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 3 

Abstract 46 

 47 

There is converging evidence that 40 Hz Auditory Steady State Responses (ASSRs) are robustly 48 

impaired in schizophrenia and could constitute a potential biomarker for characterizing circuit 49 

dysfunctions as well as enable early detection and diagnosis. In the current paper, we provide 50 

an overview of the mechanisms involved in 40 Hz ASSRs, drawing on computational, 51 

physiological and pharmacological data with a focus on parameters modulating the balance 52 

between excitation/inhibition. We will then summarize findings from electro- and 53 

magnetoencephalographical studies in clinical high-risk for psychosis participants, first-54 

episode psychosis and schizophrenia patients to identify the pattern of deficits across illness-55 

stages, the relationship with clinical variables and prognostic potential. Finally, data on genetics 56 

and developmental modifications will be reviewed, highlighting the importance of late 57 

modifications of 40 Hz ASSRs during adolescence which are closely related to the underlying 58 

changes in gamma-aminobutyric acid interneurons. Together, our review suggests that 40 Hz 59 

ASSRs may constitute an informative electrophysiological approach to characterize circuit 60 

dysfunctions in psychosis that could be relevant for the development of mechanistic 61 

biomarkers.  62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 
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 4 

Introduction 72 

 73 

 74 

 75 

The identification of non-invasive biomarkers for diagnosis and prognosis is a fundamental 76 

challenge in current schizophrenia (ScZ) research (1). Importantly, biomarkers should ideally 77 

allow insights into the underlying pathophysiological mechanisms and facilitate links to pre-78 

clinical research (2). One potential candidate is the 40 Hz Auditory Steady-State Response 79 

(ASSR). Steady-state responses (SSRs) reflect stimulus-rate dependent, evoked activity to 80 

constant periodic stimuli in different sensory modalities that can be detected using electro- and 81 

magnetoencephalography (EEG/MEG). ASSRs show a peak frequency around 40 Hz in 82 

humans (3) in contrast to other sensory modalities, such as visual SSRs (4).  83 

40 Hz ASSRs were investigated for the first time in ScZ patients by Kwon et al. (5) using EEG, 84 

demonstrating reduced power and phase delay to 40 Hz stimulation. These findings provided 85 

further support for the hypothesis that neural circuits were compromised in ScZ to generate 86 

oscillations in the gamma-band (30-100 Hz) (6). During normal brain functioning, gamma-band 87 

oscillations have been proposed to facilitate coordination of distributed neuronal activity in 88 

neuronal networks to support the generation of perception and cognition (7) and are accordingly 89 

a candidate mechanism for the pervasive sensory and cognitive deficits in ScZ (8). 90 

The initial findings by Kwon et al. (5) have been replicated by several groups using both EEG 91 

and MEG (9-11). In addition, more recent studies have examined 40 Hz ASSRs in participants 92 

at clinical high-risk for psychosis (CHR-P) and first-episode psychosis (FEP) patients (12, 13), 93 

raising the possibility that 40 Hz ASSRs could be used for early detection and diagnosis of 94 

early-stage psychosis.   95 

Despite the extensive evidence on 40 Hz ASSR deficits in ScZ, several questions remain 96 

regarding their significance and interpretation.  Therefore, the goal of this paper is to provide a 97 

state-of-the art overview on the 40 Hz ASSRs as a mechanistic biomarker for elucidating circuit 98 

dysfunctions in ScZ as well as for early detection and diagnosis. Accordingly, we will 99 
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 5 

summarize the mechanisms underlying 40 Hz ASSRs, drawing on computational, physiological 100 

and pharmacological perspectives. This will be followed by an overview of current studies in 101 

CHR-P participants, FEP-groups and ScZ-patients. Finally, evidence from genetics as well as 102 

recent studies on the 22q11.2 deletion syndrome (22q11.2DS) will be reviewed together with 103 

data on developmental modifications, followed by recommendations for future research.  104 

 105 

 106 

Generators Underlying 40 Hz ASSRs in Human and Animal Electrophysiology 107 

 108 

Current EEG and MEG-studies interpret 40 Hz ASSRs as a probe for measuring the resonance 109 

frequency of auditory circuits. However, while initial findings focused on auditory regions as 110 

the main areas involved in the generation of the 40 Hz ASSR, in particular the medial Heschl’s 111 

gyrus (14, 15), more recent work has suggested that 40 Hz ASSRs involve a more extensive 112 

network.  113 

Evidence for the contribution of frontal generators towards 40 Hz ASSRs in humans comes 114 

from MEG/EEG (16, 17) as well as from intracranial recordings (18). In addition, 40 Hz ASSRs 115 

have been observed in parietal areas (14) and in the inferior colliculus (19). Tada et al. (18) 116 

analyzed high-density electrocorticography in response to ASSRs at 20, 30, 40, 60, 80, 120, 117 

and 160 Hz using two common techniques to analyze steady-state activity, intertrial phase 118 

coherence (ITPC) (20) and spectral power estimates. The first refers to the consistency of phase-119 

angles across trials, therefore reflecting only evoked activity. The latter encompasses both 120 

evoked activity and induced components, of which the timing can differ between trials. 121 

Modulation of ITPC and spectral power were maximal at 40 Hz stimulation and were 122 

distributed across temporal, parietal, and frontal cortices.  123 

In addition, there is evidence for a role of the thalamus, in particular the medial geniculate body 124 

(MGB), in the generation of 40 Hz ASSRs from MEG/EEG, PET and fMRI-data (12, 19, 21). 125 
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 6 

These findings were corroborated by a study showing that electrical stimulation of thalamic 126 

neurons evoked gamma-band activity around 40 Hz in auditory cortex (22). Moreover, recent 127 

work has shown that generators extend to additional subcortical areas, including hippocampus 128 

(12) and the brainstem (15).  129 

 130 

 131 

                                                   Enter Figure 1 about here 132 

 133 

 134 

Circuit Mechanisms of 40 Hz ASSRs: E/I Balance Parameters 135 

 136 

Unlike transient evoked potentials, SSRs require a high temporal resolution for coordinated 137 

signal integration as well as transmission and processing, especially in higher-frequency ranges 138 

(23). Initial efforts focused on disclosing whether SSRs simply constitute a summation of event-139 

related potentials (ERPs) or whether they reflect the entrainment of rhythmic oscillatory 140 

activity. While some studies supported to the summation hypothesis(24, 25), it is more likely 141 

that both models are non-exclusive and interacting to produce the ASSR response.  142 

As such, it has been proposed that early transient components of the ASSR response may reflect 143 

ERP processes, while late-latency, sustained responses reflect rhythmic activity (11, 16). This 144 

theory is supported by evidence indicating that ITPC is larger for the late sustained 40 Hz 145 

ASSRs (150-500 ms) compared to ITPC-modulation between 0-50 ms (12, 26), suggesting that 146 

sustained rhythmic activity may be only observed after the early evoked component. In this 147 

context, it is important to highlight that neural oscillations reflect synchronous, rhythmic 148 

activity of neuronal ensembles that occurs in a circumscribed frequency range and are sustained 149 

over several cycles (27). Accordingly, neural oscillations need to be distinguished from broad-150 
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 7 

band power changes, transient responses as well as aperiodic activity (28) and recent methods 151 

have been introduced to separate these processes (29).  152 

Gamma-band oscillations emerge from the balance between excitation and inhibition (E/I-153 

balance) in neural networks (30). Specifically, the time-constants of inhibitory postsynaptic 154 

potentials (IPSPs) of GABAergic parvalbumin-positive (PV+) interneurons are ideally suited 155 

to generate 40 Hz rhythms (31). This has been shown for instance through hippocampal 156 

excitation of PV+ interneurons by means of N-methyl-D-aspartate receptors (NMDA-Rs), 157 

which resulted in 40 Hz transient oscillatory responses in pyramidal cells (32, 33).  158 

PV+ interneurons mainly target the perisomatic region of pyramidal cells and can therefore 159 

control their output effectively as opposed to Somatostatin-Expressing (SST+) interneurons that 160 

mainly inhibit the apical dendrite (34). Computational studies have further demonstrated that 161 

these anatomical and electrophysiological properties PV+ interneurons are crucial for the 162 

generation of gamma-band oscillations and that several key E/I-balance parameters determine 163 

their power and coherence (35). Moreover, the strength of exerted inhibition, which in turn is 164 

dependent on the strength of NMDA-R activation as well as the maximal conductance of the 165 

GABAergic synapses, also crucially influences 40 Hz ASSR power (36-39).  166 

Further evidence for the role of E/I-balance parameters in the generation of 40 Hz ASSRs comes 167 

from pharmacological studies. In human EEG-recordings, the NMDA-R antagonist ketamine 168 

has been associated with an increase in power of the 40 Hz ASSRs (40). In contrast, 169 

administration of the NMDA-R antagonist MK 801 into the medial geniculate body (MGB) in 170 

mice was associated with reduced 40 Hz ASSRs in auditory cortex, without affecting the early 171 

transient response (41). Such diverging findings could be explained by different locations and 172 

dosages of drug administration. For instance, Sirano et al. (42) showed that NMDA-R channel 173 

occupancy is related to the modulation of both power and phase-locking of 40 Hz ASSRs, with 174 

lower ketamine dosages causing an increase in spectral power and ITPC  while higher doses 175 

caused decreased 40 Hz ASSRs.  176 

Jo
urn

al 
Pre-

pro
of



 8 

Similarly, there is emerging evidence that GABAergic neurotransmission modulates 40 Hz 177 

ASSRs. Increasing inhibition via administration of the GABAA agonist muscimol results in 178 

increased power and phase-locking of 40 Hz ASSRs in humans (43). Moreover, selective PV+ 179 

interneuron excitation using optogenetic stimulation in the basal forebrain in rats increased 180 

ASSR-responses in auditory cortex only when stimulating at 40 Hz but not at other frequencies 181 

(44).  Accordingly, these data indicate that modulation of both power and ITPC-values of 40 182 

Hz ASSRs are the sensitive marker for E/I-balance alterations that could allow the identification 183 

of circuit mechanisms in ScZ. In particular, both PV+ interneuron activation as well as the 184 

excitatory drive mediated through NMDA-Rs have a mechanistic impact on 40 Hz ASSRs.   185 

 186 

 187 

                                                   Enter Figure 2 about here 188 

 189 

 190 

40 Hz ASSRs in Schizophrenia: Pattern of Deficits and Correlations with Clinical 191 

Variables 192 

 193 

 194 

40 Hz ASSRs have been investigated in approximately 40 studies in ScZ patients using both 195 

EEG and MEG (for a recent review see (44)). The large majority of studies have reported a 196 

reduction in both ITPC and power of 40 Hz ASSRs with medium-level effect sizes ((9) but see 197 

(45, 46)). This pattern is consistent with evidence from other sensory and cognitive paradigms 198 

in ScZ (8), suggesting that neural circuits involved in the generation of high-frequency 199 

oscillations are impaired.   200 
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So far, however, studies have focused almost exclusively on the analysis of sensor-level data 201 

and source-localization of auditory regions as the origin of 40 Hz ASSRs deficits. Accordingly, 202 

it is unclear which areas are fundamentally implicated beyond auditory cortex given the 203 

contribution of extensive cortical and subcortical regions towards the generation of 40 Hz 204 

ASSRs (12, 18).  Koshiyama et al. (47) applied a Granger causality analysis, a functional 205 

connectivity measure, to assess the propagation of 40 Hz ASSRs across cortical sources in a 206 

large sample of ScZ patients and controls. ScZ patients showed a complex pattern of increased 207 

and decreased connectivity across the early transient as well as during the later sustained 208 

responses that involved temporal and frontal brain regions.  209 

In ScZ patients, there is evidence for a reduction in both the early transient and sustained 40 Hz 210 

ASSRs (48) which may, however, differ across early vs. later illness stages (49). In addition, 211 

Kwon et al. (5) reported a delay between click onset and the subsequent negative peak in band 212 

filtered time-domain EEG data. This finding was replicated by Roach et al. (50) (see also (51)), 213 

highlighting that the phase delay deficit in ScZ patients was associated with a significantly 214 

larger effect size than both spectral power and ITPC-reductions.  215 

An important aspect concerns the specificity of ASSR deficits towards 40 Hz stimulation. While 216 

auditory cortices during normal brain functioning respond preferentially to 40 Hz ASSRs (18), 217 

there is consistent evidence that impairments in ScZ extend to other frequencies. Thus, ASSR 218 

deficits have also been observed at 80 Hz but not at 20 Hz or 30 Hz (52). In addition, several 219 

studies have shown that ASSRs at delta (1-4 Hz) (53) but also theta-bands (4-7 Hz) are reduced 220 

in ScZ as well (54). During normal brain functioning, there is evidence that low and high-221 

frequency oscillations interact, for example, the amplitude of gamma-band activity can be 222 

modulated by the phase of low-frequency (delta/theta-band) oscillations (55). However, studies 223 

that investigated cross-frequency coupling showed that 40 Hz ASSR deficits were not related 224 

to lower frequencies in ScZ (56, 57).  225 
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 10 

Among the clinical correlates, correlations between increased 40 Hz ASSRs and elevated 226 

positive symptoms, especially auditory hallucinations (58, 59), have been reported which, 227 

however, has not been confirmed by other studies (52). In addition, Ogy et al. (60) examined 228 

whether 40 Hz ASSRs differentiated ScZ-patients who did not respond to standard 229 

antipsychotics (treatment-resistant schizophrenia (TRS)) vs. a non-TRS group. Evoked power 230 

during 40 Hz ASSRs was only impaired in the TRS group compared to controls. However, no 231 

differences were found between TRS and non-TRS ScZ-patients in 40 Hz ASSR power. 232 

Given that gamma-band oscillations have been proposed to underlie impaired cognitive and 233 

sensory processes in ScZ (8), correlations between deficits in 40 Hz ASSRs, cognition and 234 

possibly also functional impairments can be expected. Robust relationships with cognitive 235 

deficits have not been demonstrated so far (12, 56, 61). In regards to functional impairments, 236 

there is preliminary evidence that reduced 40 Hz ASSRs correlate with lower functional status 237 

in ScZ patients (61).  238 

Finally, several studies have examined the relationship between anatomical alterations, 239 

especially gray matter (GM) volume, and 40 Hz ASSRs in ScZ. Thus, there is evidence that 240 

GM-reductions in the auditory cortex correlate with decreased 40 Hz ASSRs (62). A study by 241 

Du et al. (63) that linked fMRI resting-state data to sensor level 40 Hz ASSRs suggested, 242 

however, that a network of brain areas consisting of temporal, medial prefrontal cortex and 243 

postcentral/ precentral gyrus is associated with deficient 40 Hz ASSRs.  244 

 245 

 246 

 247 

40 Hz ASSR Deficits in Early-Stage Psychosis 248 

 249 

More recent work has investigated whether 40 Hz ASSR impairments are present during early-250 

stage psychosis to address the potential as a biomarker for early detection and diagnosis (Table 251 
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1). This is particularly important as early intervention can modify the trajectory of patients with 252 

a first-episode of psychosis (FEP) (64) and there is an urgent need for biomarkers to stratify 253 

patients according to clinical outcomes and pathophysiological mechanisms (65).  254 

Currently, several studies investigated 40 HZ ASSRs in FEP-patients (12, 13, 49, 58, 66-68), 255 

the majority of which reported robust impairments in both spectral power and ITPC while 256 

Bartolomeo et al. (68) and Coffman (58) found intact 40 Hz power. In regards to CHR-P 257 

participants, Lepock et al. (69) showed intact ITPC and 40 Hz ASSR power while Grent-‘t-258 

Jong et al.  (12),  Koshiyama et al. (66) and Tada et al. (49) found evidence for impaired 40 Hz 259 

ASSRs.  260 

Grent-‘t-Jong et al. (12) furthermore examined the question whether 40 Hz ASSRs could 261 

constitute a biomarker for clinical outcomes in CHR-Ps, such as persistence of attenuated 262 

psychotic symptoms (APS) and transition to psychosis. Source-reconstructed 40 Hz ASSRs 263 

revealed that both CHR-Ps and FEP-groups had an overlapping deficit in spectral power and 264 

ITPC in auditory cortex, hippocampus and thalamus. Importantly, both APS persistence and 265 

transition to psychosis were predicted by 40 Hz ASSRs deficits in the hippocampus, thalamus 266 

and superior temporal gyrus.   267 

Several studies also examined associations between 40 Hz ASSRs, functioning and symptoms 268 

in early-stage psychosis. Similar to findings in established ScZ, however, correlations with 269 

functioning (12, 70), symptoms (12, 58) and cognitive impairments (12) were inconsistent 270 

across studies. 271 

 272 

 273 

                                                   Enter Figure 3 about here 274 

 275 

 276 

 277 
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40 Hz ASSRs, Genetics and Brain Development 278 

 279 

The heritability of ScZ is estimated at approximately 80% (71) and recent genome-wide 280 

associations studies (GWAS) have identified risk genes that impact on E/I-balance parameters 281 

(72).  There is preliminary evidence that unaffected 1st degree relatives exhibit reductions in 40 282 

Hz ASSRs (73). Moreover, computational modelling has shown the impact of common variants 283 

on 40 Hz ASSRs (74) (Figure 1), suggesting that 40 Hz ASSR deficits are closely linked to 284 

genetic risk and therefore could constitute an endophenotype.  This possibility is consistent with 285 

data showing that 40 Hz ASSR deficits can also be found in conditions that are characterized 286 

by overlapping circuit dysfunctions and genetics, such as Bipolar Disorder (BPD) and Autism 287 

Spectrum Disorders (ASDs) (75-78).  288 

More recent studies have examined the relationship between 40 Hz ASSR deficits in 22q11.2 289 

deletion syndrome (22q11DS) (17, 79), which is a neurogenetic disorder that confers a 290 

30%−40% lifetime risk for the development of psychosis (80). Several genes within the 22q11.2 291 

region have been linked to glutamatergic and GABAergic neurotransmission (81) and disrupted 292 

migration and placement of cortical interneurons (82). Mancini et al. (17) examined 40 Hz 293 

ASSRs in EEG data in a sample of 22q11.2 deletion carriers and controls. Both power and ITPC 294 

of 40 Hz ASSRs as well as evoked theta-band power were impaired in deletion carriers. Gamma 295 

band spectral power reductions were particularly prominent in anterior cingulate cortex (ACC), 296 

posterior cingulate cortex (PCC), thalamus and the right primary auditory cortex. Moreover, 40 297 

Hz ASSR deficits were pronounced in deletion carriers with psychotic symptoms and correlated 298 

with the reduction of GM in auditory cortex. Importantly, a linear increase of 40 Hz ASSR 299 

spectral power was observed from childhood to adulthood in healthy controls but not in deletion 300 

carriers.  301 

There is convergent evidence that E/I-balance, such as PV+ interneurons and their excitatory 302 

inputs (83) as well as a GABAergic subunits (84), undergo important modifications during 303 
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adolescence, which could in turn could provide sensitive periods for risk factors, such as 304 

cannabis (85), but also interventions that could potentially modify and even restore existing 305 

circuit dysfunctions. A study by Mukherjee et al. (86) examined the possibility to modify PV+ 306 

interneuron functioning in a mouse model of 22q11DS during development. Adult mice with a 307 

deletion on chromosome 16 (Df(16)A(+/)were characterized by low PV+ interneuron plasticity 308 

as well as pronounced deficits in cognitive tasks and gamma-band oscillations. Importantly, 309 

cognitive dysfunction in LgDel+/ mice could be prevented permanently by dopaminergic D2-310 

receptor antagonist treatment or by chemogenetic activation of PV+ interneurons during late 311 

adolescence. 312 

 313 

 314 

                                                   Enter Figure 4 about here 315 

 316 

 317 

40 Hz ASSR Deficits in Schizophrenia: Link to E/I-Balance Circuit Dysfunctions 318 

 319 

Impaired gamma-band oscillations in ScZ have been linked to altered E/I-balance parameters, 320 

in particular PV+ interneurons deficits (87) as well NMDA-R hypofunctioning (88). The 321 

precise pattern and contributions of NMDA-Rs and GABAergic interneurons towards impaired 322 

gamma-band oscillations in ScZ remains unclear, however. One possibility is that circuit 323 

deficits are due to a primary dysfunction in inhibitory interneurons in ScZ (87). In addition, 324 

evidence exists that impaired inhibition could be the result of NMDA-R hypofunctioning on 325 

PV+ interneurons (89) or reduced NMDA-R drive on pyramidal cells (90).  326 

A shift towards increased excitation as a result of NMDA-R hypofunctioning has been 327 

implicated in circuit dysfunctions in ScZ, in particular during early-stage psychosis (91). 328 

Ketamine, a NMDA-R antagonist, is associated with disinhibition in local (92) and large-scale 329 
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networks (90) and a dysregulation of gamma-band oscillations (93). Specifically, lower dosages 330 

of NMDA-R antagonists, which elicit psychomimetic effects in healthy volunteers, cause 331 

preferentially an upregulation of both 40 Hz ASSRs (40, 42) and spontaneous gamma-band 332 

oscillations (93, 94). However, this pattern is not consistent with the 40 Hz ASSR findings in 333 

both CHR-P/FEP and ScZ-patients (9, 10).  334 

Increased, non-phase locked or induced gamma-band power consistent with NMDA-R 335 

hypofunctioning model has been shown to correlate with 40 Hz ASSRs ITPC deficits in ScZ 336 

(95). However, several studies that examined baseline activity during visual processing (12, 96) 337 

could not confirm that spontaneous gamma-band activity is increased. Accordingly, further 338 

studies are required to examine the significance of elevated spontaneous gamma-band activity 339 

and its relationship with stimulus-related oscillatory activity in ScZ. 340 

Computational models have shown that decreased PV+ interneuron mediated inhibition as a 341 

result of either reduced expression of glutamic acid decarboxylase isoform 67kDa (GAD67) or 342 

a reduction of PV+ interneuron cell density leads to reduced 40 Hz ASSRs (36, 37), with  PV+ 343 

basket cells being primarily responsible for the 40Hz ASSR results as opposed to other PV+ 344 

interneuron subclasses such as Chandelier cells (97). This reduction is a result of the weakened 345 

control of the inhibitory cells over the firing of the pyramidal cell population leading to reduced 346 

40 Hz rhythms. In contrast, hypofunction of NMDA-Rs on PV+ interneurons is associated with 347 

a decreased excitability in inhibitory cells (39), which decreased their recruitment during 40 Hz 348 

oscillations and, therefore, results in a reduction of 40 Hz ASSR power (38, 97, 98). Overall, it 349 

is conceivable that 40 Hz ASSR deficits may result from a combination of several changes to 350 

excitatory and GABAergic neurotransmission in ScZ (37) (see Figure 2).  351 

Adams et al. (99) applied dynamic causal modelling (DCM) to identify the contribution of 352 

diminished synaptic gain on pyramidal cells vs. diminished synaptic gain on interneurons 353 

towards circuit dysfunctions in ScZ. EEG-data during 40 Hz ASSRs, resting-state activity and 354 

a MMN-paradigm were analyzed and a canonical microcircuit neural mass model was 355 
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employed. The results strongly favored reduced synaptic gain on pyramidal cells which is 356 

consistent with recent post-mortem data (100) that have indicated that reductions in PV+ 357 

interneurons may constitute an adaptive response to decreased excitatory drive.  358 

Thus, the current findings suggest that 40 Hz ASSRs deficits in ScZ may be compatible with 359 

altered E/I-balance parameters. Specifically, evidence from pharmacology, post-mortem and 360 

computational modelling converges on the notion that reduced 40 Hz ASSRs in ScZ could be 361 

the result of impaired PV+ interneuron functioning (44, 97). However, it is currently unclear 362 

whether this dysfunction is primary or secondary to an excitatory deficit. 363 

While the concept of E/I imbalance has been useful to gain a first mechanistic understanding 364 

of circuit deficits in ScZ, current models of E/I balance should be extended to capture important 365 

aspects of the ASSR response and generation. For example, most models do not capture the 366 

diversity of cortical interneurons, with some exceptions (97, 101). Furthermore, modelling 367 

studies so far have assumed that the ASSR response can be considered a simple summation of 368 

ERPs and have not addressed the entrainment of ongoing intrinsic oscillations by periodic 369 

ASSR stimuli. 370 

 371 

 372 

Recommendations for Future Research 373 

 374 

40 Hz ASSRs are influenced by a number of experimental parameters that require careful 375 

consideration. Attention has been shown to be modulate 40 Hz ASSRs power in healthy 376 

controls (102) but not in FEPs (58) nor in ScZ patients (103). Accordingly, future studies need 377 

to examine and control more carefully differences in attention as a possible confound for 40 Hz 378 

ASSR deficits in ScZ. 379 

Secondly, state-dependent variables, such as arousal, may impact the strength of 40 Hz ASSRs 380 

(104). This is supported by findings indicating that eyes-open versus eyes-closed conditions 381 
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modulate the strength 40 Hz ASSRs (105). It is currently uncear, however, whether these 382 

manipulations differ in ScZ or FEP-groups (67, 106). Finally, it has been argued that amplitude-383 

modulated (AM) sounds, compared to click-trains, are more powerful in detecting late sustained 384 

40 Hz impairments, whereas click-trains are most sensitive to detecting early-latency deficits 385 

(107). However, studies using click-train paradigms have shown sustained impairments for the 386 

duration of stimulation (9). 387 

Regarding EEG/MEG analytic approaches, the consideration of baseline differences deserves 388 

careful consideration. Kim et al. (46) showed that 40 Hz ASSR impairments in ScZ patients 389 

could only be found when the data were not baseline-normalized, suggesting that higher noise-390 

levels may be present. In addition, the involvement of brain regions beyond auditory cortex, 391 

such as the thalamus, hippocampus and frontal regions, is not reflected in the large majority of 392 

current EEG/MEG-studies. Given the extensive contribution of extended cortical and 393 

subcortical networks towards the generation of 40 Hz ASSRs (12, 18, 108), future analytic 394 

protocols should ideally apply whole-brain source-localization approaches. A recent study 395 

by Grent-'t-Jong et al. (12), for example, showed that specifically subcortical generators in the 396 

thalamus and hippocampus were strongly impaired in CHR-P and FEP groups and that reduced 397 

40 Hz ASSRs in the thalamus predicted transition to psychosis in CHR-P participants.  398 

Finally, given that 40 Hz ASSRs reflect E/I-balance parameters and that deficits in ITPC and 399 

spectral power may constitute a transdiagnostic biomarker, future studies could examine 40 Hz 400 

ASSRs across ScZ, BP and ASDs to define potentially novel illness subtypes (109) involving 401 

E/I-balance parameters. 402 

 403 

 404 

 405 

 406 

 407 
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Summary 408 

 409 

The available evidence suggests that 40 Hz ASSRs are a promising biomarker, which is robustly 410 

impaired in ScZ patients across different paradigms and recording modalities (9, 10). In 411 

addition, test-retest reliability has been established in several studies (110, 111). Importantly, 412 

there is also emerging evidence that both CHR-P and FEP-groups are characterized by similar 413 

impairments in ITPC and spectral power during 40 Hz stimulation (12, 49) that could be 414 

potentially relevant for early detection and diagnosis. Developmental data furthermore indicate 415 

that 40 Hz ASSRs and the underlying generating mechanisms undergo major modifications 416 

during adolescence (17, 83, 84), indicating a sensitive period for both risk factors but also 417 

intervention to correct circuit anomalies.   418 

Moreover, the 40 Hz ASSR also fulfills the criteria for a translational and mechanistic 419 

biomarker. Data from animal work has shown that similar to findings obtained from EEG- and 420 

MEG-recordings in humans, 40 Hz ASSRs elicit similar perturbations in both spectral power 421 

and ITPC that can be linked to circuit mechanisms fundamentally implicated in ScZ, in 422 

particular GABAergic interneurons and NMDA-Rs. Together with computational modelling 423 

(97, 99), these data allow the testing of mechanistic hypotheses that could lead to the 424 

development of targeted and more effective interventions. 425 
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 439 

 440 

Figure Legends 441 

 442 

Figure 1: 40 Hz ASSRs in in EEG/MEG-Data. A) 40 Hz auditory stimulation elicits steady-443 

state responses (ASSRs) measurable with EEG/MEG. Illustrated are typical response patterns 444 

both in 40 Hz power (analyzed with Time-frequency analysis – TFA) and phase (analyzed with 445 

intertrial phase coherence – ITPC). In EEG recording, these responses can be observed over 446 

fronto-central regions, while in MEG they are localized over temporal regions. Neuronal 447 

activity originating from dipoles in auditory cortex produce such topographies and differences 448 

between methodologies reflect differences in electric and magnetic signal transmission. 449 

B): 40 Hz ASSRss consist of early transient and late sustained activity: Illustrated are a typical 450 

neuronal ASSR responses of human recordings using MEG, depicted by ITPC-values and the 451 

averaged steady-state potential. The difference between the early onset and the late sustained 452 

activity are clearly visible. 453 

C):  Overview of generators involved in 40 Hz ASSRs from multimodal imaging studies using 454 

PET/fMRI/EEG/MEG and intracranial recordings.  455 

 456 

 457 

Figure 2: E/I-Balance Mechanisms of 40 Hz ASSRs and ScZ-associated Microcircuit 458 

Alterations: A) 40 Hz ASSRs are generated through the interaction between populations of 459 
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excitatory pyramidal cells (PC) and PV+ interneurons, which can be subdivided into two 460 

groups, basket cells (PV B) and chandelier cells (PV C). Schizophrenia-associated changes 461 

mainly occur at NMDA receptors at PC-PV synapses (1.) and PV-PC synapses (2. and 3.).  462 

B) Simulated Circuit Parameters and 40 Hz ASSRs Deficits in ScZ: Six ScZ-associated network 463 

parameters (GABA levels at pyramidal cells, GABA levels at inhibitory cells, number of 464 

inhibitory connections to pyramidal cells, number of inhibitory connections to inhibitory cells, 465 

prolonged GABAergic time constant at pyramidal cells, prolonged GABAergic time constant 466 

at inhibitory cells) were changed in a computational model and the network response to 40 Hz 467 

click trains was simulated. The panel shows the normalized mutual information between these 468 

GABAergic network parameters and a 40 Hz ASSR power reduction (Inset: Mean and standard 469 

deviation for the number of changed parameters), demonstrating that only a combination of 470 

several parameters but not single parameters predicted 40 Hz ASSR power reductions (Figure 471 

modified from Metzner et al. (37)) C/D.) Computational Modelling of PV-Interneuron Subtypes 472 

and 40 Hz ASSRs in ScZ: Chandelier cells at a realistic ratio (10% of PV interneurons) do not 473 

contribute significantly to the 40 Hz ASSR deficit. Basket cells are predominantly responsible 474 

for the power reduction (Metzner et al. (97)).  Simulated MEG signal (left) and resulting power 475 

spectral density (right) for 40 Hz ASSR. The black curves represent the control model 476 

configuration the red curves represent changes to the GABAergic system at chandelier cells 477 

associated with schizophrenia. 478 

D: Simulated MEG signal (left) and resulting power spectral density (right) for 40 Hz ASSR. 479 

The black curves represent the control model configuration the red curves represent changes to 480 

the GABAergic system at basket cells associated with schizophrenia. Only the basket cell 481 

changes are able to significantly reduce the 40 Hz ASSR power. 482 

 483 

Figure 3: 40 Hz ASSRs and Clinical Outcomes in Early-Stage Psychosis. Overview of 484 

MEG-recorded 40 Hz ASSR mpairments in FEP-patients and CHR-P individuals: A) Source-485 
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reconstructed ITPC activity in right Heschl‘s gyrus (RHES) for healthy control participants 486 

(HC: top time-frequency plot). B) 40-Hz ITPC traces for RHES in HC (black), CHR-P (blue) 487 

and FEPs (red) groups. C) Regions of interest for which virtual channel data were computed 488 

and statistically examined for group differences (RHES: right Heschl‘s gyrus, RTHA: right 489 

Thalamus, RHIP: right Hippocampus, RSTG: right Superior Temporal Gyrus). D) Cumming 490 

estimation plots with data distribution swarm plots and group difference data, including HCs 491 

and FEP-patients and three subgroups of CHR-P participants, based on 1-year follow-up data: 492 

APS-NP = non-persistent (remitted) attenuated psychotic symptoms (APS), APS-P = persistent 493 

APS, CHR-P-T = CHR-P who transitioned during follow-up time (up to 36 months). Linear 494 

Discriminant Analysis (LDA) predict clinical outcomes of CHR-P individuals based on MEG 495 

data Classification persistent APS vs. non-persistent APS:  RHIP, RMTG, and RSTG ITPC: 496 

AUC = .845. A cross-validated total of 27 of 39 APS-NP (69.2%) and 25 of 34 APS-P (73.5%) 497 

participants were correctly classified. Classification CHR-P-T vs. CHR-P-NT (non-498 

transitioned): RTHA: AUC = 0.695. A cross-validated total of 52 of 97 CHR-P-NT (53.6%) 499 

and 10 of 13 CHR-P-T (76.9%) participants was correctly classified for these two subgroups. 500 

These plots show predictive value of 40 Hz ASSR in AR groups for poor clinical outcome 501 

(adapted from Grent-‘t-Jong et al. (12)).  502 

 503 

 504 

Figure 4: 40 Hz ASSRs in 22q11.2 Deletion Syndrome: A) Intertrial phase coherence (ITPC) 505 

values in EEG-data from control participants (n=48) and n=58 22q11.2 deletion carriers. The 506 

outlined dotted boxes highlight the time window of statistically significant group differences in 507 

gamma-band ITPC obtained from fronto-central electrodes. Power values are expressed in 508 

percent (Top Panel). Bottom Panel: Regions in source space (left and right ACC and superior 509 

frontal gyrus, right auditory cortex) with statistically significant lower gamma-band response 510 

(38–42 Hz) in deletion carriers (n=58) compared to healthy controls (n=48) during the first 1.5 511 
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sec of the 40 Hz ASSR. B) Differences in ITPC between 22q11.2 Deletion carriers with and 512 

without psychotic symptoms as defined by a score of 3 or more on the positive scale of the 513 

Structured Interview for Prodromal Syndromes (SIPS). Deletion group with psychotic 514 

symptoms was characterized by a statistically reduction in 40 Hz ASSR ITPC over the entire 515 

stimulation period (Top Panel). Bottom Panel: Correlations between gamma-band power over 516 

frontal electrodes and scores on the item P4 (Perceptual Abnormalities/Hallucinations) from 517 

SIPS (hallucinations). Power values are expressed in percent. C) 40 Hz ASSR spectral power 518 

during development (childhood, adolescence, and adulthood) in controls (top panel) and 519 

22q11.2 deletion carriers (bottom panel). Spectral power is averaged across fronto-central 520 

electrodes and power values are expressed in percent. In controls, there is a significant increase 521 

in 38-42 Hz power during adolescence and adulthood which is absent in the 22q11.2 deletion 522 

group.  523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 
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Table 1. 40 Hz ASSR Studies in First-Episode Psychosis and Clinical-High Risk for Psychosis Participants 

 
 

Study Clinical Group Age  

mean (SD) 

Recording Technique Stimulus Type Main Resultsa 

Ahmed et al., (69) 35 CHR 20.7 (3.4) 32-channel EEG 
Click trains 

40 Hz 
--- 

Spencer et al. (13) 

34 HC 

16 FE-SZ 

16 FE-AF 

28 (8.7) 

26 (8.1) 

24 (7.4) 

60-channel EEG 

Click trains 

20-, 30-, & 40-Hz 

500 ms duration 

FE-SZ < HC: power & ITPC 

FE-AF < HC: power & ITPC 

Tada et al. (48) 

21 HC 

15 UHR 

13 FES 

22 (3.3) 

22 (4.0) 

25 (5.9) 

64-channel EEG 

Click trains 

20-, 30-, & 40-Hz 

500 ms duration 

UHR < HC: only late latency power & ITPC 

FES < HC: early+late latency power & ITPC 

Koshiyama et al. (65) 

24 HC 

27 UHR 

21 ROSZ 

22 (3.0) 

21 (3.9) 

24 (6.7) 

64-channel EEG 

Click trains 

20-, 30-, & 40-Hz 

500 ms duration 

UHR < HC: only late latency power & ITPC 

ROSZ < HC: early+late latency power & ITPC 

Wang et al. (66) 
28 HC 

33 FE 

26 (5.5) 

25 (6.6) 
64-channel EEG 

Click trains 

40-Hz  

500 ms duration 

FE < HC: power & ITPC 

Bartolomeo et al. (67) 
19 HC 

34 FE 

22 (4.3) 

23 (3.6) 
28-channel EEG 

Click trains 

40-Hz 

500 ms duration 

FE = HC: power 

Lepock et al. (68) 
22 HC 

36 CHR 

22 (3.0) 

21 (3.4) 
32-channel EEG 

Click trains 

40-Hz 

500 ms duration 

CHR = HC: power & PLF 

Grent-‘t-Jong et al. 

(12) 

49 HC 

38 CHR-N 

116 CHR-P 

33 FEP 

23 (3.6) 

23 (4.7) 

22 (4.5) 

24 (4.5) 

248-channel MEG 

AM sounds 

40-Hz 

2000 ms duration 

CHR-P < HC: ITPC in RHES, power in RTHA and RHIP 

FEP < HC: power in RHES, RTHA and RHIP 

Coffmann et al. (55) 
32 HC 

25 FE 

24 (5.5) 

24 (4.0) 
63-channel EEG 

Click trains 

40-Hz 

500 ms duration 

FE = HC: power & ITPC 

 
Abbreviations: HC = healthy controls; FE/FES/FEP = First-Episode Psychosis patients; FE-SZ and FE-AF = FEP schizophrenia and affective disorder, respectively; ROSZ = Recent Onset 

Schizophrenia patients; UHR = ultra-high risk participants; CHR = clinical high risk participant (CHR-P positive for psychosis risk, CHR-N negative for psychosis risk); SD = standard deviation 

of the mean; ms = milliseconds; AM = Amplitude Modulated sounds; ITPC = Inter-Trial-Phase-Coherence; RHES = right Heschl’s gyrus; RTHA = right Thalamus; RHIP = right Hippocampus. 
a If more stimulation frequencies were presented, only the results from the 40-Hz stimulation condition are reported here. 
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