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Objective: Generalized anxiety disorder (GAD) imposes a substantial burden on individuals and society, yet its underlying
neurophysiological mechanisms remain unclear. This study aimed to investigate whether GAD is associated with abnormalities in
bilateral motor cortex excitability and peripheral neurochemical balance.

Methods: This case-control study compared 30 unmedicated GAD patients with 30 age- and gender-matched healthy controls.
Cortical excitability indices—including resting motor threshold (rMT), motor evoked potential amplitude (MEP-A) and latency (MEP-
L), and cortical silent period (CSP)—were assessed using single-pulse transcranial magnetic stimulation (spTMS). Peripheral serum
levels of glutamate (Glu) and gamma-aminobutyric acid (GABA) were also measured. P-values for primary outcomes were corrected
using the Bonferroni correction.

Results: Key findings revealed a pathological imbalance in bilateral motor cortex excitability in GAD patients. This was characterized
by a significant increase in left rMT (the corrected p<0.05) and a decrease in left MEP-A (the corrected p<0.05), alongside an increase
in right MEP-A (the corrected p<0.05), resulting in a significantly reduced left-to-right MEP-A ratio (the corrected p<0.001). No
significant inter-group differences were found for MEP-L or CSP after Bonferroni correction

Conclusion: These results demonstrate that GAD involves systemic dysregulation across neurophysiological and neurochemical
domains, featuring left-lateralized cortical hypoexcitability and right-lateralized hyperexcitability, coupled with altered peripheral
glutamate-GABA balance. The combined use of TMS-derived excitability metrics and peripheral neurochemical markers may offer
novel objective indicators to supplement clinical assessment in GAD. Further research is needed to establish the diagnostic specificity
of these biomarkers. This study was registered with the Chinese Clinical Trial Registry (ChiCTR2200066311).

Keywords: generalized anxiety disorder, transcranial magnetic stimulation, cortical excitability, glutamate, gamma-aminobutyric acid,
neurophysiology

Introduction

Generalized Anxiety Disorder (GAD) is a common chronic mental disorder that ranks among the top causes of mental
health burden worldwide.'** As the most common subtype of anxiety disorders, its lifetime prevalence is approximately
3-6%. The core clinical features of GAD include persistent and uncontrollable excessive worry about daily life events
(generalized worry),** often accompanied by a series of psychological and physical symptoms such as restlessness,
muscle tension, fatigue, difficulty concentrating, and sleep disorders.®® Due to its chronic and recurrent nature, GAD can
significantly impair patients’ social functions and quality of life, and bring a heavy public health burden.” ' However,
the pathophysiological mechanism of GAD has not been fully elucidated yet. Clinical diagnosis mainly relies on the
Diagnostic and Statistical Manual of Mental Disorders (DSM) or International Classification of Diseases (ICD) standards
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and subjective symptom assessment tools such as the Hamilton Anxiety Scale (HAMA), lacking objective and reliable
biological markers, which to some extent limits the precise identification, mechanism analysis, and efficacy evaluation of
this disease.'>'

In recent years, the development of non-invasive brain function detection technologies has provided a new approach
for exploring the neural mechanisms of mental disorders. Single-pulse Transcranial Magnetic Stimulation (spTMS) is
a mature neuroelectrophysiological technique.'® By stimulating the primary motor cortex (M1) and recording motor
evoked potentials (MEPs) in the contralateral target muscle, spTMS can objectively and quantitatively assess the
excitatory and inhibitory functions of the corticospinal pathway. The resting motor threshold (rMT) reflects the baseline
excitability of the cortical neuronal population; MEP amplitude (MEP-A) and latency (MEP-L) respectively represent the
overall excitatory state and nerve conduction velocity of the corticospinal pathway; and the cortical silent period (CSP) is
mainly related to the inhibitory function mediated by GABA within the cortex.'® These indicators have been proven to
sensitively reflect the excitation-inhibition (E/I) balance state of various mental disorders, including anxiety disorders and
depression.'” 2! Although M1 does not directly participate in advanced emotional processing, its excitatory state can
indirectly reflect the E/I balance of a broader cortical network affected by the emotional regulation network of the
prefrontal-amygdala system.?” Therefore, spTMS is a reliable tool for studying the neurophysiological basis of mental
disorders. In GAD patients, spTMS can not only serve as an objective tool for assessing anxiety states,” but also predict
treatment responses based on baseline cortical excitability, providing theoretical basis for individualized intervention
strategies.”* Current research is increasingly focusing on using the excitatory parameters derived from spTMS to explore
the neurobiological mechanisms of anxiety-related symptoms.*> It is notable that healthy individuals typically exhibit
a physiological asymmetry pattern of relatively lower excitability in the right hemisphere motor cortex, which is
regulated by commissural fibers such as the corpus callosum.?** Neuroimaging studies suggest that GAD patients
may have abnormal inter-hemispheric functional connections involving brain regions such as the prefrontal and temporal
lobes,? as well as a functional advantage or imbalance of the right hemisphere in emotional processing.?' This provides
a theoretical basis for exploring whether GAD patients have pathological lateralization imbalance of cortical excitability.

At the neurochemical level, the normal function of the central nervous system highly depends on the dynamic balance
between the excitatory neurotransmitter glutamate (Glu) and the inhibitory neurotransmitter Gama-aminobutyric acid
(GABA). Glu/GABA system imbalance is considered one of the core pathological mechanisms of anxiety disorders.*%'
Studies have shown that although the levels of Glu and GABA in peripheral blood (serum or plasma) cannot directly
equate to the concentrations in the central nervous system, they can to some extent reflect their metabolic status or be
affected by systemic pathological physiological processes (such as chronic stress, inflammation). The GABA/Glu ratio is
often used as a potential alternative indicator to assess the peripheral E/I balance status.****

Based on the above background, this study aims to integrate the two dimensions of neurophysiology and neurochem-
istry to systematically explore the cortical excitability characteristics of GAD patients and their association with the
peripheral E/I system balance. We hypothesize that compared with healthy control groups, untreated GAD patients have
pathological imbalance of bilateral motor cortex excitability (manifested as lateralized changes in specific spTMS
indicators), and this imbalance may be associated with the deviation of the GABA/Glu ratio in peripheral serum. To
this end, this study uses spTMS technology to quantify the rMT, MEP-A, MEP-L and CSP of the bilateral M1 area of the
participants, and simultaneously detects the concentrations of Glu and GABA in peripheral serum and their ratios. By
comparing the inter-group differences between GAD patients and healthy controls, this study aims to provide new
empirical evidence for clarifying the pathophysiological mechanism of GAD and explore the potential value of these
objective indicators as future clinical auxiliary assessment tools.

Materials and Methods

Ethical Declaration, Research Design and Participant Recruitment

This study is a case-control study. It has been approved by the Ethics Committee of Shenzhen Bao’an Traditional Chinese
Medicine Hospital (Ethical Approval Number: KY-2022-035-01), and has been registered in the Chinese Clinical Trial
Registry (Registration Number: ChiCTR2200066311). All research procedures follow the principles of the Helsinki
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Declaration. All participants were fully informed about the research purpose, process, potential risks and benefits by the
researchers before participating in the study, and signed a written informed consent form before the assessment of
enrollment.

Participants

The research participants were patients with GAD who visited the outpatient department of Shenzhen Bao’an Traditional
Chinese Medicine Hospital affiliated to Guangzhou University of Chinese Medicine and its 18 community health centers
from October 2022 to September 2023 (GAD group). At the same time, healthy control participants (HC group) with
matching age and gender were recruited through hospital internal advertisements and social networks. A total of 60
participants were planned to be included, with 30 participants in each group. The TMS operators and laboratory analysts
were unaware of the group assignment of the participants to minimize assessment bias.

Inclusion Criteria

GAD group: (1) They met the diagnostic criteria for GAD as stipulated in the “Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5)” of the United States; (2) 14<HAMA score <29; (3) Hamilton Depression Scale
(HAMD) 17-item total score less than 7; (4) 18 years <Age <65 years; (5) Right-handed; (6) Able to cooperate with
testing and treatment arrangements, and without communication and cognitive impairments; (7) No medication,
psychological, or physical treatment in the past 3 weeks; (8) Signed an informed consent form and voluntarily
participated in the study.

HC group: (1) 18 years<Age<65 years; (2)Right-handed; (3) Previously healthy, physically and mentally well,
HAMA and HAMD both less than 7, no physical discomfort in the past month; (4) No central stimulation (rTMS,
TDCS, etc.) or peripheral stimulation (acupuncture, transcutaneous electrical stimulation, etc.) in the past 3 months; (5)
No history of illegal drug use or excessive alcohol consumption; (6) Sign an informed consent form and voluntarily
participate in this study.

Exclusion Criteria

GAD group: (1) History of clear mental illness or other diseases that can present anxiety symptoms, such as schizo-
phrenia, bipolar disorder, or other mental disorders, or somatic diseases; (2) History of brain injury, epilepsy, or
accompanied by liver and kidney dysfunction, with metal implants or serious organic diseases of the cardiovascular,
liver, or kidney; (3) Current or past self-harm or suicidal plans or behaviors, or psychotic symptoms; (4) Individuals with
alcohol or drug abuse dependence or pregnant women.

HC group: (1) Individuals with speech disorders; (2) Individuals with hypertension, diabetes, or significant diseases of
the heart, liver, kidney, etc.; (3) Individuals with a history of dementia, mental illness, epilepsy, or other neurological
diseases; (4) History of cranial trauma or surgery; (5) Individuals with metal residues in the body (including dentures,
pacemakers, neurostimulators, medical pumps, etc.); (6) Individuals who fear TMS or cannot undergo TMS stimulation
for other reasons; (7) Pregnant women.

Dropout Criteria
Failure to detect the motor cortical hand area through TMS testing.

Observation Indicators and Detection Methods

Clinical Assessment

At enrollment, trained researchers used the HAMA to assess the severity of anxiety symptoms. The 14-item scale has
a total score range of 056, with higher scores indicating greater symptom severity.

spTMS and Electromyography (EMG) Recording

The participants adjusted themselves to a comfortable sitting position, keeping their heads and arms relaxed. A long
flexible ruler was used to measure and record the two midlines from the root of the nasal ridge to the posterior nuchal
tubercle and from the anterior edge of the bilateral ear pinnae, marking the intersection point of the two lines as the Cz

Psychology Research and Behavior Management 2026:19 https: 3



Zhou et al

point. From the Cz point, 5 cm towards the bilateral ear pinnae gave the coordinates of left M1 and right M1. With the
bilateral M1 as the center, a 9-grid pattern with a distance of 1 cm both horizontally and vertically was marked. The
MagstimRapid2 transcranial magnetic stimulation device (from Magstim Company, UK) and the Nicolet Viking Quest
physiological recorder (from Natus Neurology Company, USA) were turned on. The spTMS stimulation mode was
selected and the stimulation output intensity was adjusted. According to the brain side to be tested, the recording
electrode connected to the electromyography evoked potential recorder was pasted on the first dorsal interosseous muscle
of the contralateral hand (FDI), the reference electrode was placed on the radial side in front of the second metacarpo-
phalangeal joint of the same hand, and the ground electrode was pasted on the ulnar styloid process. Before pasting the
electrode sheet, the local skin of the electrode placement area needed to be treated with a Weber abrasive gel to remove
the dead skin. The TMS eight-shaped coil was placed at a 45 angle to the anterior midline and closely adhered to the
scalp, with the cut surface being the motor cortex of the brain side, namely the M1 area. The stimulation intensity started
from 50%, and the stimulation intensity was adjusted according to the individual differences of the participants. Each
stimulation interval was 5—10 seconds. (1) Determine the optimal stimulation point: Stimulate each point in the 9-grid
pattern centered on M1 and 1 cm apart both horizontally and vertically. If no obvious MEP amplitude appeared during
the stimulation, the stimulation intensity could be increased according to the situation until the optimal position that
could induce MEP in FDI was found, which was the optimal stimulation point. (2) Determine rMT: Perform 10
consecutive output stimulations at each bilateral optimal stimulation point, and the minimum stimulation intensity that
could trigger MEPs with a>50uV amplitude (MEP-A being the maximum, MEP-L being the shortest and having the best
repeatability) at least 5 times or more was the rMT. (3) Determine the stimulation intensity: Apply 10 stimulations at each
bilateral optimal stimulation point, setting the spTMS stimulation intensity at 120% of rMT. Each stimulation interval
was 5-10 seconds. The MEP-A and MEP-L of the motor evoked potential induced by this stimulation were measured 10
times, and the average value was taken as the measurement value of MEP-A and MEP-L for this time. The CSP recorded
at the optimal stimulation point when the bilateral FDI maintained 20% of the maximum force was detected, and the CSP
measurement value was taken as the average value of 10 consecutive measurements. All EMG signal sampling rates were
set at 48kHz, with a band-pass filter of 2-10KHz, and the data were stored and analyzed offline.

Detection of Peripheral Serum Glu and GABA Concentrations

Peripheral venous blood samples (6 mL) were collected from all participants in a fasting state between 8:00 and 9:00
AM. After clotting at room temperature for 30 minutes, samples were centrifuged at 3000 rpm (4°C) for 15 minutes to
separate serum. Serum was immediately aliquoted and stored at —80°C until analysis. Serum concentrations of Glu and
GABA were determined using commercial enzyme-linked immunosorbent assay (ELISA) kits (Human Glutamate ELISA
Kit, AE91435Hu; Human GABA ELISA Kit, AE91068Hu; AMEKO, Shanghai Lianshou Biotechnology Co., Ltd.,
China). All assays were performed by Guangzhou Jin Yu Medical Laboratory Co., Ltd., following the manufacturer’s
protocols. The GABA/Glu ratio was calculated as a potential peripheral index of excitation-inhibition (E/I) balance.

Statistical Analysis

Data were analyzed using SPSS software (version 25.0). Continuous variables were tested for normality (Shapiro—Wilk
test) and homogeneity of variance (Levene’s test). Normally distributed data are presented as meantstandard deviation
(Mean+SD) and were compared between groups using independent samples #-tests (with Welch’s correction if variances
were unequal). Non-normally distributed data are presented as median (interquartile range) and were compared using the
Mann—Whitney U-test. Categorical data are presented as counts (percentages) and were compared using the chi-square
test.

The primary analyses compared the GAD and HC groups on bilateral rMT, MEP-A, MEP-L, CSP, serum Glu, serum
GABA, and the GABA/Glu ratio. To control the Type I error rate due to multiple comparisons, the Bonferroni correction
was applied separately for the two families of primary outcomes: 12 cortical excitability indices and 3 peripheral serum
neurotransmitter levels. The corrected P<0.05 was considered statistically significant. All tests were two-sided with 0.05.
A post-hoc power analysis will be conducted based on the observed effect sizes to evaluate the statistical power of this
study.
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Results

Participant Flow and Baseline Characteristics

A total of 60 participants were enrolled in this study, comprising 30 patients with GAD and 30 healthy people. All
participants completed peripheral blood serum collection, spTMS assessment, and clinical evaluations, with no dropouts.
The participant screening and enrollment flow is depicted in Figure 1.

There were no statistically significant differences between the two groups in terms of age (p>0.05) and gender
composition (p>0.05), indicating well-matched baseline characteristics and comparability. As expected, the total HAMA
score was significantly higher in the GAD group compared to the HC group, with a highly statistically significant
difference (p<0.001).

Comparison of Bilateral Motor Cortex Excitability Indices
Comparisons of bilateral primary motor cortex excitability indices between the two groups are presented in Table 1. The
main findings are as follows:

(1) tMT: The rMT of the left M1 was significantly higher in the GAD group compared to the HC group, with
a statistically significant difference (p<0.01, the corrected p<0.05). There was no significant difference in the right M1
rMT between groups (p>0.05). The left/right rMT ratio showed no statistically significant difference between the GAD
group and the HC group, although a trend was observed (p<0.05, the corrected p>0.05).

(2)MEP-A: The left MEP-A was significantly lower in the GAD group compared to the HC group, while the right
MEP-A was significantly higher in the GAD group compared to the HC group. These differences were highly statistically
significant (left: p<0.01, the corrected p<0.05; right: p<0.01, the corrected p<0.05). The left/right MEP-A ratio was
significantly lower in the GAD group than in the HC group, with a highly statistically significant difference (p<0.001, the
corrected p<0.001).

(3)MEP-L and CSP: No statistically significant differences were found between the two groups for left MEP-L, right
MEP-L (p<0.05, the corrected p>0.05), bilateral CSP, or the left/right ratios of MEP-L and CSP (all p>0.05, the corrected
p>0.05).

Assessed for eligibility

=
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&3]
GAD patients(n=30) Healthy people(n=30)
: Y Y
.2
i GAD Group Healthy Group
= Allocated to testing(n=30) Allocated to testing(n=30)
< Received testing(n=30) Received testing(n=30)
5 Y Y
E Lost to follow-up (n=0) Lost to follow-up (n=0)
E Discontinued testing(n=0) Discontinued testing(n=0)
® \ \
'g Analyzed(n=30) Analyzed(n=30)
< Excluded for analysis(n=0) Excluded for analysis(n=0)

Figure | Flow Chart of the Research Participants.
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Table | The Demographic, Clinical and Neurophysiological Characteristics of Patients with GAD and Healthy Controls

Variable GAD Group (n=30) Healthy Group (n=30) Statistic P-Value P-Value Effect
value (Raw) (Bonferroni Correction) Size
Demographics & Clinical
Age (years), 26.60 + 2.30 25.73 £ 2.50 t=1397 0.168 - d=036
MeantSD
Gender (Female/Male), n 9/21 10/20 2=0.077 0.781 -
HAMA Total Score, M(P25, P75) 19.00 (17.00, 26.90) 5.00 (3.00, 6.00) Z =-6.680 <0.001 d=272
Cortical Excitability Indices
Left rMT (%), Mean+SD 59.70 + 891 53.93 £ 4.60 t=3.151 0.003 0.036 d =08l
Right rMT (%), Mean+SD 60.87 £ 10.18 58.57 £ 6.46 t=1.045 0.300 1.000 d=027
Left MEP-L (ms), M(P25, P75) 21.80 (21.73, 22.60) 22.10 (21.73, 22.43) Z=-1318 0.187 1.000 r=0.17
Left MEP-A (uV), M(P25, P75) 845.55 (548.73, 1210.23) 1137.15 (1083.08, 1359.15) | Z=-2.878 0.004 0.048 r=037
Left CSP (ms), M(P25, P75) 70.65 (56.18, 89.05) 64.10 (57.45, 70.75) Z =-1.005 0315 1.000 r=0.3
Right MEP-L (ms), M(P25, P75) 21.45 (20.65, 22.75) 21.80 (21.48, 22.78) Z=-1976 0.048 0.576 r=025
Right MEP-A (uV), M(P25, P75) 903.60 (701.90,1409.45) 647.45 (593.23, 755.83) Z=-3223 0.001 0.012 r =041
Right CSP (ms), M(P25, P75) 74.10 (60.40, 102.90) 72.90 (63.73, 95.80) Z=-0222 0.824 1.000 r=0.03
Left/Right rMT Ratio, M(P25, P75) 1.00 (0.90, 1.10) 0.90 (0.90, 1.00) Z=-2106 0.035 0.420 r=027
Left/Right MEP-L Ratio, M(P25, P75) 1.00 (1.00, 1.03) 1.00 (1.00, 1.00) Z = —1.460 0.144 1.000 r=0.19
Left/Right MEP-A Ratio, M(P25, P75) 0.80 (0.60, 1.13) 1.80 (1.70, 2.00) Z=-5017 <0.001 <0.001 r=0.65
Left/Right CSP Ratio, Mean+SD 0.98 + 0.27 0.92 + 0.28 t=0933 0.355 1.000 d=022
Peripheral Serum Neurotransmitters
Glu (umol/L), M(P25, P75) 1.68 (0.88, 4.43) 0.97 (0.86, 1.57) Z=-2026 0.043 0.129 r=026
GABA (nmol/L), M(P25, P75) 387.56 (226.46, 606.61) 476.24 (194.18, 826.33) Z=-0798 0.425 1.000 r=0.10
GABA/Glu Ratio, M(P25, P75) 224.03 (100.80, 310.43) 314.71 (209.59, 693.06) Z=-27% 0.005 0.015 r=036

Notes: Continuous variables are expressed as meantstandard deviation (Mean+SD) or median (interquartile range) [M(P25, P75)] based on data distribution. Between-
group comparisons: Independent samples t-test was used for normally distributed data with homogeneity of variance; Mann—Whitney U-test was used for non-normally
distributed data. P-values for all primary outcome measures (rMT, MEP-A, MEP-L, CSP and their ratios, Glu, GABA, GABA/GIlu) were corrected for multiple comparisons
using the bonferroni method, with corrected p reported.

Comparison of Peripheral Serum Glutamate and GABA Levels

Analysis of peripheral serum neurotransmitter levels revealed: Serum Glu levels were higher in the GAD group than in
the HC group in the raw analysis (p<0.05), but this difference did not remain statistically significant after FDR correction
for multiple comparisons (the corrected p>0.05). There was no significant difference in serum GABA levels between the
two groups (p>0.05). The GABA/Glu ratio was significantly lower in the GAD group compared to the HC group, with
a statistically significant difference (p<0.01, the corrected p<0.05). As presented in Table 1.

Discussion

This study provides objective neurophysiological and neurochemical evidence for the pathophysiology of GAD. The key
findings are that, compared to healthy controls, GAD patients exhibit a pathological imbalance in bilateral motor cortex
excitability, characterized by an increase in the left rMT, a decrease in the left MEP-A, an increase in the right MEP-A,
and a consequently significantly reduced left-to-right MEP-A ratio. Concurrently, GAD patients showed a decreased
peripheral serum GABA/Glu ratio. These results suggest that GAD involves a systematic dysregulation spanning from
cortical excitability to peripheral neurochemical balance.

The primary motor cortex is increasingly recognized for its role in emotional processing, with its state modulated by
affective conditions such as anxiety.>**> TMS offers a direct method to probe cortical physiology.*® The MEP-A specifically
reflects the net excitatory output of the corticospinal pathway, influenced by the balance of intracortical facilitatory and
inhibitory circuits.>’>* Our finding of reduced left MEP-A alongside elevated right MEP-A in GAD represents a clear
deviation from the physiological asymmetry typically observed in healthy individuals, where the non-dominant (often right)
hemisphere shows relatively lower excitability.”® 2**® This pattern of left-sided hypoexcitability and right-sided hyperexcit-
ability provides objective support for theories of right-hemisphere functional dominance in anxiety.' The observed right
M1 hyperexcitability may be a neurophysiological correlate of the persistent hyperarousal central to GAD.
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Furthermore, the observed increase in peripheral serum Glu and decrease in the GABA/Glu ratio align with the
central hypothesis of E/I imbalance in anxiety disorders.*'*” The E/I balance is fundamental to neural circuit
function and is governed by the dynamic interplay between glutamatergic and GABAergic transmission.** ¢
While peripheral levels are influenced by systemic factors and do not directly equate to central synaptic

concentrations,m*64

the co-occurrence of this peripheral neurochemical shift with the specific cortical excitability
pattern suggests a multi-level systemic disturbance. This convergence hints that a widespread E/I dysregulation,
potentially stemming from common pathophysiological processes like chronic stress, may underlie both the central
excitability imbalance and peripheral biochemical changes observed in GAD.

However, several limitations must be considered. First, the relationship between peripheral neurochemistry and
central cortical excitability is indirect and may be mediated by shared systemic factors. Second, the observed
lateralized cortical excitability pattern, while prominent in GAD, may not be entirely specific and could be present
in other high-arousal disorders such as depression or PTSD.** This is a common challenge for cross-sectional
biomarker studies. Finally, these objective indicators are currently exploratory. Their true value lies as potential
supplementary tools to augment clinical assessment based on subjective scales, and their diagnostic specificity and
clinical utility require validation in larger, prospective, and transdiagnostic cohorts.

Conclusion

In summary, this study utilized spTMS technology to demonstrate that unmedicated GAD patients exhibit a distinct
imbalance in bilateral motor cortex excitability, characterized by left-sided hypoexcitability and right-sided hyperexcit-
ability, alongside a concurrent shift in the peripheral serum glutamate-GABA system. These objective neurophysiological
and neurochemical alterations provide new evidence for understanding the pathophysiology of GAD and may serve as
auxiliary references for future clinical evaluations. However, the direct relationship between these peripheral indicators
and central nervous system function, their diagnostic specificity for GAD, and their clinical applicability require further
verification through multimodal neuroimaging techniques and cross-diagnostic research designs.

Trial Registration Number
ChiCTR2200066311.
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