0.58). The group activation difference in these 
self-related clusters while they were thinking about the 7 sui-
cide concepts is shown in Figure 1B.

This analysis was repeated while statistically controlling for 
group differences in demographic variables and data quality 
using a regression method (Dukart et  al.  2011; Koikkalainen 
et  al.  2012). When controlling for group differences in age, 
the resulting classification accuracy of SI versus HC was 0.58 
(p < 0.01). When controlling for IQ, the accuracy was 0.56 
(p < 0.01). When controlling for differences in fMRI data quality 
(as indexed by the accuracy of identifying the 28 stimulus words 
from their neural signature), the two groups were distinguish-
able with an accuracy of 0.56 (p < 0.01). When controlling for all 
three variables (age, IQ, and data quality) simultaneously, the 
classification accuracy was 0.56 (p < 0.01). There was no change 
in classification accuracy when controlling for any other behav-
ioral variables, including measures of psychopathology.

Unlike the suicide-related concepts, the three other categories 
of stimulus concepts failed to distinguish the SIs and HCs above 
a chance level (negative affect classification accuracy = 0.51; 
positive affect = 0.51; personal attitude = 0.50), demonstrating 
that the neural response to suicide- and death-related words 
uniquely discriminated between SI and HC.

Thus, the basis of the neural identification of participants with 
suicidal ideation extends beyond an arbitrary difference in brain 
activation. Rather, it reveals a central property of the thought 
alteration in suicidal ideation, namely the neural manifestation 
of altered association between self-representation and the death-
related concepts, occurring in brain regions corresponding to 
self-representation.

Second, the two groups were also distinguishable without direct 
reference to the self-related regions, but assessed instead in brain 
locations containing clusters of stable voxels (voxels whose pat-
tern of responding within the training sets to the seven suicide-
related concepts was similar across multiple presentations of 
these stimuli and common across participants). Here the classi-
fication accuracy based on the activation for the seven suicide-
related words in these clusters of stable voxels was also 0.57 
(p < 0.01). In 90 random validation sets consisting of 20 SIs and 
20 HCs that were used in the cross-validation procedure, a mean 
of 14.7 of the 20 SIs (SD = 0.14) and 7.4 of the 20 HCs (SD = 0.16) 
were classified correctly (Sensitivity = 0.74, Specificity = 0.37, 
PPV = 0.54, NPV = 0.58). This finding suggests that the group 
distinction in neural representation of death-related words may 
extend beyond self-related elements of meaning.

When the group membership classification based on clusters of 
stable voxels controlled for group differences in age, the result-
ing classification accuracy of SI versus HC was 0.61 (p < 0.01). 
When controlling for IQ, the accuracy was 0.59 (p < 0.01). When 
controlling for differences in fMRI data quality, the two groups 

were distinguishable with an accuracy of 0.63 (p < 0.01). When 
controlling for all three variables simultaneously, the classifica-
tion accuracy was 0.59 (p < 0.01).

A third method (a variant of the first method) that reliably dis-
tinguished between the two groups was based on the represen-
tations of a small subset of the suicide concepts, namely the two 
concepts of death and funeral. This approach neurally echoes 
the behavioral finding of the ds/IAT, which shows a heightened 
association between the concept of self and the concept of death 
among SIs (Nock, Park, et al. 2010). A related behavioral study 
found differences between SI and control participants in their 
implicit associations between death-related concepts (dead, fu-
neral, and suicide) and the concept of self in an emotional Stroop 
test (Cha et al. 2010). The neural findings converge with the be-
havioral findings of an alteration of self-representation with re-
gard to these concepts in participants with suicidal ideation. The 
group membership classification analysis for distinguishing the 
SIs from the HCs reliably classified the groups with a rank clas-
sification accuracy of 0.54 (p < 0.01). After controlling for group 
differences in age, the accuracy was 0.58, p < 0.01; controlling 
for differences in IQ, it was 0.58, p < 0.01; controlling for differ-
ences in fMRI data quality, it was 0.56, p < 0.01; and controlling 
for all three variables simultaneously, it was 0.56, p < 0.01.

Thus, there are several related ways in which the neural repre-
sentations of concepts related to suicide and death are altered in 
participants with suicidal ideation, particularly suggesting that 
it is the representation of self that is altered with respect to these 
concepts.

5   |   Discussion

The main finding regarding the alteration of neural represen-
tations in suicidal ideation is that thoughts of death-related 
concepts evoke activation of the representation of the self. This 
finding indicates that in suicidal ideation, the representation of 
the self is altered so as to be associated with death. This import-
ant feature of suicidal ideation had previously been indicated by 
a behavioral assessment, the death-suicide Implicit Association 
Test, which pointed to an alteration of self-representation in sui-
cidal ideation (Glenn, Werntz, et al. 2017; Nock, Park, et al. 2010; 
Nock and Banaji  2007; Sohn et  al.  2021). The current study 
clearly substantiates the construct validity of this interpreta-
tion in terms of the underlying brain function. It was precisely 
in the a priori defined self-related regions where the distinc-
tion between the suicidal ideators and control participants was 
manifested. The study thus provides neurobiological support to 
the theoretical and experimental formulations using the Death 
Suicide IAT, that suicidal patients strongly identify themselves 
with death and suicide.

The study also demonstrated the ability to identify suicidal ide-
ation in terms of alterations in the neural representations of sui-
cide and death-related concepts. The recently developed fMRI 
methods for assessing the neural representation of a concept 
make it possible to compare neurotypical to clinical represen-
tations of concepts. The specific concepts of funeral and death, 
which had previously been shown to be altered in people with 
suicidal ideation using behavioral measures (Cha et  al.  2010; 
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Nock and Banaji 2007; Sohn et al. 2021) were found here to be 
neurally altered in the SI with respect to self-representation. The 
finding suggests that other psychiatric conditions may also be 
identifiable via the underlying neural alterations of the affected 
conceptual representations.

There are several potential clinical benefits of this neurose-
mantic approach. The study's corroboration of the construct 
that suicidal ideation entails alteration of self-representation 
with respect to death-related concepts could be useful in in-
forming clinical practice. The findings may also be useful in 
guiding a clinician's decisions about psychotherapeutic targets 
and in monitoring overall suicidal risk. In fact, Franklin and 
colleagues developed a therapeutic game based on the results of 
the IAT called Therapeutic Evaluative Conditioning (TEC). TEC 
was designed to increase positive regard for the self, and to aver-
sively condition the user to self-harm. In three studies encom-
passing 308 individuals, during the month when the participant 
was using the game, they showed reductions in self-injury, sui-
cide planning, and suicide attempts, with the effects mediated 
by changes in identification of self with self-harm (Franklin 
et  al.  2016). The neurosemantic approach can also guide the 
development of less costly methods that can potentially yield 
similar information, such as EEG assessment of neural concept 
representations, as demonstrated for neurotypical participants 
(Suppes et al. 1999).

Although the main obtained classification accuracies rang-
ing from 0.57 to 0.61 are too low for the current version of the 
fMRI task to be directly clinically useful, an alteration of the 
task could well alleviate the limitation. A revised version of the 
task could eliminate the categories of concepts that don't distin-
guish suicidal ideation, making it much easier for participants 
to focus on performing the concentrated thinking task within 
a considerably shorter time period. An abbreviated version of 
the task would likely make the concepts adequately identifiable 
in a much higher proportion of participants, and even within 
the participants with adequate data quality, the classification 
accuracy could be increased. The age of the participants may 
also explain in part the relatively low classification accuracy. In 
a study of the performance of the Death/Suicide IAT across the 
lifespan, the younger the participants, the lower the effect size, 
with an inverse correlation of effect size with age of −0.43 (Ruch 
et al. 2024).

Before discussing these findings further, we note some study 
strengths and limitations. Strengths include a large, well-
characterized sample and established analyses of neural sig-
natures of concepts to test a priori hypotheses. While finding 
relatively high sensitivity, neural signatures of SI showed low 
specificity, resulting in an area under the receiver operating 
curve (AUROC) of around 0.6. Another limitation already men-
tioned is that some participants failed to provide data of sufficient 
quality to be included due to their low levels of attention during 
the procedure. As noted above, future work with a shorter bat-
tery of informative stimulus word-concepts may help to increase 
the proportion of individuals who provide reliable data using this 
procedure. In addition, the comparison between SI and HC did 
not include psychiatric controls. However, statistical control for 
psychopathology did not change the study findings.

The results of this study are convergent with two observations 
about language use in suicidal individuals. First, suicidal indi-
viduals are more likely to use words related to death and sui-
cide. Second, they are more likely to use first-person pronouns 
in conjunction with these words (Homan et al. 2022). The al-
teration of neural representations of suicide-related concepts 
in brain areas related to self-reference is consistent with both 
linguistic tendencies. The preoccupation with death appears to 
combine with a preoccupation with the self in suicidal ideation, 
manifested as an association of the self with suicide.

The findings from this study add to the literature reporting 
neural alterations associated with suicidal ideation and be-
havior. While other neuroimaging studies have reported al-
terations in regional brain volume, task-based activation, and 
resting-state functional connectivity (see Schmaal et al. 2019 
for a review), to our knowledge, this is the first study to show 
a neural difference in concept representations in those with 
suicidal thoughts. This study is distinctive in neuroimaging 
research on suicidal ideation and behavior because it directly 
focuses on how suicidal individuals think about various con-
cepts by identifying brain activation patterns associated with 
those concepts, rather than on responses to tasks that, how-
ever salient, may not mirror the experience of the suicidal per-
son as directly.

fMRI capabilities have made it possible to characterize the al-
tered brain activity of a clinical population as having a higher 
or lower level of activation in a given brain region than a control 
group during the performance of some task. By contrast, our 
approach attempts to characterize a network of altered neural 
activity that constitutes the representation of a concept. The cur-
rent study makes an early attempt at relating a pattern of activa-
tion values across multiple brain locations to neurotypical and 
altered representations of particular concepts in a manner that 
relates the brain activity to a psychological state. At the same 
time, it remains possible to determine which brain structures 
are the sites of a clinical alteration.

The implications of the findings are that self-representation 
is altered in those with suicidal thoughts. The fMRI data sup-
port these neurally-based psychological findings, as well as 
behaviorally-based findings. Thus, therapeutic efforts to help 
the patient break this tight self-association with suicide and 
death should be highly consequential, as has been demonstrated 
by Franklin et al. (2016).

The study thus provides neurobiological support to the theoreti-
cal and experimental formulations using the Death Suicide IAT, 
that suicidal patients strongly identify with death and suicide 
and that this identification increases their risk for eventual sui-
cidal behavior (Mundt et  al.  2013). Although suicidal ideation 
and suicidal behavior are distinguishable, there is nevertheless 
evidence of their relatedness. The greater the severity of suicidal 
ideation, the greater the likelihood of eventual suicidal behavior 
(Mundt et al. 2013).

The Implicit Association Test has repeatedly shown that it 
discriminates between suicidal ideators and controls and is 
predictive of future suicidal ideation and behavior (Moreno 
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et  al.  2022). Our findings provide neurobiological corrobo-
ration of the results of the IAT. The “tighter” the connection 
between self and suicide, the greater the risk for suicidal be-
havior. This may explain why aspects of suicidal ideation, 
like rumination, lack of controllability, and intrusion, are all 
associated with an increased risk for future suicidal behavior 
(Daray et al. 2025). The closer the identification of the self with 
suicide and death, the greater the difficulty that a suicidal in-
dividual can encounter in gaining control over his or her sui-
cidal thoughts, generating alternatives, and feeling hopeful 
about the future.

The overarching contribution of the study is its linking of a se-
rious psychiatric condition with a conceptual alteration in the 
brain. Brain function can be analyzed at several different levels, 
and it is informative to relate a psychiatric alteration to a neu-
rocognitive alteration, making it more understandable, measur-
able, and potentially treatable (Kessler et al. 2015).
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