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Right frontal anxiolytic‑sensitive 
EEG ‘theta’ rhythm 
in the stop‑signal task 
is a theory‑based anxiety disorder 
biomarker
Shabah M. Shadli 1, Lynne C. Ando1, Julia McIntosh1, Veema Lodhia 4, Bruce R. Russell 2, 
Ian J. Kirk 4, Paul Glue 3 & Neil McNaughton 1*

Psychiatric diagnoses currently rely on a patient’s presenting symptoms or signs, lacking much‑
needed theory‑based biomarkers. Our neuropsychological theory of anxiety, recently supported by 
human imaging, is founded on a longstanding, reliable, rodent ‘theta’ brain rhythm model of human 
clinical anxiolytic drug action. We have now developed a human scalp EEG homolog—goal‑conflict‑
specific rhythmicity (GCSR), i.e., EEG rhythmicity specific to a balanced conflict between goals (e.g., 
approach‑avoidance). Critically, GCSR is consistently reduced by different classes of anxiolytic drug 
and correlates with clinically‑relevant trait anxiety scores (STAI‑T). Here we show elevated GCSR in 
student volunteers divided, after testing, on their STAI‑T scores into low, medium, and high (typical 
of clinical anxiety) groups. We then tested anxiety disorder patients (meeting diagnostic criteria) 
and similar controls recruited separately from the community. The patient group had higher average 
GCSR than their controls—with a mixture of high and low GCSR that varied with, but cut across, 
conventional disorder diagnosis. Consequently, GCSR scores should provide the first theoretically‑
based biomarker that could help diagnose, and so redefine, a psychiatric disorder.

Anxiety disorders are a serious problem. They are currently the most prevalent psychiatric  diseases1,2, the sixth 
highest cause of years of life lived with  disability3, and may cause more than 5% of all suicide  mortality3. They 
tend to start early in  life4,5 and cause chronic  impairment6.

Anxiety disorders are also hard to treat. Pharmacological treatment is weakly targeted. A variety of drugs is 
prescribed, often serially, in a wide range of cases; with poor predictive  success5 and causing many problems even 
when they are  effective7. In most clinical trials with pharmacological and psychological treatment, the response 
rate is only 50–60% and remission 25–35%8. While cognitive-behavioral therapy can be used as a general first 
line psychotherapeutic treatment for a range of anxiety disorders, there is no similar basis for choosing the drug, 
or even class of drug, that is appropriate for a particular patient. Along with others, we think that “Patients with 
mental disorders deserve better”9.

A key problem for drug targeting is weak diagnostic criteria for “anxiety disorders”. Disorders of defensive 
reactions currently receive many specific diagnoses within two main systems: The World Health Organiza-
tion International Classification of Diseases, now in its 10th Edition (ICD-10)10; and the American Psychiatric 
Association’s Diagnostic and Statistical Manual, now in its 5th edition (DSM-5)11. This categorization of specific 
anxiety disorders is constantly  evolving12, with both systems subdividing mental disorders using lists of surface-
level clinical signs/symptoms (analogous to fever or breathlessness in systemic medicine) in contrast to defined 
syndromes (e.g. COVID-19) based on fundamental biological causes (e.g. SARS-CoV-2). Even the newer DSM-
511 has no unique objective identifier for any psychiatric disorder. Additionally, neither ICD-10 nor DSM-5 allows 
for comorbidity. They aim for a single diagnosis; however patients can have mixed presentations that fit multiple 
diagnoses; and comorbidity of anxiety with, for example, depression results in poorer prognosis and treatment 
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 response8. Additionally, “anxiety” and “panic” symptoms could co-occur with fundamental pathology limited 
to the control of either only anxiety or only panic  systems13.

What is needed is biomarkers with strong theoretical foundations as emphasized in the Research Domain 
Criteria of the National Institute of Mental Health (https:// www. nimh. nih. gov/ resea rch/ resea rch- funded- by- 
nimh/ rdoc/ index. shtml)14. We lack even a generally accepted definition of  anxiety15; and have little understanding 
of “anxiety disorder” etiology and pathophysiology. This must change if we are to effectively diagnose and treat 
anxiety  disorders4. Drug discovery is hampered by the lack of an adequate neuropsychological account of the 
mechanisms underlying anxiety  disorders12; as are clinical trials of drugs that could treat anxiety, which often 
have very high relative rates of placebo  response4. So, before embarking on clinical trials, many pharmaceutical 
companies and funding bodies increasingly seek a specific biological target relevant to the  disease4.

Preclinical neuropsychology indicates a solution. We have developed, over several  decades16–20, a highly 
detailed two dimensional (direction; distance)21 theory of defensive reactions, their neuropsychology, and 
their disorders. This theory has also been used as the basis of the Reinforcement Sensitivity Theory of human 
 personality22. The fundamental axiom of our  theory16,17 is that anxiolytic drugs act on, and so define, a Behav-
ioral Inhibition System (BIS). The BIS is an “anxiety”  system20,21 with a key role in processing goal conflict (e.g. 
approach-avoidance conflict). We define anxiolytic drugs as those acting at  GABAA or  5HT1A receptors or 
voltage-gated calcium channels, which as a class can improve general anxiety symptoms in some cases but, unlike 
panicolytics such as fluoxetine, do not improve panic, phobia, depression or  obsession23.

The septo-hippocampal system is a core element of the  BIS20,21. Rhythmic EEG activity in the 4–12 Hz (‘theta’) 
range controls the BIS as a whole and may be a specific anxiety process  biomarker20. (We place theta in quote 
marks below, since 4–12 Hz is referred to as ‘theta’ in the rodent literature and so spans the conventional human 
EEG theta and alpha  bands24). Importantly, BIS function depends on ‘theta’ that, in the rat hippocampus, predicts 
human clinical anxiolytic action with, so far, no false positives (even with sedatives) or negatives (even with 
drugs ineffective in panic or depression)25. Repair of lost hippocampal ‘theta’ repairs behavioral  dysfunction26; 
and hippocampal ‘theta’ mediates anxiolytic action on behavioral inhibition in approach-avoidance (and other 
goal)  conflict27.

From the goal conflict aspect of the BIS  theory15,20, and from our ‘theta’ anxiolytic  model25, we have developed 
a human scalp EEG anxiety-process biomarker. Hippocampal ‘theta’ itself cannot be recorded from the scalp; 
but we showed in rats that, during risk assessment, it becomes phase locked with anterior frontal and cingulate 
 cortex28. So, for our previous human translation work,

our primary hypothesis, driven by the BIS theory, was that conflict should be a source of avoidance, sepa-
rate from simple aversion. To assess the unique influence of conflict on neural activation and behavior, we 
manipulated dollar gains and losses in a simple choice task. We predicted that when the potential amounts 
of gain and loss for a response were equal (generating approach–avoidance conflict), this should increase 
right  frontal29–34 theta spectral power more than either net gain (greater approach tendency) or net loss 
(greater avoidance tendency). … [As predicted,] in the first half of the pre-response period, theta power 
peaked in CONFLICT trials at the right frontal site  F835, pp. 396, 398–399.

We then attempted to confirm the role in conflict of right frontal areas in general and F8 in particular, 
using the Stop Signal  Task36 (SST). In the SST, the participant normally makes a left or right mouse click (‘go’) 
in response to a left (< =) or right (= >) arrow. However, if a tone is presented, they must withhold responding 
(‘stop’). Variation of the delay of a ‘stop’ signal can result in approach (‘go’, short delay), avoidance (‘stop’, long 
delay), or a conflict between the two when the theoretically  independent36 approach and avoidance tendencies 
are balanced and there is about 50% correct stopping.

To test for stop-specific increases in EEG spectral power within the 4- to 12-Hz range at Fz, F4, and F8 in 
trials with intermediate delays, as compared to those with either short or long delays. If goal conflict was 
detected, we predicted that it would be processed as an aversive signal, and so individuals with high trait 
anxiety and/or neuroticism should show higher goal-conflict-specific EEG  power37, p. 486.

As predicted, we found a right-frontal goal-conflict-specific EEG rhythmicity (GCSR) that was: (a) in the 
rodent hippocampal ‘theta’ frequency range (4–12 Hz); (b) positively correlated with neuroticism and trait 
 anxiety37; and, (c) reduced by all key (non-panicolytic) classes of anxiolytic  drugs38–40. Note that ‘theta’ recorded 
from the human dorsal hippocampus in a virtual reality model of a standard rodent test appears to have a power 
band of 5–11 Hz with a peak at 8  Hz41; similar to both rat dorsal hippocampus ‘theta’ and our anxiety process 
biomarker.

Here, we used a version of the SST that we had previously optimized for right frontal EEG (F8) GCSR 
 detection39 to ask if the anxiety process for which GCSR is a biomarker is linked to some form of anxiety disorder. 
Answering this question is difficult because the theory assumes that high ‘theta’ will result in symptoms that 
match across a range of current diagnoses; and that symptoms and syndromes will be poorly  matched13. That is, 
‘theta’ should be high in some but not all cases of currently diagnosed anxiety disorder and should have similar 
effects across current nominal (symptom-based) diagnoses. Further, both the frequency and the amplitude of 
‘theta’ can vary across situations, and across individuals within a situation; and it is not clear how far either or 
both contribute to anxiety disorders in people.

We have taken a form of cross-validation approach by first looking for, and refining the measurement of, an at 
least marginal increase in the predicted GCSR signal across a heterogenous pool of students, divided into groups 
with low, medium, and high (clinical level) trait “anxiety”. Although we were not using machine learning, this 
can be viewed as a ‘training sample’. Then, using methods based on this initial analysis, we tested a separately 
recruited patient group (pooled across anxiety diagnoses) against community controls; and then dissected the 

https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/index.shtml
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result obtained with the pooled patient group for its relationship with specific current diagnoses. These latter 
two analyses can be viewed as being performed on a ‘testing sample’.

We have used two anchors for this work. Our primary anchor, used in the ‘training sample’, is the Trait scale 
of the Spielberger State-Trait Anxiety Inventory (STAI-T)42. This is by no means a pure measure of a single anxi-
ety trait nor a measure purely of anxiety but has a good relation with clinical anxiety disorders at the high end 
and, importantly, is designed to give a range of scores through the healthy population. It is also not subject to 
experimenter (or interviewer) bias. Our second anchor, used in the ‘testing sample’, has been receipt by a par-
ticipant of any DSM anxiety disorder diagnosis. Given that our goal is to challenge the DSM nosology, this may 
seem odd. But, while we believe the specific categories within DSM (or ICD) need improvement and anchoring 
to biology, we believe that we can take a pool of people with any of the DSM diagnoses as being one that should 
have some with the required dysfunction compared to healthy controls. So, we will test the clinical importance 
of our biomarker using a pool of DSM diagnoses; and then later ask how much (or how little) our biomarker 
distinguishes between diagnoses or is a common feature within any one diagnosis.

To estimate the expected effect of high anxiety we determined the inverse of the effects of buspirone, triazolam 
and pregabalin from our previously reported drug  data39. We averaged across the three classes of anxiolytic 
drug and carried out all other calculations as for the simple difference data reported below in Fig. 4. As shown 
in Fig. 1a, the drugs reduced GCSR in the range 5–10 Hz. To predict the approximate effect of high versus low 
trait anxiety, we subtracted these drug values from the placebo values. This resulted in a difference curve with a 
peak in the region of 7–8 Hz and a largely symmetrical fall-off on either side to 3 and 12 Hz (Fig. 1b). This curve 
is consistent with the power variation seen in human dorsal hippocampus during a test designed to replicate 
rodent ‘theta’  generation41. We predicted that the difference curves for both high trait anxiety students versus 
low and, separately, for patients versus healthy community volunteers would follow the same form. In terms of 
the approach taken below, this re-analysis of published data can be viewed as the first of two ‘training’ runs for 
the extraction of GCSR in the clinical ‘testing’ case.

Results
We calculated GCSR, by taking the difference in EEG power between stop and go trials for short, medium, and 
long Stop Signal Delays and then subtracting the average power for short and long from medium (see GCSR 
calculation section in “Methods” section). We had previously found variation in GCSR across the three testing 
blocks of the SST with the frequency-power curve for block 2 not being intermediate between block 1 and block 
3. An initial analysis of the current student data (Fig. 2a–c) again found significant variation of the frequency-
power function across blocks with a relatively narrow power peak centered on 7–8 Hz appearing in block 2 in 
the high STAI-T (T > 45) group and in block 3 in the medium STAI-T group (T = 36–40) with the low STAI-T 
group (T < 33) trending to an inverted peak in block 3 (STAI-T × block[quad] × frequency[order 4],  F2,45 = 6.482, 
P = 0.003). To explore the source of this interaction, a post hoc ANOVA was run on block 1 alone (Fig. 2a) and 
found no significant effects (Block 1 only, STAI-T × frequency, all F < 1.9, all P > 0.15). Treating this as an initial 

Figure 1.  Predicted GCSR difference in high anxiety cases. (a) Average GCSR over three classes of anxiolytic 
drug (ANX, N = 26) compared with placebo (PLA, N = 8). Data are from the same participants as we reported 
 previously39, but with different analysis parameters matching those of the current paper and with 3-point 
smoothing of Fig. 4. (b) The difference curve between these two groups as an estimate of expected anxiety-
related power change predicted for high trait anxiety and for clinically diagnosed anxiety relative to their 
respective controls (c.f. Fig. 4).
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‘training’ run, for all subsequent ‘testing’ analyses, we therefore excluded block 1 and analyzed data averaged 
over Block 2 and Block 3.

In students, as shown in Fig. 2d, high ‘theta’ corresponded with high STAI-T scores (~ 5–9 Hz, peak [0.114 
Log µV2] ~ 7 Hz), low ‘theta’ with medium STAI-T scores (~ 6–10 Hz, peak [0.037 Log µV2] ~ 8 Hz), and ‘theta’ 
was absent (− 0.037 at 7 Hz) with low STAI-T scores (STAI level × frequency[order 6],  F2,45 = 4.16; P = 0.022). 
The difference between groups with high and low STAI-T scores reversed above 10 Hz.

Patients (combined over all diagnoses) differed from their controls with a frequency-power difference 
curve similar to that for of the high versus low STAI-T student groups (Fig. 3a; group × frequency[quadratic], 
 F1,85 = 6.239, P = 0.014; group × frequency[cubic],  F1,85 = 3.828, P = 0.054). Given the cross over at 10 Hz (as in the 
student data), we undertook a single post hoc ANOVA limited to 2–10 Hz. This resulted in a simple U-shaped 
difference (see Fig. 4b for 2SE quadratic difference; group × frequency[quadratic],  F1,85 = 9.741, P = 0.002) that 
was maximal between 5 and 7 Hz. While the difference function (Fig. 4b) is very similar to both the student 
data (and the original drug difference, also obtained in students), the background curve in both groups of this 
older community population shows higher power in the 3–5 Hz range (frequency[linear],  F1,85 = 8.170, P = 0.005; 
group × frequency[linear],  F1,85 = 0.136, P = 0.714).

Analysis of the DSM diagnostic groups retained the effect of diagnosis (Fig. 3b; DSM × frequency[cubic], 
 F4,75 = 2.859, P = 0.029). After exclusion of the control group there was a highly significant overall cubic trend 
resulting from a peak in the 5 Hz region with a reduction to zero in the 10–12 Hz region (Fig. 4c, dashed 
curve, frequency[cubic],  F1,43 = 12.191, P = 0.001). There was no significant difference between DSM diagnoses 
(DSM × frequency[cubic],  F3,43 = 2.068, NS; see Fig. 3c–f for individual fitted functions). A similar analysis of 
STAI scores (Fig. 4f) found a strong effect when controls were included (DSM,  F4,75 = 72.475, P < 0.0001) as 

Figure 2.  Variation of GCSR with blocks in the student sample. Groups are matched for gender and selected on 
STAI-T value (see main text). (a) There was no significant group difference in BLOCK 1. (b, c) Significant power 
peaks (centered on 7–8 Hz) appeared in BLOCK 2 and BLOCK 3. (d) Averaging the last two blocks (BLOCK 
2 + 3) showed a progressive increase in the 7–8 Hz peak with increasing STAI-T score. The smooth curves are 
the fitted polynomial functions based on the significant polynomial component detected by ANOVA.
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would be expected given our exclusion procedure for controls and patients; but there was no difference between 
diagnoses when controls were excluded (DSM,  F3,75 = 1.289, NS).

Given the apparent variability in peak frequency across diagnostic groups and individuals, for distribu-
tional analysis we extracted the maximum power value for each individual in the 4–7 Hz range. This differed 
with diagnosis (Fig. 4d): control < generalized anxiety < comorbid generalized anxiety and depression < mixed 
other diagnoses < social anxiety (mean [95%CI] in Log µV2 = 0.087 [0.031–0.143]; 0.125 [0.036–0.215]; 0.189 
[0.106–0.272]; 0.234 [0.102–0.365]; 0.263 [0.174–0.352]—respectively); which was significant when controls were 
included (DSM,  F4,75 = 3.53, P = 0.011) but not when they were excluded (DSM,  F3,43 = 1.416, NS). As predicted, 
high ‘theta’ was not specific to any particular diagnosis (Fig. 4e); and, even with social anxiety (which had the 
highest mean), only half the cases were in the top quartile for all participants.

Discussion
As predicted (Fig. 1) by the Behavioral Inhibition System  theory17,19–21, goal conflict-specific EEG ‘theta’ 
(4–12 Hz)  rhythmicity39 is elevated in at least some cases in conventionally-recruited students selected for clini-
cal levels of trait anxiety (Fig. 4a). The pattern of change shown by this ‘training sample’ was then also found in 
community anxiety cases confirmed by MINI diagnosis (Fig. 4b). In the patient cohort, this GCSR elevation cuts 
across conventional diagnoses (with some apparent distributional variation (Fig. 4c). Importantly, the variation 
of GCSR between current diagnostic categories contrasts with the similarity of their STAI-T scores (Fig. 4f). 
This suggests that GCSR has special diagnostic power that STAI-T lacks. GCSR could, therefore, be used as a 
biomarker for an anxiety process underlying a previously undefined psychiatric disorder at the group level. 
The results also strengthen the hypothesis that ‘theta’ measured in single dose experiments in  rats25 or healthy 
 humans38,39 could be used to predict the clinical effectiveness of novel anxiolytic drugs when delivered long-term.

We emphasize that we do not think the process detected by our prospective biomarker is sufficient for the 
disorder specifically related to it; nor is it necessary for what DSM or ICD currently group together as classes of 
“anxiety”15 disorder. We  argue43 that there is a general class of neurotic  disorders44, where a “double hit” involving 
two distinct personality traits is necessary for the disorder to manifest: one, more specific, trait determines which 

Figure 3.  Variation of GCSR in the community sample. (a) Patients, pooled across diagnosis, showed a peak 
in the region of 4–5 Hz. However, the difference curve (Fig. 4b) shows that they differed maximally from 
controls in the region of 6 Hz and the asymmetry of the peak within the analysed range gave rise to the cubic 
component reported in the main text. Post hoc analysis restricted to 3–10 Hz, to achieve symmetry, resulted in 
the expected significant quadratic component (compare with 2SE quadratic shown in Fig. 4b). (b) Diagnostic 
groups overlayed with no trend lines. (c–f) Individual diagnoses with overlaid trendline and similar trendlines 
for control (blue) and average of diagnosis averages (black, dashed) for comparison. Abbreviations: CON 
control, GAD generalized anxiety disorder, GMD generalized anxiety with major depression, OTH other anxiety 
diagnoses (e.g., panic disorder), SAD social anxiety disorder.
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type of neurotic disorder will occur; and a second, more general, trait is both a risk factor for, and a necessary fac-
tor underlying, neurotic disorders in general. In the case of the trait detected by our biomarker, we would expect 
both it (indexed by ‘theta’) and the general trait to be high; and if either of these is reduced—by an anxiolytic or 
 ketamine45–47, respectively—then the disorder will be ameliorated (slowly or quickly, respectively). This would 
account for nominally healthy cases (in the sense of those student recruits with an STAI < 45) that have high goal 
conflict ‘theta’ (Fig. 4e). We also  argue43 that there are a range of anxiolytic-insensitive neurotic disorders where 
the “second hit” is, for example, high periaqueductal gray reactivity in those diagnosed with panic  disorder48,49. 
Critically, with a neurotic background, ‘theta’ pathology could evoke panic attacks as a symptom, and panic 
pathology could elicit (via learning) otherwise normal ‘theta’ at an undesirably high level, or both could co-occur. 
Thus, as noted more generally in the introduction, “anxiety” and “panic” symptoms (and so varying diagnoses 
across Fig. 4e) could co-occur with either or both (comorbid)  pathologies13.

Our results provide a form of proof-of-concept for identification of the neural basis of a particular class of 
mental disorder; and so a basis for developing a diagnostic entity. We are currently testing with fMRI whether 
the GCSR generated in the SST is linked to hippocampal activation (that then activates frontal cortex) or to 
purely frontal activation by goal conflict. However, the current measure was designed for maximum theoretical 
specificity and validity under research conditions. It needs enhanced sensitivity and stability if it, or a derived 
measure, is to be used in the clinic.

One possible way to improve our measure (based on a simple, theoretically-derived, linear × quadratic con-
trast at a single electrode site) is to use machine learning. We have already demonstrated that a convolutional 
neural net that adjusts both the weights of the contrast, and electrodes included in the calculations, can predict 

Figure 4.  Clinically relevant differences from control in goal conflict specific EEG power (GCSR, 3-point 
smoothed after ANOVA) at the right frontal site F8 (F7 for left handers). (a) Power difference for clinical level 
(T > 45, high GCSR) and subclinical (T = 36–40, modest GCSR) relative to low (T < 33) STAI-T groups. (b) high 
GCSR in patients relative to controls (largest difference at 6–7 Hz) with (dotted) fitted quadratic and cubic 
curve detected by ANOVA. The lower dotted curve is 2SE for the quadratic difference in the range 3–10 Hz. 
(c) Variation in difference from controls with diagnosis. Removal of the control group eliminated significant 
differences from the ANOVA, with the diagnostic groups sharing a significant cubic trend (dashed line) 
reflecting a common tendency to peak in the region of 5–6 Hz. (d) Variation across diagnostic groups in group 
average of individual maximum GCSR in the range 4–7 Hz. The apparent variation in maximum GCSR was not 
significant after removal of the control group. Bars represent 2SE. (e) Distribution of maximum 4–7 Hz GCSR 
scores across diagnostic groups. (f) STAI-T did not vary among the clinical diagnoses. Abbreviations: CON 
control, DSM American Psychiatric Association’s Diagnostic and Statistical Manual-IV, GAD generalized anxiety 
disorder, GMD generalized anxiety with major depression, OTH other anxiety diagnoses (e.g., panic disorder), 
SAD social anxiety disorder, STAI Spielberger State Trait Anxiety Inventory, T trait score on STAI.
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STAI scores with 4 times greater variance accounted for than our current  measure50. However, to determine the 
basis of the network solution requires much more data and deconstruction of the network solution. It would also 
require drug validation of each of the discovered network components as it remains to be demonstrated that its 
increased prediction is via more sensitive detection of a specific anxiolytic-related process and not via, for exam-
ple, an addition of detection of depression (which links to high STAI scores), which is pharmacologically distinct.

A second way would be to alter the task platform. The SST does not include explicit positive or negative 
reinforcers—so its generation of goal conflict must be weak. Novel human work with virtual  predators51,52 finds 
regional patterns of activation using fMRI consistent  with53 the neurology of BIS theory and anxiolytic-sensitive 
behavioral  effects54,55. EEG recording in these novel tasks should produce similar goal conflict ‘theta’ responses 
to those obtained in our SST but at much higher motivational levels. However, the relevant measures derived 
from these tasks require drug validation to be tightly linked to the BIS theory and are likely to need avoidance-
avoidance54,55 rather than approach-avoidance conflict to avoid the problems of ensuring control of motivation 
levels in clinical populations.

A previous metanalytic review has linked conventional (i.e. 4–8 Hz) frontal midline EEG theta power with 
anxiety and anxiolytic  action56. This response differs from GCSR not only in its frequency and midline location 
(and so source likely in rostral anterior cingulate  cortex56 rather than right inferior frontal  gyrus40) but also 
because the main focus of the work (particularly with anxiolytic drugs) was on evoked potentials not rhythmicity 
and on outcome conflict (i.e., a period of post-response error detection) not goal conflict (i.e., a period of conflict 
between upcoming choices). The work with anxiolytic drugs also used only classical anxiolytics such as alcohol 
or  lorazepam57–59 and did not make an explicit comparison with buspirone, which shares only anxiolytic action 
and not side  effects38–40. This particular frontal midline response also contrasts with work on bursts of frontal 
midline theta rhythmicity that has an opposite relation to neuroticism and anxiety, and which is increased by 
both classical anxiolytics and, importantly,  buspirone24. High power 4–8 Hz frontal midline theta has also been 
seen during the period prior to risky choices, correlating with trait anxiety, and reduced by the wearing a crash 
helmet during task  performance60,61. However, like the outcome-related studies this response has not been chal-
lenged with buspirone (which affects anxiety but not panic) and does not use an analytical contrast of the type 
with which we separate specific effects of goal conflict from simple anticipatory aversion.

Anxiolytic-sensitive right frontal ‘theta’ rhythmicity, derived from the neuropsychological theory of the 
Behavioral Inhibition System, appears to be a biomarker for a specific dysfunction of anxiety that cuts across 
symptom-based diagnoses. Goal conflict-specific EEG ‘theta’ (4–12 Hz) rhythm provides the first theoretically-
derived biomarker for this, or any other, psychiatric disorder.

Methods
Participants. There were two distinct pools of participants that can be viewed as a ‘training’ and ‘testing’ 
sample, respectively: ‘students’ and ‘community’ (see Supplementary Methods for full details of recruitment). 
Community recruits included ‘patients’ (self-identifying as suffering from anxiety, confirmed by MINI DSM-
IV diagnosis—see Supplementary Methods), and healthy individuals who volunteered “for a research study 
into the links between specific personality traits and specific patterns of rhythmic brain activity” to match the 
patients’ demographics. Students (total N = 79) with STAI-T scores of 46–61, in a range typical of anxiety disor-
der  patients62, were placed in a ‘high’ group (♀ = 13; ♂ = 4) with ‘medium’ (36–40; ♀ = 13; ♂ = 4) and low (24–32; 
♀ = 13; ♂ = 4) groups gender matched to them by excluding cases at the boundaries between groups rather than 
within them (N = 10, STAI = 41–45; N = 17, STAI = 33–35; N = 1, STAI = 23). Note that the primary aim here 
was gender matching with retention of homogeneity within groups and separation between groups to match 
the ANOVA approach taken. The community groups had overlapping STAI-T scores and so 7 patients (STAI-
T < 44) and 6 controls (STAI-T > 44) were removed from primary analysis, delivering final N = 33 (4 left-handed, 
based on self-report and mouse use) and N = 47 (5 left-handed), respectively. For additional analysis patients 
were subdivided by interview-confirmed (see Mini International Neuropsychiatric Interview in Supplementary 
Methods) diagnosis: GAD = generalized anxiety disorder; GMD = generalized anxiety with major depression; 
OTH = other anxiety diagnoses (e.g., panic disorder); SAD = social anxiety disorder. The study protocol was 
approved by the University of Otago Ethics Committee (Health: H15/005), and all participants provided writ-
ten informed consent before taking part in the experiment. The authors assert that all procedures contributing 
to this work comply with the ethical standards of the relevant national and institutional committees on human 
experimentation and with the Helsinki Declaration of 1975, as revised in 2008. For details see Supplementary 
Methods.

Procedures. Questionnaires and a stop-signal task (SST, for full details see Stop Signal Task in Supplemen-
tary Methods) were presented on a PC computer screen using the same procedures as our previous  experiments39.

Responses to personality questionnaires were collected for future analysis of the correlations between cur-
rent measures of personality and EEG. Only the STAI-T was used to differentiate participants in the current 
analyses. For this reason, other personality measures (see Questionnaires in Supplementary Methods) are not 
reported here.

EEG was recorded with standard procedures (see EEG recording in Supplementary Methods) with bandpass 
filters set at 1–36 Hz, and down-sampled to 128 Hz for analysis. Only the right frontal site, F8, is reported here 
as previously for right  handers39, with the left frontal site F7 being substituted for left handers. We have recently 
 shown63 that in, demographically matched groups, left-handers’ GCSR power distribution is largely the mirror 
image of right handers’; and that there are no significant differences between left-handers’ F7 and right handers’ 
F8.
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Stop signal task (SST). For the SST (see Fig. 5), right-handed participants placed their index finger on 
the left button, and their middle finger on the right button to respond to the corresponding left/right arrows on 
the screen. Left-handed participants placed their middle finger on the left mouse button and their index finger 
on the right mouse button to make left/right arrow responses. Participants were asked to respond as fast as pos-
sible to stimuli appearing on the screen using the computer mouse. On trials where there was an auditory tone, 
participants were instructed to try and inhibit their response. The importance of responding as fast as possible 
on both go and stop trials was emphasized by the experimenter.

Our SST had three blocks of trials, each separated by a one- to two-minute rest break. Each block contained 
132 trials, comprising of 99 Go trials and 33 Stop trials. Trials were pseudo-randomized with 1 Stop trial and 3 

Figure 5.  Sequence of events in the stop-signal task. Each trial started with a white fixation circle appearing 
in the middle of a blank screen. This circle then turned green when the Go signal (left/right arrow) appeared 
inside. In some trials this was followed by a stop signal (1000 Hz tone) being presented at varied stop signal 
delays (SSD). Feedback on performance was delivered in the form of a smiley or frowny face depending on the 
participant’s response. Adapted  from39.
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Go trials in each set of 4 trials. The Stop trials were programmed to occur in different positions during each set 
of 4 trials, but the pattern of presentation was identical for every participant.

An important feature of our version of the  SST39 is that the stop signal delay varies within three bands short, 
medium, and long—each adjusted to the participant’s ongoing behavior. This generates 11 of each of three types 
of trials where stopping is difficult (~ 25% correct), easy (~ 75% correct), or stopping and going are in balanced 
conflict (~ 50% correct). This provides the basis for the conflict-specific contrast used in analysis.

Data processing. Behavioral data were processed as  usual39 (see also Supplementary Methods), but are not 
reported here as they are not sensitive to anxiolytic drugs and do not correlate with our biomarker and so are 
not relevant to the current analysis.

Electrophysiological data were also processed as  previously39. After removing artefacts from the recordings 
(see Artefact Removal in Supplementary Methods), a 1-s Hanning window was applied to each trial. For Stop 
trials, the 1-s Hanning window was applied 0.25 s before the presentation of the stop signal (auditory tone) 
through to 0.25 s after the stop signal had ended. On the Go trials, the Hanning window was located similarly, 
based on where the stop signal was delivered in the adjacent Stop trial. The cosine wave function of the Han-
ning window extracts most power during the middle 0.5 s and the least during the leading and trailing 0.25 s. 
It improves frequency resolution in the subsequent Fourier transform twofold in comparison to a 0.5 s square 
window as well as improving the quality of the transform. A Fourier transform was then applied and converted 
to the power spectrum, which was log transformed to normalize error variance before Stop/Go trials were aver-
aged for each participant.

Stop trials were averaged for each stop signal delay (SSD) type for each of the three testing blocks, as were 
their matching (adjacent) go trials. Where there were any missing data within a Hanning window, the entire 
spectrum for that trial was replaced with missing values. Where there were less than 7 trials without missing 
values, the average was replaced by missing values.

Statistical analysis. GCSR calculation. GCSR for each participant was computed as a nominal linear 
(stop, go)  ×  quadratic (short, medium, long SSD) orthogonal polynomial  contrast64. The average Go power 
was subtracted from the average Stop power for each SSD type to extract power specific to Stopping. Then the 
average of short and long SSD stop-specific power was subtracted from the medium SSD stop-specific power 
to extract power specific to goal conflict. Maximum conflict was expected to occur to the stop signal with the 
medium SSD, as Going and Stopping are equally likely during this condition. In contrast, low levels of conflict 
were expected to occur during short and long SSDs, with other factors (such as percent correct: short =  ~ 25%; 
long =  ~ 75%) tending to average to the value expected for medium SSDs (~ 50%). Note that the F ratios obtained 
by ANOVA of these explicit GCSR values are identical to those that would be obtained for the Trial type [lin-
ear] × SSD[quadratic] interaction with the original data.

Smoothing. As an improvement on our previous methods, a 3-point running mean across frequencies was 
used to smooth each participant’s GCSR to reduce the jitter of power between adjacent frequencies inherent in 
the Fourier Transform. This smoothing narrows the frequency band by one data point at each end, reducing an 
initially selected 1–14 Hz to our 2–13 Hz band of interest (based on our expectation that power peaks would 
occur in the 4–11 Hz range). Since the primary statistical tests were of orthogonal polynomial trends (see below), 
we also smoothed the means with a second 3-point running mean for Fig. 4. The unsmoothed means and trend 
decompositions are presented in the other figures that analyse the significant trends in more detail.

Analysis of variance. Analysis of GCSR was restricted to the F8 channel (F7 in left-handers), as this is the only 
location where correlations between GCSR and trait anxiety were previously found in the  SST35 and is also the 
site where we obtained our clearest previous  results37–39 Analysis of Variance (ANOVA) was computed using the 
IBM SPSS Statistics Package 25 (IBM North America, New York, NY, USA). Factors included in this analysis 
were frequency (2–13 Hz), block (1–3), and groups. For student participants, groups had 3 levels (high, medium, 
low STAI-T); for the main patient analysis, groups had 2 levels (patients, controls); and for analysis of DSM-IV 
diagnoses, groups had 5 levels (control, GAD, GAD with concurrent MDD, SAD, and other). Frequency and 
blocks were automatically assessed for orthogonal polynomial components by SPSS.

The experimental task, the choice of only F8 for analysis (F7 for left handers), and the focus on the 
stop–go[linear] × SSD[quadratic contrast] to derive GCSR are all based on our previous  work38–40,63. Figure 1 is 
a re-analysis for the block2 + 3 average of previously  reported39 drug data—shown inverted to generate a curve 
representing the expected effect of high STAI. The choice of blocks to be analysed for the community sample 
(average of last two rather than trends across all three) is based on a single initial analysis of the student data. 
This choice was made both to increase the simplicity of the presented data and because, where a simple trend 
is present, analysis of the endpoint can be at least as, and often more, informative than analysis of all the data 
points across the trend. Note that in all cases there is an a priori prediction as to the direction (and nature) of 
the differences. Post-hoc testing involved polynomial functions of frequency with only 1 df and did not test 
individual frequencies separately. For these reasons, the tests have been applied without Bonferroni correction 
of the significance values. Likewise, the DSM group analysis assumes that some diagnostic groups will show 
this same previously predicted effect (which since they are subgroups from the original community analysis is 
close to a mathematical necessity) but leaves open only the question of which will deviate from which, if any, 
and whether any will be like control.
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Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 17 February 2021; Accepted: 23 September 2021

References
 1. Kessler, R. C., Chiu, W. T., Demler, O., Merikangas, K. R. & Walters, E. E. Prevalence, severity, and comorbidity of 12-month 

DSM-IV disorders in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 617–627. https:// doi. org/ 10. 1001/ 
archp syc. 62.6. 617 (2005).

 2. Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M. & Wittchen, H. U. Twelve-month and lifetime prevalence and 
lifetime morbid risk of anxiety and mood disorders in the United States. Int. J. Methods Psychiatric Res. 21, 169–184. https:// doi. 
org/ 10. 1002/ mpr. 1359 (2012).

 3. Baxter, A. J., Vos, T., Scott, K. M., Ferrari, A. J. & Whiteford, H. A. The global burden of anxiety disorders in 2010. Psychol. Med. 
44, 2363–2374. https:// doi. org/ 10. 1017/ S0033 29171 30032 43 (2014).

 4. Cryan, J. F. & Sweeney, F. F. The age of anxiety: Role of animal models of anxiolytic action in drug discovery. Br. J. Pharmacol. 164, 
1129–1161. https:// doi. org/ 10. 1111/ bph. 2011. 164. issue-4 (2011).

 5. Maron, E. & Nutt, D. Biological markers of generalized anxiety disorder. Dialogues Clin. Neurosci. 19, 147–157 (2017).
 6. Meyer, A. A biomarker of anxiety in children and adolescents: A review focusing on the error-related negativity (ERN) and anxiety 

across development. Dev. Cogn. Neurosci. 27, 58–68. https:// doi. org/ 10. 1016/j. dcn. 2017. 08. 001 (2017).
 7. Lane, R., Baldwin, D. & Preskorn, S. The SSRIs: Advantages, disadvantages and differences. J. Psychopharmacol. 9, 163–178 (1995).
 8. Roy-Byrne, P. Treatment-refractory anxiety; definition, risk factors, and treatment challenges. Dialogues Clin. Neurosci. 17, 191–206 

(2015).
 9. Insel, T. Transforming Diagnosis. http:// www. nimh. nih. gov/ about/ direc tor/ 2013/ trans formi ng- diagn osis. shtml (2013).
 10. World Health Organisation. http:// apps. who. int/ class ifica tions/ icd10/ browse/ 2010/ en (2010).
 11. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders 5th edn. (American Psychiatric Associa-

tion, 2013).
 12. Griebel, G. & Holmes, A. 50 years of hurdles and hope in anxiolytic drug discovery. Nat. Rev. Drug Discov. 12, 667–687. https:// 

doi. org/ 10. 1038/ nrd40 75 (2013).
 13. McNaughton, N. & Corr, P. J. Mechanisms of comorbidity, continuity, and discontinuity in anxiety-related disorders. Dev. Psycho-

pathol. 28, 1053–1069. https:// doi. org/ 10. 1017/ S0954 57941 60006 99 (2016).
 14. Insel, T. et al. Research Domain Criteria (RDoC): Toward a new classification framework for research on mental disorders. Am. 

J. Psychiatry 167, 748–751 (2010).
 15. McNaughton, N. What do you mean “anxiety”? Developing the first anxiety syndrome biomarker. J. R. Soc. N. Z. 48, 177–190. 

https:// doi. org/ 10. 1080/ 03036 758. 2017. 13581 84 (2018).
 16. Gray, J. A. The psychophysiological basis of introversion–extraversion. Behav. Res. Ther. 8, 249–266. https:// doi. org/ 10. 1016/ 0005- 

7967(70) 90069-0 (1970).
 17. Gray, J. A. Drug effects on fear and frustration: Possible limbic site of action of minor tranquilizers. In Handbook of Psychophar-

macology. Vol 8: Drugs, Neurotransmitters and Behaviour (eds Iversen, L. L., Iversen, S. D. & Snyder, S. H.) 433–529 (Plenum Press, 
1977).

 18. McNaughton, N. & Sedgwick, E. M. Reticular stimulation and hippocampal theta rhythm in rats: Effects of drugs. Neuroscience 
2, 629–632 (1978).

 19. Gray, J. A. The Neuropsychology of Anxiety: An Enquiry in to the Functions of the Septo-Hippocampal System (Oxford University 
Press, 1982).

 20. Gray, J. A. & McNaughton, N. The Neuropsychology of Anxiety: An Enquiry into the Functions of the Septo-Hippocampal System 
2nd edn. (Oxford University Press, 2000).

 21. McNaughton, N. & Corr, P. J. A two-dimensional neuropsychology of defense: Fear/anxiety and defensive distance. Neurosci. 
Biobehav. Rev. 28, 285–305. https:// doi. org/ 10. 1016/j. neubi orev. 2004. 03. 005 (2004).

 22. Corr, P. J.T he Reinforcement Sensitivity Theory of Personality (Cambridge University Press, 2008).
 23. McNaughton, N. Aminergic transmitter systems In Textbook of Biological Psychiatry (eds D’Haenen, H., Den Boer, J. A., Westen-

berg, H. & Willner, P.) 895–914 (Wiley, 2002).
 24. Mitchell, D. J., McNaughton, N., Flanagan, D. & Kirk, I. J. Frontal-midline theta from the perspective of hippocampal “theta”. Prog. 

Neurobiol. 86, 156–185. https:// doi. org/ 10. 1016/j. pneur obio. 2008. 09. 005 (2008).
 25. McNaughton, N., Kocsis, B. & Hajós, M. Elicited hippocampal theta rhythm: A screen for anxiolytic and procognitive drugs 

through changes in hippocampal function?. Behav. Pharmacol. 18, 329–346 (2007).
 26. McNaughton, N., Ruan, M. & Woodnorth, M. A. Restoring theta-like rhythmicity in rats restores initial learning in the Morris 

water maze. Hippocampus 16, 1102–1110 (2006).
 27. Woodnorth, M. A. & McNaughton, N. Similar effects of medial supramammillary or systemic injections of chlordiazepoxide on 

both theta frequency and fixed-interval responding. Cogn. Affect. Behav. Neurosci. 2, 76–83 (2002).
 28. Young, C. K. & McNaughton, N. Coupling of theta oscillations between anterior and posterior midline cortex and with the hip-

pocampus in freely behaving rats. Cereb. Cortex 19, 24–40. https:// doi. org/ 10. 1093/ cercor/ bhn055 (2009).
 29. Aron, A. R. Introducing a special issue on stopping action and cognition. Neurosci. Biobehav. Rev. 33, 611–612 (2009).
 30. Christopoulos, G. I., Tobler, P. N., Bossaerts, P., Dolan, R. J. & Schultz, W. Neural correlates of value, risk, and risk aversion con-

tributing to decision making under risk. J. Neurosci. 29, 12574–12583. https:// doi. org/ 10. 1523/ jneur osci. 2614- 09. 2009 (2009).
 31. Coan, J. A. & Allen, J. J. B. Frontal EEG asymmetry as a moderator and mediator of emotion. Biol. Psychol. 67, 7–50 (2004).
 32. Fecteau, S. et al. Diminishing risk-taking behavior by modulating activity in the prefrontal cortex: A direct current stimulation 

study. J. Neurosci. 27, 12500–12505. https:// doi. org/ 10. 1523/ jneur osci. 3283- 07. 2007 (2007).
 33. Harmon-Jones, E., Gable, P. A. & Peterson, C. K. The role of asymmetric frontal cortical activity in emotion-related phenomena: 

A review and update. Biol. Psychol. 84, 451–462 (2010).
 34. Robbins, T. W. Shifting and stopping: Fronto-striatal substrates, neurochemical modulation and clinical implications. Philos. Trans. 

R. Soc. Lond. Ser. B Biol. Sci. 362, 917–932 (2007).
 35. Neo, P. S. H. & McNaughton, N. Frontal theta power linked to neuroticism and avoidance. Cogn. Affect. Behav. Neurosci. 11, 

396–403. https:// doi. org/ 10. 3758/ s13415- 011- 0038-x (2011).
 36. Aron, A. R., Fletcher, P. C., Bullmore, E. T., Sahakian, B. J. & Robbins, T. W. Stop-signal inhibition disrupted by damage to right 

inferior frontal gyrus in humans. Nat. Neurosci. 6, 115–116 (2003).
 37. Neo, P. S. H., Thurlow, J. & McNaughton, N. Stopping, goal-conflict, trait anxiety and frontal rhythmic power in the stop-signal 

task. Cogn. Affect. Behav. Neurosci. 11, 485–493. https:// doi. org/ 10. 3758/ s13415- 011- 0046-x (2011).

https://doi.org/10.1001/archpsyc.62.6.617
https://doi.org/10.1001/archpsyc.62.6.617
https://doi.org/10.1002/mpr.1359
https://doi.org/10.1002/mpr.1359
https://doi.org/10.1017/S0033291713003243
https://doi.org/10.1111/bph.2011.164.issue-4
https://doi.org/10.1016/j.dcn.2017.08.001
http://www.nimh.nih.gov/about/director/2013/transforming-diagnosis.shtml
http://apps.who.int/classifications/icd10/browse/2010/en
https://doi.org/10.1038/nrd4075
https://doi.org/10.1038/nrd4075
https://doi.org/10.1017/S0954579416000699
https://doi.org/10.1080/03036758.2017.1358184
https://doi.org/10.1016/0005-7967(70)90069-0
https://doi.org/10.1016/0005-7967(70)90069-0
https://doi.org/10.1016/j.neubiorev.2004.03.005
https://doi.org/10.1016/j.pneurobio.2008.09.005
https://doi.org/10.1093/cercor/bhn055
https://doi.org/10.1523/jneurosci.2614-09.2009
https://doi.org/10.1523/jneurosci.3283-07.2007
https://doi.org/10.3758/s13415-011-0038-x
https://doi.org/10.3758/s13415-011-0046-x


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19746  | https://doi.org/10.1038/s41598-021-99374-x

www.nature.com/scientificreports/

 38. McNaughton, N., Swart, C., Neo, P. S., Bates, V. & Glue, P. Anti-anxiety drugs reduce conflict-specific ‘“theta”’—A possible human 
anxiety-specific biomarker. J. Affect. Disord. 148, 104–111. https:// doi. org/ 10. 1016/j. jad. 2012. 11. 057i (2013).

 39. Shadli, S. M., Glue, P., McIntosh, J. & McNaughton, N. An improved human anxiety process biomarker: Characterization of 
frequency band, personality and pharmacology. Transl. Psychiatry 5, e699. https:// doi. org/ 10. 1038/ tp. 2015. 188 (2015).

 40. Shadli, S. M. et al. Human anxiety-specific “theta” occurs with selective stopping and localizes to right inferior frontal gyrus. Behav. 
Neurosci. 134, 547–555. https:// doi. org/ 10. 1037/ bne00 00316 (2020).

 41. Goyal, A. et al. Functionally distinct high and low theta oscillations in the human hippocampus. Nat. Commun. 11, e02469. https:// 
doi. org/ 10. 1038/ s41467- 020- 15670-6 (2020).

 42. Spielberger, C. D., Gorusch, R. L., Lushene, R., Vagg, P. R. & Jacobs, G. A. Manual for the STATE-TRAIT ANXIETY INVENTORY 
(Form Y) (Consulting Psychologists Press, 1983).

 43. McNaughton, N. & Glue, P. Ketamine and neuroticism: A double-hit hypothesis of internalizing disorders. Personal. Neurosci. 3, 
e2. https:// doi. org/ 10. 1017/ pen. 2020.2 (2020).

 44. Andrews, G., Stewart, G., Morris-Yates, A., Holt, P. & Henderson, S. Evidence for a general neurotic syndrome. Br. J. Psychiatry 
157, 6–12. https:// doi. org/ 10. 1192/ bjp. 157.1.6 (1990).

 45. Glue, P. et al. Ketamine’s dose-related effects on anxiety symptoms in patients with treatment refractory anxiety disorders. J. 
Psychopharmacol. 31, 1302–1305. https:// doi. org/ 10. 1177/ 02698 81117 705089 (2017).

 46. Glue, P. et al. Safety and efficacy of maintenance ketamine treatment in patients with treatment-refractory generalised anxiety and 
social anxiety disorders. J. Psychopharmacol. 32, 663–667. https:// doi. org/ 10. 1177/ 02698 81118 762073 (2018).

 47. Shadli, S. M. et al. Ketamine effects on EEG during therapy of treatment-resistant generalized anxiety and social anxiety. Int. J. 
Neuropsychopharmacol. https:// doi. org/ 10. 1093/ ijnp/ pyy032 (2018).

 48. Mobbs, D. et al. When fear is near: Threat imminence elicits prefrontal-periaqueductal gray shifts in humans. Science 317, 1079–
1083 (2007).

 49. Mobbs, D. et al. From threat to fear: The neural organization of defensive fear systems in humans. J. Neurosci. 29, 12236–12243. 
https:// doi. org/ 10. 1523/ jneur osci. 2378- 09. 2009 (2009).

 50. Wang, Y. et al. In 2019 International Joint Conference on Neural Networks (IJCNN) 1–8 (IEEE, 2019).
 51. Fung, B. J., Qi, S., Hassabis, D., Daw, N. & Mobbs, D. Slow escape decisions are swayed by trait anxiety. Nat. Hum. Behav. 3, 702–708. 

https:// doi. org/ 10. 1038/ s41562- 019- 0595-5 (2019).
 52. Korn, C. W. & Bach, D. R. Minimizing threat via heuristic and optimal policies recruits hippocampus and medial prefrontal cortex. 

Nat. Hum. Behav. 3, 733–745. https:// doi. org/ 10. 1038/ s41562- 019- 0603-9 (2019).
 53. McNaughton, N. Brain maps of fear and anxiety. Nat. Hum. Behav. https:// doi. org/ 10. 1038/ s41562- 019- 0621-7 (2019).
 54. Perkins, A. M. et al. Effects of lorazepam and citalopram on human defensive reactions: Ethopharmacological differentiation of 

fear and anxiety. J. Neurosci. 29, 12617–12624. https:// doi. org/ 10. 1523/ jneur osci. 2696- 09. 2009 (2009).
 55. Perkins, A. M. et al. Advancing the defensive explanation for anxiety disorders: Lorazepam effects on human defense are systemati-

cally modulated by personality and threat-type. Transl. Psychiatry 3, e246. https:// doi. org/ 10. 1038/ tp. 2013. 20 (2013).
 56. Cavanagh, J. F. & Shackman, A. J. Frontal midline theta reflects anxiety and cognitive control: Meta-analytic evidence. J. Physiol. 

Paris 109, 3–15. https:// doi. org/ 10. 1016/j. jphys paris. 2014. 04. 003 (2015).
 57. de Bruijn, E. R. A., Hulstijn, W., Verkes, R. J., Ruigt, G. S. F. & Sabbe, B. G. C. Drug-induced stimulation and suppression of action 

monitoring in healthy volunteers. Psychopharmacology 177, 151–160. https:// doi. org/ 10. 1007/ s00213- 004- 1915-6 (2004).
 58. Easdon, C., Izenberg, A., Armilio, M. L., Yu, H. & Alain, C. Alcohol consumption impairs stimulus- and error-related processing 

during a Go/No-Go task. Cogn. Brain Res. 25, 873–883. https:// doi. org/ 10. 1016/j. cogbr ainres. 2005. 09. 009 (2005).
 59. Ridderinkhof, K. R. et al. Alcohol consumption impairs detection of performance errors in mediofrontal cortex. Science 298, 

2209–2211. https:// doi. org/ 10. 1126/ scien ce. 10769 29 (2002).
 60. Schmidt, B., Kanis, H., Holroyd, C. B., Miltner, W. H. R. & Hewig, J. Anxious gambling: Anxiety is associated with higher frontal 

midline theta predicting less risky decisions. Psychophysiology https:// doi. org/ 10. 1111/ psyp. 13210 (2018).
 61. Schmidt, B., Kessler, L., Holroyd, C. B. & Miltner, W. H. R. Wearing a bike helmet leads to less cognitive control, revealed by lower 

frontal midline theta power and risk indifference. Psychophysiology 56, e13458. https:// doi. org/ 10. 1111/ psyp. 13458 (2019).
 62. Fisher, P. L. & Durham, R. C. Recovery rates in generalized anxiety disorder following psychological therapy: An analysis of clini-

cally significant change in the STAI-T across outcome studies since 1990. Psychol. Med. 29, 1425–1434 (1999).
 63. Shadli, S. M., Tewari, V., Holden, J. & McNaughton, N. Laterality of an EEG anxiety disorder biomarker largely follows handedness. 

Cortex https:// doi. org/ 10. 1016/j. cortex. 2021. 03. 025 (2021).
 64. Zar, J. H. Biostatistical Analysis (Prentice Hall, 1974).

Acknowledgements
We thank Lisa Labuschagne for help with MINI evaluations. Rob Kydd provided useful discussion at the design 
stage of the project. This work was supported by the Health Research Council of New Zealand (Grant Numbers 
14/129; 19/027), who had no involvement in the study design, data collection, analysis, interpretation, or writing 
that went towards this report.

Author contributions
N.McN. formulated the hypotheses. N.McN., B.R.R., I.J.K., and P.G. designed the studies. S.M.S. and J.McI. col-
lected, preprocessed, and analysed the individual healthy student data; and N.McN., S.M.S. and J.McI. carried 
out the group analysis. S.M.S, L.A., and V.L. collected, preprocessed, and analysed the individual patient and 
community control data; and N.McN., S.M.S. and L.A. carried out the group analysis. P.G. undertook, provided 
training in, and oversaw MINI evaluations. N.McN. interpreted the data and wrote the initial draft of the arti-
cle. S.M.S., N.McN., B.R.R., I.J.K., and P.G. contributed to the writing of the manuscript and all authors have 
approved the final version.

Funding
Health Research Council of New Zealand.

Competing interests 
PG has a contract with Douglas Pharmaceuticals to develop novel ketamine formulations. Within the last 3 years, 
PG has participated in an advisory board for Janssen Pharma and NMcN has had a confidential consulting agree-
ment with Janssen Research & Development, LLC. No other authors have any conflicts to declare.

https://doi.org/10.1016/j.jad.2012.11.057i
https://doi.org/10.1038/tp.2015.188
https://doi.org/10.1037/bne0000316
https://doi.org/10.1038/s41467-020-15670-6
https://doi.org/10.1038/s41467-020-15670-6
https://doi.org/10.1017/pen.2020.2
https://doi.org/10.1192/bjp.157.1.6
https://doi.org/10.1177/0269881117705089
https://doi.org/10.1177/0269881118762073
https://doi.org/10.1093/ijnp/pyy032
https://doi.org/10.1523/jneurosci.2378-09.2009
https://doi.org/10.1038/s41562-019-0595-5
https://doi.org/10.1038/s41562-019-0603-9
https://doi.org/10.1038/s41562-019-0621-7
https://doi.org/10.1523/jneurosci.2696-09.2009
https://doi.org/10.1038/tp.2013.20
https://doi.org/10.1016/j.jphysparis.2014.04.003
https://doi.org/10.1007/s00213-004-1915-6
https://doi.org/10.1016/j.cogbrainres.2005.09.009
https://doi.org/10.1126/science.1076929
https://doi.org/10.1111/psyp.13210
https://doi.org/10.1111/psyp.13458
https://doi.org/10.1016/j.cortex.2021.03.025


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19746  | https://doi.org/10.1038/s41598-021-99374-x

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 99374-x.

Correspondence and requests for materials should be addressed to N.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-99374-x
https://doi.org/10.1038/s41598-021-99374-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Right frontal anxiolytic-sensitive EEG ‘theta’ rhythm in the stop-signal task is a theory-based anxiety disorder biomarker
	Results
	Discussion
	Methods
	Participants. 
	Procedures. 
	Stop signal task (SST). 
	Data processing. 
	Statistical analysis. 
	GCSR calculation. 
	Smoothing. 
	Analysis of variance. 


	References
	Acknowledgements


