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A B S T R A C T   

Functional neuroimaging has the potential to help identify those at risk for self-injurious thoughts and behaviors, 
as well as inform neurobiological mechanisms that contribute to suicide. Based on whole-brain patterns of 
functional connectivity, our previous work identified right amygdala and right middle temporal gyrus (MTG) 
connectivity patterns that differentiated Veterans with a history of a suicide attempt (SA) from a Veteran control 
group. In this study, we aimed to replicate and extend our previous findings by examining whether this aberrant 
connectivity was present prior to and after a SA. In a trauma-exposed Veteran sample (92 % male, mean age =
34), we characterized if the right amygdala and right MTG connectivity differed between a psychiatric control 
sample (n = 56) and an independent sample of Veterans with a history of SA (n = 17), using fMRI data before and 
after the SA. Right MTG and amygdala connectivity differed between Veterans with and without a history of SA 
(replication), while MTG connectivity also distinguished Veterans prior to engaging in a SA (extension). In a 
second study, neither MTG or amygdala connectivity differed between those with current suicidal ideation (n =
27) relative to matched psychiatric controls (n = 27). These results indicate a potential stable marker of suicide 
risk (right MTG connectivity) as well as a potential marker of acute risk of or recent SA (right amygdala con-
nectivity) that are independent of current ideation.   

1. Introduction 

Assessing risk for suicide, while critical for prevention and treat-
ment, has only modestly improved in the past 50 years (Nock et al., 
2008; Franklin et al., 2017), indicating the need to identify new pre-
dictors of self-injurious thoughts and behaviors (SITBs). In response to 
this need, recent work has focused on identifying the neurobiological 
mechanisms underlying SITBs, which could serve as novel and com-
plementary predictors of suicide risk. This growing neuroimaging 
literature has revealed associations between SITBs and brain regions 
involved in emotion regulation, inhibitory control, cognitive flexibility, 
and reward networks (Schmaal et al., 2020; Bryan and Rozek, 2018; 
Auerbach et al., 2017). One brain region that has drawn recent attention 

is the lateral temporal cortex, specifically the superior and middle 
temporal gyri, which have been structurally and functionally associated 
with suicide attempts (Pan et al., 2015; Chen et al., 2022; Stumps et al., 
2021), suicidal ideation (Chen et al., 2022; Vidal-Ribas et al., 2021; 
Wiglesworth et al., 2021), lethality of attempts (Soloff et al., 2014), and 
have been implicated in inhibitory control and emotion processing 
deficits related to SITBs (Soloff et al., 2014; Crawford et al., 2020; Feng 
et al., 2015; Ballard et al., 2019). Despite these advances, the current 
literature has primarily been limited to observing brain connectivity or 
activation related to current or past SITBs, leaving open the question of 
whether these markers are present prior to SITBs, thus representing a 
potential risk factor (Schmaal et al., 2020; Huang et al., 2020). Further, 
while some consistent brain correlates of SITBs have emerged (Schmaal 
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et al., 2020; Auerbach et al., 2021), results have varied considerably, 
including a prominent null finding in a large sample (Campos et al., 
2021). Therefore, independent replication is critical to assessing the 
reliability and utility of these neurobiological markers of SITBs. 

In our recent work, Stumps and colleagues (Stumps et al., 2021) 
examined resting-state functional connectivity in individuals with a 
history of suicide attempt relative to a control group with matched PTSD 
and depression symptoms, using a graph-analytic approach that iden-
tified “hubs of dysfunction” that differentiated these two groups. This 
study identified two brain regions, the right amygdala and the right 
middle temporal gyrus (MTG), as hubs with a greater number of con-
nections across the brain that differed between those with versus 
without a history of a suicide attempt. The right amygdala’s aberrant 
connectivity pattern in those with a suicide attempt was distributed 
across multiple brain networks including the frontoparietal control 
network (Stumps et al., 2021). Connectivity between the amygdala and 
the frontoparietal control network supports emotion regulation and 
cognitive control (Banks et al., 2007; Morawetz et al., 2017), and 
dysfunction of this pathway could contribute to reduced control of sui-
cide cognitions (Schmaal et al., 2020; Jollant et al., 2011). The amyg-
dala is also involved in stress, threat, and negative affect, such that 
broader changes in amygdala functional connectivity could be related to 
suicidal ideation (Ballard et al., 2020), as well as posttraumatic stress 
disorder (PTSD; Jagger-Rickels et al., 2021; Liberzon and Abelson, 
2016). In contrast to the amygdala, the right MTG’s aberrant connec-
tivity pattern was primarily with regions in the default mode network 
(DMN) (Stumps et al., 2021). Less is known about the MTG’s role in 
SITBs (Just et al., 2017); however, since the DMN is often implicated in 
rumination (Zhou et al., 2020) and mind wandering (Godwin et al., 
2017), alterations in this region’s connectivity could increase rumina-
tion or negative self-related thoughts. Despite these initial positive 
findings, given the small sample, inconsistencies in the suicide/fMRI 
literature, and more broad replication concerns in neuroimaging of 
psychopathology (Marek et al., 2022; Esterman et al., 2020; Ben-Zion 
et al., 2023), attempts to replicate these brain markers are critical. Even 
if replicable, it remained an open question if these brain markers were 
present prior to an attempt, reflecting a potential risk factor for SITBs, or 
were rather a consequence of acute stressors surrounding suicidal 
behavior. 

To address these questions, the current study aimed to both replicate 
these prior correlates of past suicide attempt and extend these results to 
determine if these markers were present prior to a suicide attempt or 
related to current suicidal ideation. Using data from a longitudinal study 
of post-9/11 Veterans, we identified individuals reporting a suicide at a 
follow-up assessment but who had not reported any suicide attempts at a 
previous assessment (1–2 years earlier). Then, using the neuroimaging 
available either after a reported suicide attempt or prior to a reported 
suicide attempt, we investigated the following using a cross-sectional 
design. First, using the neuroimaging after a suicide attempt, we 
determined if the right amygdala and right MTG connectivity differen-
tiated those who had attempted suicide from a psychiatrically matched 
control group that were identified using identical matching procedures 
to the previous study (Stumps et al., 2021). Then, using the neuro-
imaging from before a reported suicide attempt, we determined if the 
right amygdala and right MTG connectivity differentiated those who go 
on to suicide attempt in the next 1–2 years. Additionally, we identified 
participants who reported current SI (and no history of suicide attempt) 
at the corresponding neuroimaging sessions to determine if the right 
amygdala and right MTG connectivity differentiated those with current 
SI from a matched control group. Thus, we aimed to both replicate the 
prior results and determine if these resting-state connectivity patterns 
could be indicators of future risk or current ideation. 

2. Methods 

2.1. Participants 

Participants were recruited from the longitudinal cohort study at the 
Translational Research Center for Traumatic Brain Injury and Stress 
Disorders (TRACTS) of the Veteran Affairs Boston Healthcare System 
(for a detailed description of recruitment, exclusion criterion, and the 
characteristics of the TRACTS dataset see (McGlinchey et al., 2017)). At 
the time of this study, the initial sample size was 598 post-9/11 deployed 
Veterans. After removing participants that were a part of our previous 
study (n = 82), 287 participants remained that had at least one suicide 
assessment (see Clinical Assessments: Suicide Attempt) and one resting- 
state fMRI measurement. All research procedures were approved by the 
Institutional Review Board of Human Studies Research at the VA Boston 
Healthcare System. Participants provided informed consent and were 
compensated for their participation. 

2.2. Clinical assessments 

Suicide Attempt: Suicide attempt was assessed with the Beck Scale 
for Suicide Ideation (BSSI; Beck and Steer, 1991), a self-report measure 
with high internal reliability (Cronbach’s alpha = 0.95) in a Veteran 
sample (Gutierrez et al., 2019). Specifically, a suicide attempt was 
determined by question 20 on the scale from zero to two which directly 
inquires if the participant has attempted suicide (zero attempts, one 
attempt, two or more attempts). This question was then converted to a 
dichotomized variable used to indicate those with a SA (BSSI question 
20 > 0) or without an SA (BSSI question 20 = 0). 

Suicidal Ideation: Suicidal ideation was assessed using the BSSI. 
Specifically, we used the total score on the BSSI (the sum of questions 
1–19) as the primary measure of suicidal ideation. 

Psychiatric Assessment: Other psychiatric assessments were used 
to match the SA/SI and Psychiatric Control (PC) groups based on psy-
chopathology. Major depressive disorder (MDD; current and history) as 
well as current anxiety and substance use disorders, were diagnosed 
using the Structured Clinical Interview for DSM-IV Axis I Disorders Non- 
patient Edition (SCID-I/NP; First et al., 2002). Self-reported depression 
and anxiety symptom severity were assessed using the Depression, 
Anxiety, and Stress Scale (DASS-21; Henry and Crawford, 2005; Lovi-
bond and Lovibond, 1995), posttraumatic stress disorder (PTSD) diag-
nosis and severity were assessed using the Clinician-Administered PTSD 
Scale (CAPS-IV; David Blake et al., 1995). To further characterize theses 
samples, we also obtained demographics (age, gender identity, race and 
ethnicity, verbal IQ, combat exposure) and clinical comorbidities (life-
time TBIs, pain, and sleep; see Supplemental Methods). 

2.3. Clinical group assignment 

2.3.1. Study 1 
Suicide Attempt Groups (SAþ): First we identified TRACTS par-

ticipants that reported a SA on the BSSI at a follow-up assessment. Since 
these participants had a prior study visit (i.e., 1–2 year prior), the prior 
suicide assessment was examined to determine if the suicide attempt 
was between baseline and follow-up, as indicated by no SA reported at 
baseline. However, the BSSI was not initially included in TRACTS’ study 
design, but was added later due to the steep increase in the suicide rate 
among trauma-exposed Veterans (Black et al., 2011; United States 
Department of the Army, 2010; United States Department of Defense, 
2018). For those with a BSSI at follow-up that reported a SA but who did 
not have a BSSI at a previous assessment, we used the SCID-I/NP, which 
was administered to all participants, to determine a potential history of 
SA prior to the follow-up assessment. We identified 17 participants who 
met the criterion of reporting a SA at follow-up without a prior history of 
SA 1–2 years earlier at the baseline assessment (see Fig. 1A). Next, the 
Pre-SA+ and Post-SA+ groups were defined based on the available 
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neuroimaging before (Pre) and/or after (Post) reporting a SA (see 
Fig. 1A). Those with neuroimaging data available after this reported SA 
(at follow-up) were included in the Post-SA+ group (n = 10), and those 
with neuroimaging before a reported SA (at baseline) were included in 
the Pre-SA+ group (n = 16). Nine of the 17 participants had neuro-
imaging both before and after the reported SA (Fig. 1B). 

Matched Control Group (SA¡): We restricted the Matched Control 
(SA− ) group selection to only those with baseline neuroimaging and no 
reported history of a SA on either their SCID or BSSI (n = 270). We used 
an a priori matching algorithm in R Studio (‘MatchIt’; Allaire, 2012; Ho 
et al., 2007) identical to the algorithm used in our previous study 
(Stumps et al., 2021) to match the SA+ and SA− groups based on their 
baseline PTSD, depressive, and anxiety symptom severity (CAPS-IV and 
DASS-21), age, and education. To this end, we identified 56 Veterans 
with baseline neuroimaging and matched symptoms and demographics 
to our SA+ group. Of these 56 without SA, 26 participants’ SA history 
was identified with the BSSI and 30 participants’ SA history was iden-
tified using the SCID. A matched control group ensured that group dif-
ferences in functional connectivity were not due to differences in 
observable clinical symptom severity. 

2.3.2. Study 2 
Of the participants that had not already been included in the SA+ or 

SA− groups, 143 participants had a BSSI measurement and neuro-
imaging at the same assessment. This allowed the identification of 
groups with and without suicidal ideation, all of whom did not have a 
reported SA. 

Current Suicidal Ideation Group (SIþ): Participants that scored 
greater than zero on their total BSSI score (without reporting SA) were 
included in the SI+ group (n = 27). 

Matched Control Group (SI¡): Those participants that scored a 
zero on their BSSI total score, were included in the Matched Control 
(SI− ) selection process. Using the same matching algorithm described in 
the previous section, we identified 27 Veterans with matched clinical 
symptoms and demographics to the SI+ group. 

2.4. Resting-state fMRI acquisition and processing 

2.4.1. MRI acquisition and processing 
Two T1-weighted anatomical MPRAGE scans (TR = 2530 ms, TE =

3.32 ms, flip angle: 7◦, 1-mm isotropic) were acquired for inter- 
participant registration and normalization. Two six-minute T2* 
weighted fMRI scans (gradient echo-planar imaging – TR: 3000 ms, TE: 
30 ms, flip angle: 90◦, 3 × 3 × 3.7 mm slices for 38 slices, total of 240 
volumes) were acquired during resting-state. During resting state scan-
ning, Veterans were instructed to keep their eyes open and stay awake. 
Resting state data was acquired on either a 3 T Siemens MAGNETOM 
Trio, using a 12-channel head coil, or PrismaFit, using a 20-channel head 
coil (scanner upgrade; Trio: 76 % participants, Prisma: 24 % 
participants). 

Image Processing: Resting-state fMRI images were preprocessed 
using AFNI (Cox, 1996) was identical to the previous suicide-fMRI study 
(Stumps et al., 2021). This processing pipeline included motion 
correction, registration to standard space, slice time correction, scan 

17 participants with SA at 1 -2 year Follow-up 
(BSSI) but without SA at baseline (BSSI or SCID)

A. 
Groups defined by 

available Neuroimaging

Pre-SA+ Post-SA+ 

16/17 with Baseline 
Neuroimaging

4/16 with BSSI 
12/16 with SCID

B. 
Participant Overlap

Only Pre-SA+ Only Post-SA+n = 1 

n = 9 

n = 7 
Both Pre-SA+ and 

Post SA+

Participant Selection for SA+ Groups

10/17 with Follow -up 
Neuroimaging

10/10 with BSSI 

Fig. 1. Description of SA+ groups: This flow chart describes the selection of the participants in the Pre-SA+ and Post-SA+ groups. Pre-SAþ = group with a history of 
suicide attempt, neuroimaging before a reported suicide attempt, Post-SAþ = group with a history of suicide attempt, neuroimaging after a reported suicide attempt, 
BSSI = Beck Scale for Suicide Ideation, SCID = Structured Clinical Interview for DSM-IV. 
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concatenation, censoring of timepoints with a framewise displacement 
(>0.5 mm), 6 mm FWHM Gaussian smoothing, followed by regression of 
motion parameters, white matter time series, ventricle time series, 
global signal, and high-pass filtering via linear, quadratic and cubic 
detrending. We chose to include global signal regression since it removes 
motion and respiratory artifacts and previous work suggests that 
regressing out global signal improves resting-state connectivity/ 
behavior relationships (Li et al., 2019). Control for head motion con-
founds in resting-state involved removing individuals with >20 % of 
their functional MRI scan censored during preprocessing (n = 12). Those 
with mean edge-wise functional connectivity greater than three stan-
dard deviation from the mean were removed as functional connectivity 
outliers, but no participants met this criteria in this sample. The times-
eries from each voxel went through additional cleaning steps. First, if the 
mode of the timeseries value at a given voxel composed >20 % of the 
values within that voxel, that voxel was removed due to signal loss. 
Next, for each timeseries, timepoints censored in preprocessing were 
imputed via linear interpolation. Finally, in order to reduce the influ-
ence of extreme values when computing functional connectivity, out-
liers in each timeseries that were greater than or less than four standard 
deviations from the mean were reassigned the threshold value at four 
standard deviations (i.e. clipping; McNorgan and Joanisse, 2014). 

Brain Parcellation: The brain was parcellated using a 7-network 
atlas from Schaefer and colleagues (Schaefer et al., 2018) that parses 
the cortex into 200 nodes (regions) embedded within 7 large-scale 
cortical networks identified by Yeo et al (Thomas Yeo et al., 2011). In 
addition, we extracted the timeseries of the bilateral amygdala and 
hippocampus from a subcortical atlas developed by Tullo and colleagues 
(Tullo et al., 2018), as these regions are commonly implicated in 
neuropsychiatric disorders, including STBs (Jollant et al., 2011; Lippard 
et al., 2014; Schmaal et al., 2020). The final parcellation included 204 
parcels/ROIs. The average timeseries were extracted from each node 
(averaged across the set of voxels within the node) and correlated 
(Pearson) across nodes for a total of 20,706 pairwise correlations or 
connectivity features. 

2.5. Analysis plan 

Overview. The goal of the current study was to examine if functional 
connectivity hubs (the right amygdala and right MTG) previously 
associated with a history of suicide attempt 1) replicated in an inde-
pendent sample 2) were present 1–2 years before a suicide attempt 3) 
were associated with current suicidal ideation. This required several 
steps to test each of these three aims. The first step was to select all of the 
connections found to be associated with SA in the previous study (34 
with right amygdala and 25 with the right MTG). We reasoned that 
some, but not all of these connections would replicate in these new 
samples and analyses. Thus, we examined if all, or a subset of these 
connections differentiated our clinical groups (i.e., Post-SA+, Pre-SA+, 
SI+) from matched control groups (SA− , SI− ). This was done by 
considering a range of hub thresholds, from all the connections in the 
hub to only the most significant connection for the hub, based on our 
previous study (independent data). For the second step, we computed 
hub scores across this range of thresholds (from all connections to the 
single most significantly reliable connection) in our current sample 
(thresholds based on independent data). Lastly, after comparing these 
hub scores between groups (e.g., Pre-SA+ vs SA− ) at all thresholds, a 
rigorous multiple comparisons correction was conducted to account for 
considering whether 1:n (differentially thresholded) hub scores differ-
entiated the groups. Details of each step follow. 

2.5.1. Step 1: a priori definition of hub scores 
Step 1a. Selection of functional connections: The connectivity 

examined in this study were defined from the results of our previous 
study, which used the same imaging acquisition, pre-preprocessing, and 
parcellation in an independent sample (Stumps et al., 2021). Stumps and 

colleagues (Stumps et al., 2021) identified two “hub” regions, the right 
amygdala and right medial temporal gyrus (MTG), that exhibited 
significantly more connections across the parcellation that differed be-
tween Veterans with a prior SA compared to trauma-exposed control 
Veterans. In this previous study, the right amygdala exhibited 34 sig-
nificant connections that differentiated between groups (Fig. 2A), while 
the right MTG exhibited 25 significant connections that differentiated 
between groups (Fig. 2B). 

Step 1b. Reversing Negative Associations: Next, we had to 
consider whether the connection was positively or negatively associated 
with a suicide attempt in the original independent data. To compute an 
average hub score, any connection that demonstrated a negative asso-
ciation (e.g., lower connectivity associated with a prior SA) was reversed 
by simply multiplying by − 1. This ensured that the mean of all con-
nections reflected a positive “suicide-related” score that could be eval-
uated in the current study’s independent data. Critically, the 
connections were reversed based solely on the original, independent 
dataset, and then applied to the current dataset in Step 2. 

Step 1c. Hub score computation: It is plausible that some of those 
observed hub connections from our previous study were spurious. 
Therefore, we considered a range of possible hub score thresholds, 
ranging from the original total hub score (the mean of all 34 or 25 
connections, depending on the hub) to only the most statistically reliable 
connection (strongest connection of each hub). This led to 34 hub scores 
for the right amygdala, and 25 hubs scores for the right MTG. A visu-
alization of this procedure is provided in Fig. 2C. 

2.5.2. Step 2. Comparing hub scores across clinical groups 
Once hub scores were calculated for both the right amygdala and 

right MTG, we conducted non-parametric tests (Wilcoxon Rank Sum) 
comparing each hub scores across all three analyses (Post-SA+ vs. SA− , 
Pre-SA+ vs. SA− , and SI+ vs SI− ). This resulted in 34 statistical tests for 
the amygdala hub and 25 for the MTG hub for each group comparison. 

2.5.3. Step 3. Multiple comparison correction 
To correct for multiple comparisons inherent to calculating 34 or 25 

statistical tests for each hub respectively, we used the following pro-
cedure. First, we randomized group membership (e.g., of the Pre-SA+
group and SA− group), then calculated the statistical difference (p- 
value) between these randomized groups for all hub score thresholds. 
This was repeated 10,000 times, generating a distribution of p-values 
that we used to calculate an empirical alpha that corrects for multiple 
comparisons. Specifically, we identified the minimum p-value across all 
hub scores (i.e., either the minimum of 25 or 34 scores) across each of 
the 10,000 random iterations. Of these 10,000 minimum p-values, we 
identified the minimum p-value cutoff that encompassed the lowest 5 % 
of random iterations. This 5 % alpha-value served as the alpha corrected 
for multiple comparisons (i.e., corrected p-value of 0.05) for the p-values 
observed across all thresholds of hub scores. This randomization and 
calculation of a corrected p-value procedure were repeated for each of 
the six analyses: amygdala hub for Post-SA+ versus SA− , amygdala hub 
for Pre-SA+ versus SA− , amygdala hub for SI+ versus SI− , MTG hub for 
Post-SA+ versus SA− , and MTG hub for Pre-SA+ versus SA− , and MTG 
hub for SI+ versus SI− . 

3. Results 

3.1. Demographics 

SA+ groups did not significantly differ from SA− , nor did SI+ from 
SI− , on psychiatric and demographic variables. See Table 1 for more 
details. This demonstrates the success of the matching process. 

3.2. SA-related hubs of dysfunction (HoD) 

Post-SAþ HoD: We found evidence for both the right amygdala and 
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right MTG hub scores as differing between the Post-SA+ group and SA−
group, consistent with our previous study (Fig. 3). For the right amyg-
dala hub, 31 out of the 34 hub scores passed the uncorrected threshold 
(p < 0.05), with nine surviving correction for multiple comparisons 
(corrected threshold p < 0.0098). The functional connections within 
these hub scores were spread across visual, somatomotor, and fronto-
parietal control networks (Figs. 2 and 4). These nine hub scores sur-
viving correction for multiple comparisons include a range of hub score 

from as many as 23/34 functional connections to as few as 5/34 con-
nections. For the right MTG hub, six out of the 25 of the hub scores 
passed the uncorrected threshold (p < 0.05), with two surviving cor-
rections for multiple comparisons (corrected threshold p < 0.0178). 
MTG connections within these hub score thresholds were exclusively 
within the DMN (Figs. 2 and 5). Note that in Figs. 4 and 5, we display 
both the full hub scores and brain regions, as well as the hub scores/ 
regions with the maximum number of connections that survived 

Fig. 2. Description of a priori definition of hub scores based on independent data: Step 1a. The functional connections were selected from an independent dataset 
(Stumps et al., 2021) based on the connectivity with the A. right amygdala or B. right middle temporal gyrus (MTG) that significantly differentiated participants with 
a history of suicide attempt from controls. Both the right amygdala and right MTG seeds are displayed in black. These functional connections (denoted as F) are 
derived from a 200-region parcellation across 7 large-scale networks, color-coded (Schaefer et al., 2018). Step 1b. The connections of each hub (34 for the amygdala 
or 25 for the MTG) were sorted from lowest p value (i.e., largest t-value) to highest p-value (i.e., smallest t-value). We ensured that the hub values reflected a positive 
“suicide-related” score that could be evaluated in the current study’s data by multiplying negative associations by − 1. C. Step 1c. Hub scores, or the mean of the 
selected hub connections, were computed with the current independent dataset. Hub scores were computed at various thresholds, ranging from the average con-
nectivity of all regions (34 for the amygdala or 25 for the MTG) to only the most statistically robust single connection in each hub (based on the previous independent 
dataset). The colors (orange to blue) are for descriptive purposes to indicate the theoretical value (sign and strength) of the association between each functional 
connection and SA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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multiple comparison correction. Thus, the amygdala results were 
broadly consistent with the prior hub connections differentiating a sui-
cide attempt history across a range of connections. In contrast, the most 
statistically reliable MTG connections with the DMN from the original 
study continued to differentiate those with a history of suicide attempt 
(Fig. 5B), but this was not broadly consistent across all hub score 
thresholds (Fig. 5A). 

Pre-SAþ HoD: We repeated these analyses to examine if the Pre- 
SA+ group, for which neuroimaging took place prior to the suicide 
attempt, exhibited differences in these hub connections compared to 
those who did not go on to attempt suicide (Figs. 3 and 5). None of the 
right amygdala hub scores differentiated between Pre-SA+ from SA−
groups (all ps > 0.05). For the right MTG hub, seven out of the 25 hub 
scores differentiated between Pre-SA+ and SA− groups (p < 0.05), with 
five scores surviving correction for multiple comparisons (corrected 
threshold p < 0.0153). Similar to the Post-SA+ analyses, the most sta-
tistically reliable MTG connections with the DMN from the original 
study continued to differentiate those with a history of suicide attempt 
(Fig. 5C), but this was not broadly consistent across all hub score 
thresholds (Fig. 5A). 

Addressing SI in the SAþ Hub Scores: One potential confound of 
these analyses is that the SA− related hubs results may be driven, in part, 
by elevated SI. We were only able to examine this possibility in the Post- 
SA+ analysis because a majority of the Pre-SA+ group’s data were 
collected before the longitudinal protocol added the BSSI to assess sui-
cidal ideation. This resulted in only four participants in the Pre-SA+
group with neuroimaging and a measurement of SI (see Fig. 1). Due to 
this limitation of the study protocol, we restricted our analysis of SI to 
the Post-SA+ sample. In the Post-SA+ vs. SA− analyses, we addressed 
the impact of SI in two ways. First, we determined if the groups differed 
in SI severity using a Welch’s two sample t-test. SI severity (Total BSSI) 
between the Post-SA+ group (mean = 2.3, SD = 4.81, n = 10) and the 
SA− group (mean = 1.81, SD = 3.25, n = 26) did not statistically differ (t 
(12.30) = 0.299, p = 0.770). Second, we controlled for SI in our hubs 
analyses to determine if group differences in connectivity were inde-
pendent of SI. To control for SI, we used a regression predicting each hub 
score (dependent measure) with SA (SA+ versus SA− ) and SI (BSSI total 
score) as predictors. This analysis indicated an identical pattern of 

results, such that SA status was a significant predictor of hub scores at 
the same thresholds across both regions of interest (Fig. 3A). SI, on the 
other hand, was not a predictor of any hub scores (p values >0.05, un-
corrected). This indicates that the Post-SA+ hub results are specific to SA 
and independent of SI. 

Current SI HoD: We repeated the HoD analyses comparing the hub 
scores based on the presence of absence of current SI (in those without a 
suicide attempt). None of the right amygdala or right MTG hub score 
thresholds differed between the SI+ and SI− group (all ps > 0.05; see 
Fig. 3). This suggests that neither the right amygdala nor right MTG are 
sensitive to current SI in the absence of a SA. 

Summary of Results: Overall, these results indicate that a subset of 
the right MTG hub connections with the DMN were present both before 
and after a suicide attempt. These connections ranged from the top two 
strongest MTG connections in Post-SA+ analysis to the top six connec-
tions in the Pre-SA+ analysis, and all of these connections are within the 
DMN (see Fig. 5B and C). In contrast, right amygdala connectivity 
differed between the Post-SA+ and SA− groups, but not in the Pre-SA+
analysis, and these connections ranged from the top 23 connections 
down to the top five connections, and contained connections to several 
different networks (see Fig. 4). Further, the Post-SA+ hubs were inde-
pendent of SI, and the presence of current SI was unrelated to the con-
nectivity of both amygdala and MTG hubs. 

4. Discussion 

Our previous study found that the right amygdala and middle tem-
poral gyrus (MTG) were hubs of dysfunction with numerous resting- 
state connections associated with a history of suicide attempt (Stumps 
et al., 2021). In the current study, we aimed to replicate and extend this 
work by investigating these hubs in a new sample of Veterans with a 
history of suicide attempts, using neuroimaging after the SA (Post-SA+) 
as well as before the SA (Pre-SA+), in comparison to a matched psy-
chiatric control group (SA− ). Using the same functional connections 
from our previous study, we demonstrated that the right amygdala 
connectivity differed only between the Post-SA+ and SA− groups across 
a broader range of connections with the visual, somatomotor, and 
frontoparietal control network (Figs. 3 and 4). This suggests that right 

Table 1 
Demographic and clinical group differences.   

SA−
(n = 56) 

Post-SA+
(n = 10) 

p-valuef Pre-SA+
(n = 16) 

p-valuef SI−
(n = 27) 

SI+
(n = 27) 

p-valuef 

Mean (SD); % Mean (SD); % Mean (SD); % Mean (SD); % Mean (SD); % 

Age 30.39 (7.19) 32.00 (4.78) 0.08 30.44 (6.07) 0.80 33.07 (8.62) 35.22 (8.44) 0.40 
Gender (% male) 91.07 % 80.00 % 0.30 81.25 % 0.40 100.00 % 88.89 % 0.20 
Educationa 13.57 (1.58) 13.90 (1.73) 0.50 13.81 (1.38) 0.40 13.48 (1.50) 13.74 (1.81) 0.50 
Race/Ethnicityb         

American Indian 0.00 % 0.00 % – 6.25 % 0.22 3.70 % 0.00 % >0.90 
Asian 0.00 % 0.00 % – 12.50 % 0.05 3.70 % 3.70 % 1.00 
Black 5.36 % 0.00 % >0.90 6.25 % >0.90 3.70 % 11.11 % 0.61 
Pacific Island 0.00 % 0.00 % – 0.00 % – 0.00 % 0.00 % – 
White 75.00 % 90.00 % 0.43 62.50 % 0.35 70.37 % 74.07 % >0.90 
Other 0.00 % 0.00 % – 0.00 % – 3.70 % 0.00 % >0.90 
Hispanic 17.86 % 10.00 % >0.90 12.50 % >0.90 14.81 % 14.81 % 1.00 

PTSDc 63.82 (20.83) 61.30 (28.25) >0.90 66.62 (30.43) 0.30 62.81 (24.84) 71.74 (31.82) 0.20 
Anxietyd 9.93 (9.16) 11.40 (9.80) 0.60 12.00 (10.11) 0.50 12.00 (7.17) 12.74 (8.58) 0.70 
Depressiond 12.52 (10.10) 14.00 (9.98) 0.60 14.29 (12.96) 0.80 12.44 (9.02) 16.44 (12.07) 0.30 
Suicidal Ideatione 1.81 (3.25) 2.30 (4.81) 0.70 6.75 (9.07) 0.13 0.00 (0.00) 6.04 (6.58) 0.001 

Demographic and clinical sample characteristics. The statistical tests performed to detect significant group differences were Wilcoxon rank-sum tests. aEducation was 
measured as the number of years of education, bParticipants could identify with multiple or none of the Race and Ethnicity categories, cPTSD was measured as the total 
score on the Clinician-Administered PTSD Scale (CAPS IV), dAnxiety and Depression were total scores from the Depression, Anxiety, and Stress Scale (DASS-21). 
eSuicidal ideation was measured as the total score on the Beck Scale for Suicide Ideation (BSSI). The BSSI was available only in 26 of the SA− group, in 10 of the Post- 
SA+ group, and in four of the Pre-SA+ group. All participants in the SI− and SI+ groups had a BSSI. f these p-values report the group differences between either the Pre- 
SA+ and the SA− group or Post-SA+ and the SA− group. SA¡ = group without a history of suicide attempt but matched demographics to the Pre-SA+ and Post-SA+
groups, Post-SAþ = group with a history of suicide attempt, neuroimaging after a reported suicide attempt, Pre-SAþ = group with a history of suicide attempt, 
neuroimaging before a reported suicide attempt, SI¡ = group without current suicidal ideation or history suicide attempt, but matched demographics and psychiatric 
severity to the SI+ group, SIþ = group with current ideation, and no history of suicide attempt. 
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amygdala connectivity across the brain is indicative of a recent suicide 
attempt, but does not necessarily predict those who will attempt suicide 
in the next year or two. On the other hand, a subset of the right MTG 
connections to the prefrontal default mode network (DMN) differed 
between SA− from both the Pre-SA+ and Post-SA+ groups (Figs. 3 and 
5) indicating this marker was present both before and 1–2 years after a 
SA. When we compared the same hubs in a sample with suicidal ideation 
but no SA (SI+) to a matched psychiatric control group (SI− ), none of 
the connections from either hub significantly differed. This suggests that 
the right MTG and right amygdala connectivity is specific to suicidal 
behaviors rather than suicidal thoughts alone. Together, this study 
provides evidence that right MTG resting-state connectivity with the 
DMN could be a baseline, stable risk factor of SA, whereas a right 
amygdala connectivity pattern could reflect a more acute indicator of SA 
risk or history. 

Our results potentially indicate both temporally stable and dynamic 
brain markers of suicide risk in resting-state connectivity, which corre-
sponds to a conceptual model of temporal dynamics in suicide risk called 
the fluid vulnerability theory (FVT) (Rudd and Bryan, 2021; Rudd, 
2006; Bryan et al., 2022). The FVT describes two distinct features of 
suicide risk: baseline and acute. Baseline risk includes temporally stable 
characteristics that increase vulnerability to experience acute risk (Rudd 
& Bryan, 2021). Examples of baseline risk include behavioral history (i. 
e., attempt history), life experiences (i.e., previous trauma), and cogni-
tions like pervasive identify-based negative core beliefs about self (i.e., a 
suicidal belief system; Rudd & Bryan, 2021). On the other hand, acute 
suicide risk is time-limited, dynamic, and driven by situational and 
contextual characteristics like a life stressor (Rudd and Bryan, 2021; 
Rudd, 2006; Bryan et al., 2022) or the nature of suicidal thinking (Rudd 
& Bryan, 2021). Integrating FVT with the current results suggest that the 
right MTG connectivity may indicate baseline risk of suicide whereas the 
right amygdala connectivity may indicate more acute risk for suicide. 

The amygdala has a well-documented involvement in stress and 
mood disorders (Roozendaal et al., 2009), but the amygdala has been 
less consistently implicated in SITBs (Schmaal et al., 2020; Wagner et al., 
2012). We found that right amygdala connectivity was sensitive to a 
recent history of a suicide attempt but not to a future suicide attempt. 
One interpretation of these results is that the acute stressors or trauma 
that surround a SA (i.e., acute suicide risk) impact amygdala connec-
tivity. However, if amygdala connectivity is related to acute risk, we 
might expect SI (another measure of acute suicide risk; Rudd & Bryan, 
2021) to also be related to amygdala connectivity. Although current 
ideation was not associated with amygdala connectivity in this study, 
the link between SA history (a baseline risk factor) and SI (an acute risk 
factor) is often weak (Nock et al., 2008; Franklin et al., 2017; Li et al., 
2019), and SA and SI often have divergent neural correlates (Schmaal 
et al., 2020). Thus it is plausible that amygdala connectivity and SI 
contribute independently to suicide risk, or that we were not powered to 
detect these modest relationships. Overall, the literature and the current 
results suggests that acute and baseline suicide risk are weakly related 
both behaviorally and neurobiologically. An alternative explanation is 
that the observed amygdala connectivity pattern is altered by the 
experience of a SA, which could itself be traumatic (Stanley et al., 2019). 
Any such changes in amygdala connectivity caused by a suicide attempt 
could increase baseline risk for suicide, and therefore this amygdala 

marker could become a predictor of multiple suicide attempts, although 
this would require future studies that track suicide risk in a sample with 
SA. 

Previous work has implicated the MTG with baseline suicide risk. For 
example, there have been multiple studies that have linked the MTG to 
suicide-related behavioral history (e.g., prior history of SA; Chen et al., 
2022; Pan et al., 2015; Stumps et al., 2021; Vidal-Ribas et al., 2021) and 
suicide cognitions (e.g., implicit associations between self and death; 
Ballard et al., 2019, 2020). The MTG may also contribute to negative 
core beliefs about self and a suicidal belief system since it is also 
involved in self-referential thoughts, including making self versus other 
judgements (Frewen et al., 2020; Fuentes-Claramonte et al., 2019; 
Benoit et al., 2010; Kim, 2012; Morel et al., 2014). The previous liter-
ature has also implicated the prefrontal DMN in suicidal thoughts and 
behaviors (Just et al., 2017; Reisch et al., 2010; Jollant et al., 2010) and 
self-referential thoughts (Andrews-Hanna et al., 2014; Wagner et al., 
2012; Dixon et al., 2017; Murray et al., 2012). Importantly, in this study, 
it was the right MTG’s connectivity with the prefrontal DMN that 
differentiated individuals both after and 1–2 year before a reported SA. 
Since both the MTG and prefrontal DMN are implicated in both suicidal 
thoughts and behaviors, as well as self-referential thoughts, it is possible 
that the connectivity between these regions may partially contribute to a 
heightened suicidal belief system and consequently higher baseline 
suicide risk. 

While strengths of this study include partially replicating our pre-
vious work and using longitudinal data in an at-risk population, there 
are several limitations. Our analyses were dependent upon self- 
disclosure of SA, limiting our group assignments to only those willing 
to report a SA. Also, we had no means to verify a SA via medical records, 
determine the time since a SA (could range from days to 1–2 years), or 
include analysis on the lethality, means, or circumstances of the attempt. 
Further, our relatively small sample size was conducted in a primarily 
white male veteran sample, therefore our results may not be generaliz-
able, or be representative of, other gender identities, races, ethnicities, 
or civilian backgrounds. Another limitation of our study is that we were 
not able to assess the impact of SI on connectivity markers of future 
suicide attempts because the study protocol had not yet included an SI 
measurement. Although we did not find connectivity differences related 
to SI in a group without suicide attempt, it remains possible that ideation 
preceding attempt could contribute to these brain signatures. Impor-
tantly, not all brain connections from our previous study replicated, and 
thus this work points the field toward the most replicable brain con-
nections associated with suicide. 

Based on our results and current limitations, future work on brain 
markers of suicide risk should focus on generalizing the results to other 
populations (e.g., more diverse, non-Veteran, developmental, or high- 
risk, hospitalized patients). Further, replicating resting-state results in 
small sample sizes is challenging (Marek et al., 2022), and even large 
sample sizes may not be sufficient to identify reliable effects related to 
suicide (Thompson et al., 2022). Therefore, applying alternative 
analytical techniques, like those used in this study, may be more sensi-
tive to group differences in resting-state brain networks related to sui-
cide risk. Our results related to SA did not extend to other suicidal 
thoughts and behaviors (i.e. suicidal ideation), and thus additional 
investigation into the brain markers related to ideation will help us 

Fig. 3. Suicide-related hubs of dysfunction. Note on y-axis, p-values were − log transformed for visualization purposes. Therefore, higher − log(p) values indicate 
lower p-values. Gray bars indicate the hub scores that passed the uncorrected threshold with a gray dotted line denoting the uncorrected p-value of p < 0.05. Red bars 
indicated the hub scores that passed multiple comparisons and the red dashed line denotes the corrected p-value threshold (corrected p < 0.05). A. Post-SAþ vs 
SA¡: Replication analysis examining participants with a history of suicide attempt vs. a matched control group. B. Pre-SAþ vs. SA¡: Analysis examining par-
ticipants with a future suicide attempt vs. a matched control group. C. SIþ vs. SI¡: Analysis examining participants with current suicidal ideation vs. a matched 
control group without SI. The maximum number of connections for each hub score is 34 for the right amygdala and 25 for the right MTG. SA¡ = group without a 
history of suicide attempt but matched demographics to the Pre-SA+ and Post-SA+ groups, Post-SAþ = group with a history of suicide attempt, neuroimaging after 
the reported suicide attempt, Pre-SAþ = group with a future suicide attempt, neuroimaging before the reported suicide attempt, SI¡ = group without current 
suicidal ideation or history suicide attempt, with matched demographics and clinical symptom severity to the SI+ group, SIþ = group with current suicidal ideation, 
and no history of suicide attempt. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Right amygdala hubs of dysfunction results. Hub scores from previous independent study (Stumps et al., 2020; Post-SA+ vs SA− ) displayed next to the data 
from the current study (SA− , Post-SA+, Pre-SA+). A. Results for all hub connections (34), which are distributed throughout the whole brain. B. Results for Post-SA+
vs. SA− comparison at the hub threshold with the maximum number of connections (23) that survived multiple comparisons correction. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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further uncover neurobiological markers of suicide risk. Additionally, 
investigating the role of the right amygdala and right MTG in cognitions 
and behaviors related to suicide vulnerability (i.e. core beliefs about 
oneself; Brown et al., 2000) may help us develop treatments for those at 
heightened risk for suicide or identify those at greatest risk for suicide 
without self-disclosure. 

Overall, this study is one of the first to identify replicable resting- 
state brain connectivity markers present both before and after a sui-
cide attempt, laying important groundwork for understanding the tem-
poral brain dynamics related to suicide risk. 
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Fig. 5. Right middle temporal gyrus hubs of dysfunction results. Hub scores from previous independent study (Stumps et al., 2020; Post-SA+ vs SA− ) displayed next 
to the data from the current study (SA− , Post-SA+, Pre-SA+). A. Results for all hub connections (25), which are primarily with the default mode network and the 
frontoparietal control network. B. Results for Post-SA+ vs. SA− comparison at the hub threshold with the maximum number of connections (2) that survived multiple 
comparisons correction. Both connections were to default mode network. C.) Results for Pre-SA+ vs. SA− comparison at the hub threshold with the maximum 
number of connections (6) that survived multiple comparisons correction. All 6 connections were to default mode network. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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