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Abstract

Background: Suicide is a leading cause of death among youth. Prior research using transcranial 

magnetic stimulation (TMS) has implicated deficits in GABAergic cortical inhibition in adolescent 

suicidal behavior, yet no studies have assessed whether cortical inhibition varies over time in 

conjunction with changes in suicidal ideation (SI). This study examined dynamic changes in long-

interval intracortical inhibition (LICI), a TMS measure of GABAB-mediated inhibition, and their 
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relationship with changes in SI in a small sample of adolescents undergoing pharmacologic 

treatment for depression.

Methods: Ten depressed adolescents (age 13-17) underwent clinical assessment and TMS testing 

at baseline and again at follow-up. All were treated with antidepressant medication in the interim. 

SI was measured with the Columbia Suicide Severity Rating Scale (C-SSRS) Intensity of Ideation 

subscale. LICI was measured at interstimulus intervals of 100 and 150 ms.

Results: There was a significant partial correlation, controlling for change in depression severity, 

between ΔLICI-100 and change in SI as measured by ΔC-SSRS (ρ=.746, p=.021), which remained 

after also controlling for time to follow-up assessment (ρ=.752, p=.032). No significant correlation 

was observed between ΔLICI-150 and change in SI.

Limitations: Sample size; variable follow-up interval; inability to control for age, sex, and 

potential treatment effects.

Conclusions: These data offer preliminary signal of an association between increases in 

GABAB-mediated cortical inhibition and reduction in SI over time in adolescents treated for 

depression. Further studies are warranted to explore the role of cortical inhibition in adolescent 

suicidal ideation and behavior.
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1. Introduction

Suicide is the second-leading cause of mortality in adolescents (World Health Organization, 

2014), and youth suicide rates have been increasing over the past decade (Centers for 

Disease Control and Prevention, 2017). Additionally, suicidal ideation (SI) and suicidal 

behavior (SB) during the adolescent years are associated with suicide-related outcomes later 

in life (Copeland et al., 2017). However, despite considerable research efforts aimed at 

understanding the psychological and biological underpinnings of suicidality, suicidal events 

are notoriously challenging to predict (Chang et al., 2016; Franklin et al., 2017), and there is 

a pressing need for a better understanding of the physiologic brain states associated with 

suicide risk.

Inhibitory regulation of neural circuits via the γ-aminobutyric acid (GABA) 

neurotransmitter system has gained increasing attention for its potential impact on suicidal 

ideation and behavior. Postmortem gene association research (Sequeira et al., 2007; 

Klempan et al., 2009) has indicated altered regulation of the metabotropic GABAB receptor 

and associated binding proteins in various brain regions of suicide victims. In vivo evidence 

from noninvasive techniques such as transcranial magnetic stimulation (TMS) also suggests 

that inhibitory cortical physiology mediated by the GABAB system may play a role in SI and 

SB. Prior work indicates that higher levels of TMS-measured cortical inhibition predict 

greater improvement of SI in adults undergoing a novel brain stimulation treatment for 

depression (Sun et al., 2016). Another recent cross-sectional study utilizing single- and 

paired-pulse TMS (sp/ppTMS) found significant impairment in long-interval intracortical 
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inhibition (LICI), a marker of GABAB receptor-mediated functioning, at interstimulus 

intervals of 100 ms and 150 ms in depressed youth with histories of SB compared to 

depressed adolescents without suicidal histories and healthy controls (Lewis et al., 2018). 

These measures of cortical inhibition also significantly distinguished depressed youth with 

and without histories of SB, with LICI-100 demonstrating greater specificity and LICI-150 

demonstrating greater sensitivity. However, it remains unknown whether current SI, rather 

than historical SB, is associated with similar deficits LICI, and whether changes in SI over 

time are associated with concurrent changes in LICI.

This study sought to investigate dynamic changes in LICI and their potential association 

with changes in SI in a small sample of depressed youth who underwent TMS testing at two 

time points. We hypothesized that increases in GABAB receptor-mediated cortical 

inhibition, indexed by LICI-100 and LICI-150, would correlate significantly with decreases 

in suicidal ideation.

2. Methods

Participants were 10 treatment-seeking adolescents (aged 13-17) with depressive symptoms 

recruited from a pediatric psychopharmacology clinic. These participants were a subset of 

the larger sample from our previous cross-sectional study (Lewis et al., 2018) whose 

baseline data were included in that previous analysis. All participants in the present 

longitudinal study underwent clinical assessment and sp/ppTMS at baseline and again 

approximately 8 weeks later. All were treated with an antidepressant medication between 

baseline and follow-up assessments. Informed consent was obtained from adolescent 

participants’ parents/guardians; adolescent participants provided informed assent. All study 

procedures were approved by the Mayo Clinic institutional review board.

SI severity was assessed on the “Intensity of Ideation” subscale of the Columbia Suicide 

Severity Rating Scale (C-SSRS; Posner et al., 2011). The subscale consists of the sum of 

five items rating intensity of SI in various dimensions (frequency, duration, controllability, 

deterrents, reasons for ideation); each item is scored 0 to 5, with subscale scores ranging 

from 0 (no SI) to 25 (most intense SI). Change in SI score (ΔC-SSRS) was calculated as the 

baseline score subtracted from the follow-up score, divided by the baseline score (to control 

for the impact of the baseline SI value and the regression toward the mean observed in SI 

scores between baseline and follow-up; see supplementary materials for plots of change in 

raw scores). Note that in order to avoid division by zero, all baseline and follow-up C-SSRS 

Intensity of Ideation scores were transformed by increasing scores by a value of 1 (giving a 

possible range of 1 to 26). Thus, negative ΔC-SSRS values indicated improvement in 

suicidal ideation from baseline to follow-up.

Depression severity was assessed using the Children’s Depression Rating Scale, Revised 

(CDRS-R; Poznanski et al., 1984), a 17-item, clinician-rated instrument of depressive 

symptomatology. Potential CDRS-R total scores range from 17 to 113. Change in depression 

severity (ΔCDRS-R total score) was calculated as the baseline score subtracted from the 

followup score, divided by the baseline score (to control for the impact of baseline 

depression severity and regression toward the mean observed in depression severity scores 
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between baseline and follow-up). All clinical assessments were conducted by a board-

certified child and adolescent psychiatrist (PEC).

TMS testing was conducted according to methods published previously (Daskalakis et al., 

2002), using paired Magstim 200 stimulators with a BiStim module (Magstim Co. Ltd., 

Whitland, Wales, UK) and a 70-mm figure-of-eight coil to stimulate the left primary motor 

cortex (M1). In brief, the optimal scalp location for eliciting motor evoked potentials 

(MEPs) in the right abductor pollicis brevis (APB) was determined with simultaneous 

electromyographic (EMG) recording, followed by measurement of the resting motor 

threshold (RMT). For the LICI paradigm, two suprathreshold stimuli (i.e., above the RMT) 

calibrated to result in a 1-mV peak-to-peak amplitude were applied to the left M1. The first 

magnetic pulse (conditioning stimulus, CS) was followed by a test stimulus (TS) after an 

interstimulus interval (ISI) of 100 or 150 ms. Ten trials at each ISI were conducted in a 

randomized, counterbalanced order. LICI was measured as the ratio of the amplitude of the 

conditioned MEP (i.e., the MEP following the TS) to the amplitude of the unconditioned 

MEP. The suppression of the conditioned MEP in the LICI paradigm is posited to result 

from the inhibitory activity of cortical GABAB receptors (Valls-Solé et al., 1992; Nakamura 

et al., 1997; Chen et al., 1999). Thus, lower amplitude ratios indicate greater inhibition. 

Change in LICI amplitude ratios (ΔLICI-100 and ΔLICI-150) were calculated as the 

baseline ratio subtracted from the follow-up ratio, with negative values indicating an 

increase in cortical inhibition between baseline and follow-up assessments.

In order to examine the dynamic relationships between cortical inhibition and SI, we 

examined the partial correlations (two-tailed) between changes in LICI (ΔLICI-100 and 

ΔLICI-150) and change in SI (ΔC-SSRS), controlling for the change in depression severity 

(ΔCDRS-R total score). Statistical analyses were performed with IBM SPSS Statistics for 

Windows, Version 22.0 (IBM Corp., Armonk, NY, USA).

3. Results

The sample consisted of ten adolescents (6 female, 4 male) with a mean age of 15.50 ± 1.18 

years. Four participants had prior SB (suicidal planning, aborted/interrupted attempt, or 

suicide attempt), and one had attempted suicide previously. Mean depression severity 

(CDRS-R total score) was 52.10±7.88 at baseline and 30.20±7.19 at follow-up. Mean 

ΔCDRS-R (dividing by the baseline CDRS-R score) was −0.41±0.15. Nine participants were 

unmedicated at the time of baseline clinical and TMS assessments, while one was taking 

fluoxetine; all were taking an antidepressant at follow-up (8 taking fluoxetine; 1 

escitalopram; 1 bupropion), which occurred a median of 8 weeks (range 2-20 weeks) after 

baseline assessment. On the C-SSRS Intensity of Ideation subscale, mean (transformed) 

baseline SI score was 7.00±6.88 (range 1 to 18), while mean score at follow-up was 

3.10±4.43 (range 1 to 12). Mean ΔC-SSRS (dividing by the baseline C-SSRS score) was 

−0.33±0.41.

Mean conditioned/unconditioned MEP amplitude ratios at baseline were 0.395±0.471 in the 

LICI-100 paradigm and 0.512±.0701 in the LICI-150 paradigm. At follow-up assessment, 

the mean conditioned/unconditioned MEP amplitude ratio was 0.310±0.286 for LICI-100 
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and 0.443±0.417 for LICI-150. Participants with prior SB had higher follow-up conditioned/

unconditioned MEP amplitude ratios than those with no prior SB in the 100-ms LICI 

paradigm (p=.038), but not in the 150-ms paradigm (p=.352). Mean change in conditioned/

unconditioned MEP amplitude ratios (ΔLICI-100 and ΔLICI-150) between baseline and 

follow-up were −0.086±0.208 and −0.069±0.431, respectively.

The partial correlation analysis, controlling for ΔCDRS-R total score, revealed a significant 

correlation between ΔLICI-100 and change in SI as measured by ΔC-SSRS (ρ=.746, p=.

021). The relationship between ΔLICI-150 and ΔC-SSRS, controlling for ΔCDRS-R total 

score, was not significant (ρ=.293, p=.444). Partial residual plots depicting these 

relationships are shown in Figure 1. The ΔLICI-100 – ΔC-SSRS partial correlation remained 

significant when the one patient taking fluoxetine at baseline was excluded (ρ=.864, p=.

006).

In consideration of the substantial variability in the time between baseline and follow-up 

assessments in this naturalistic sample, we conducted a second partial correlation analysis 

that also included time-to-follow-up as a control variable alongside ΔCDRS-R total score 

(despite a further restriction of the degrees of freedom). The correlation between ΔLICI-100 

and ΔC-SSRS remained significant (ρ=.752, p=.032), while the correlation between 

ΔLICI-150 and ΔC-SSRS was not significant (ρ=.331, p=.424).

4. Discussion

These preliminary data represent, to our knowledge, the first indication that dynamic 

increases in cortical inhibition, as measured by LICI-100, are associated with reductions in 

SI. Notably, this finding was observed while controlling for the overall change in depression 

severity, suggesting that the LICI-SI relationship may be distinct from cortical inhibitory 

changes that occur with changes in the severity of affective illness during antidepressant 

treatment. This builds upon prior findings demonstrating that cortical inhibition may 

distinguish the presence or absence of past SB in depressed adolescents (Lewis et al., 2018) 

and may predict resolution of SI with neuromodulatory treatment (Sun et al., 2016). 

However, unlike prior work on TMS-measured cortical inhibition and suicidality, our initial 

results from the present study suggest that cortical inhibitory deficits may be associated with 

a state of increased SI. To date, the majority of previously identified correlates and risk 

factors for SI, SB, and suicide have been either static trait factors or have not been evaluated 

at multiple time points to assess temporal association with SB and suicidal events (Chang et 

al., 2016; Franklin et al., 2017; Glenn et al., 2017), thus limiting their clinical applicability. 

For a quantitative neurobiological index of risk to have meaningful clinical utility, its 

changes must be commensurate with changes in SI, SB, or other aspects of suicide risk. 

Larger, more definitive studies are necessary to determine whether measures of cortical 

inhibition are associated with states of elevated suicide risk, long-term suicidal traits, or a 

combination of the two.

The present study was limited by its small number of participants. Although we assessed the 

ΔLICI-ΔSI relationship while controlling for change in depression severity, the small sample 

did not permit controlling for additional covariates such as age and sex. LICI has been found 
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to vary with age in children and adolescents (Croarkin et al., 2014), while other TMS 

measures of GABAergic cortical inhibition have been found to vary with menstrual phase in 

adult women (Smith et al., 1999; Smith et al., 2003). Additionally, prior work in adults 

indicates that LICI has good reliability over time (Farzan et al., 2010), but studies in children 

and adolescents are lacking. Future investigations will require larger samples and greater 

power to assess dynamic LICI-SI relationships in the context of neural development and 

other effects.

Another significant limitation is that all participants were treated with antidepressant 

medication during the interval between baseline and follow-up assessments. The primary 

aim of this study was to examine the dynamic LICI-SI relationship as both changed over 

time, rather than to evaluate any causal relationship or treatment effect. However, 

antidepressant medications have been found to impact cortical inhibition (Robol et al., 2004; 

Minelli et al., 2010). Considering the substantial variability in time between baseline and 

follow-up assessments in our sample, it is conceivable that participants’ variable cumulative 

exposure to medications could have impacted the degree of change in cortical inhibition. 

Further investigations of LICI in adolescents undergoing pharmacologic and 

nonpharmacologic treatments, as well as test-retest studies of healthy control adolescents, 

may help to elucidate the impact of medications on the LICI-SI relationship.

In summary, this small study in a sample of adolescents undergoing pharmacologic 

treatment for depression demonstrated preliminary evidence that improvement in cortical 

inhibition is associated with improvement in SI, controlling for simultaneous improvement 

in depression severity. However, additional longitudinal studies of cortical inhibition in 

larger samples of youth with diverse presentations of suicidality are necessary to understand 

the role of cortical inhibition in SI and SB. Further investigations of inhibitory cortical 

physiology may inform future developments in the assessment and stratification of suicide 

risk, and may reveal neurobiological targets for novel treatment approaches in this 

population.
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Abbreviations

APB abductor pollicis brevis

CDRS-R Children’s Depression Rating Scale, Revised

C-SSRS Columbia Suicide Severity Rating Scale

CS conditioning stimulus
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EMG electromyography

GABA γ-aminobutyric acid

ISI interstimulus interval

LICI long-interval intracortical inhibition

M1 primary motor cortex

MEP motor evoked potential

RMT resting motor threshold

SB suicidal behavior

SI suicidal ideation

TMS transcranial magnetic stimulation

TS test stimulus
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Highlights

• Suicide is the second-leading cause of death in adolescents

• Prior work has implicated GABAergic cortical inhibition in suicidality

• Cortical inhibition was measured by TMS before and after antidepressant 

treatment

• Increases in cortical inhibition correlated with improvement in suicidal 

ideation
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Figure 1. Relationships between change in LICI and change in SI, controlling for change in 
depression severity.
Partial residual plots depicting relationships between a) ΔLICI-100 and ΔC-SSRS; and b) 

ΔLICI-150 and ΔC-SSRS.
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