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ABSTRACT
Benzodiazepines act as positive allosteric modulators of the GABAA receptor and affect several motor and cognitive functions. 
By engaging perceptual-motor as well as inhibitory control processes, the antisaccade task was used in previous studies to in-
vestigate effects of benzodiazepines on behavioral performance. Using a randomized, double-blind, placebo-controlled within-
subjects design, this study combined eye-tracking with BOLD fMRI in order to examine the neural correlates of these effects 
for the first time. N = 39 healthy participants completed an antisaccade task after administration of either 1 mg lorazepam or 
placebo. On a behavioral level, lorazepam led to reduced (anti-)saccadic peak velocity as well as increased (anti-)saccadic latency. 
On a neural level, drug-induced reduction of BOLD was found in a fronto-parietal-occipital network, including key oculomotor 
regions. This result was further supported by our finding of increased GABAA receptor density in the affected network. On an 
individual level, decline in peak velocity under lorazepam was associated with decreased neural activation in several cortical 
regions, including medial frontal eye fields. No interactions between drug and saccade condition (prosaccade, antisaccade) were 
found. Our results therefore suggest GABAergic modulation of a more general saccade-related network rather than of specific 
components for inhibitory control processes. Future studies may rely on BOLD signal as a sensitive marker for benzodiazepine 
activity during saccadic eye movements.

1   |   Introduction

Benzodiazepines (BZD) are effective medications for several 
indications, including anxiety disorders and epileptic seizures. 
They act as positive allosteric modulators of the GABAA recep-
tor (Baldwin et al. 2013; Cloos and Ferreira 2009) and affect 
motor and cognitive functions, after both acute and long-term 
use (Chen et  al.  2015; Crowe and Stranks  2018; De Visser 
et al. 2003). One of the most consistent, acute effects of BZD is 
a reduction in saccadic peak velocity (Baumert et al. 2024; De 

Haas et al. 2007; Schmidt et al. 2026), with this measure there-
fore being used as a biomarker for BZD activity (De Visser 
et  al.  2003). Further, BZD have been associated with acute 
impairments in cognitive control, including attentional shift-
ing (Boucart et al. 2007), updating (Forsyth et al.  2021) and 
selective attention (Faßbender et al. 2023). Impairments also 
affect inhibitory control, i.e., the ability to suppress dominant 
or automatic responses and to resist interference from dis-
tractors (Friedman and Miyake 2004). Across different para-
digms, studies have demonstrated effects of BZD on inhibitory 
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control that extend beyond psychomotor slowing (Fillmore 
et  al.  2001; Sarkar et  al.  2020; Schunck et  al.  2010). Relying 
on the advantages of oculography such as high precision and 
well-known neural mechanisms (Reilly et  al.  2008), studies 
have used the antisaccade task to investigate inhibitory con-
trol following BZD administration.

In the antisaccade task, participants are instructed to not look 
at a sudden-onset, peripheral target, but in the opposite direc-
tion instead. It imposes demands on fundamental perceptual-
motor and higher cognitive processes, including inhibition of 
an automatic saccade toward the target, vector inversion and 
generation of a saccade in the opposite direction (Hutton 2008; 
Munoz and Everling 2004). Previous studies found increased 
antisaccade latency and error rate (Faßbender et  al.  2021; 
Green et al. 2000; Green and King 1998) as well as decreased 
antisaccade peak velocity (McCartan et  al.  2001) after BZD 
administration.

The neural network underlying antisaccades is well studied and 
encompasses frontal, parietal, occipital and subcortical areas 
(Cieslik et al. 2016; Ettinger et al. 2008; McDowell et al. 2008). 
In addition to prosaccade-related regions, increased activation 
during antisaccades occurs in frontal eye fields (FEF), supple-
mentary eye fields (SEF) and intraparietal sulcus (IPS; Brown 
et  al.  2006; Ettinger et  al.  2008; Jamadar et  al.  2013; Kimmig 
et al. 2001), which can be attributed to preparation and gener-
ation of a voluntary saccade and spatial vector inversion, re-
spectively (Connolly et al. 2002; Herweg et al. 2014; McDowell 
et al. 2008). Further relevant areas include dorsolateral prefron-
tal cortex (DLPFC) and anterior cingulate cortex (ACC; Brown 
et al. 2006; Jamadar et al. 2013; Ploner et al. 2005). Given this 
well-known neural circuitry, the task lends itself ideally to 
characterizing BZD effects on brain function during inhibitory 
control.

However, despite a wealth of neuroimaging studies on antisac-
cades and other inhibitory control tasks (Jamadar et  al.  2013; 
Zhang et  al.  2017), underlying neurotransmitter systems are 
less well characterized. Previous studies mainly focused on do-
pamine, noradrenaline, and acetylcholine (Ettinger et al. 2017; 
Logue and Gould  2014; Robbins and Arnsten  2009) and have 
not yet adequately addressed the role of inhibitory neurotrans-
mitters. Against the background of regional correlations be-
tween cerebral blood flow and neurotransmitter activity 
(Dukart et  al.  2018), we explored the neural mechanisms of 
GABA-modulations of antisaccade performance by combining 

functional magnetic resonance imaging (fMRI) at ultra-high-
field strength (7 T) with eye-tracking after administration of 
1 mg lorazepam, one of the most widely researched and clini-
cally prescribed BZD.

In this preregistered study (https://​osf.​io/​by6xu/​​overv​iew?​
view_​only=​69bcc​676c0​2a425​3bb3f​4971e​527819c), we expected 
to replicate effects of lorazepam on (anti-)saccadic peak veloc-
ity, latency, and error rate (Faßbender et  al.  2021; McCartan 
et al. 2001), and we expected neural effects to be located in task-
related regions (Brown et al. 2006; Cieslik et al. 2016; Ettinger 
et al. 2008; Jamadar et al. 2013). We further investigated loraze-
pam effects on functional connectivity and explored neural cor-
relates of individual differences in lorazepam response. Finally, 
to shed light on the molecular basis of the observed effects, we 
explored whether the magnitude of lorazepam effects on brain 
function covaried with regional differences in GABAA receptor 
density (Nørgaard et al. 2021).

2   |   Materials and Methods

Additional details on the study procedure and data analyses can 
be found in the Supporting Information Methods.

2.1   |   Sample and Study Design

A sample size of 40 healthy participants, aged 18–40 years was 
targeted to provide approximately 90% power to detect an ef-
fect with an estimated d = 0.5 (Ettinger et al. 2018) at an alpha 
error probability of 0.05 (two-tailed; G*Power; Faul et al. 2009). 
Complete inclusion and exclusion criteria are in the Supporting 
Information Methods. A randomized, double-blind, placebo-
controlled within-subjects design was employed. Each par-
ticipant received placebo during one MRI session and 1 mg 
lorazepam during the other (order randomized across partici-
pants). The study was approved by the Ethics Committee of the 
Medical Faculty at the University of Bonn (No. 127/22) and con-
ducted in accordance with the Declaration of Helsinki.

2.2   |   Study Procedure

Participants' study eligibility was confirmed via an online ques-
tionnaire and a detailed in-person screening at the University 
of Bonn, where participants provided written, informed consent 
and inclusion and exclusion criteria were checked. Eligible par-
ticipants were invited to take part in two MRI sessions at the 
German Center for Neurodegenerative Diseases (DZNE), Bonn, 
separated by approx. 1 week (median = 7 days, range 6–98). The 
procedure of both sessions was identical, except for the drug 
condition. After arrival, participants underwent alcohol and, for 
females only, pregnancy testing and were informed about MRI-
related safety aspects. Afterwards, a capsule containing either 
1 mg lorazepam (Tavor, Pfizer) or a placebo (P-Tabletten weiß 
7 mm Lichtenstein, Zentiva) was administered, followed by a 
waiting period of 80 min, to allow task onset 2 h after adminis-
tration (Saari et al. 2011). The scanning procedure started with 
a structural T1 scan, followed by three oculomotor tasks. The 
current task was performed first, approximately 120 min after 

Summary

•	 Lorazepam led to reduced prosaccade and antisac-
cade peak velocity, increased latency, and decreased 
activation in a frontal–parietal–occipital oculomotor 
network.

•	 This lorazepam-affected network showed higher 
GABAA receptor density than other brain areas.

•	 Reduced fronto-parieto-occipital activation due to 
lorazepam was associated with individual decline in 
saccadic peak velocity.
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capsule administration (M = 119 min, SD = 9 min). Remaining 
tasks will be reported elsewhere. Total scan time was about 1 h. 
After MRI, participants completed online visual analogue rat-
ing scales (VAS) assessing current mood state (alertness, con-
tentedness and calmness; Bond and Lader  1974). Afterwards, 
blood pressure and pulse were measured and a blood sample 
was collected.

2.3   |   Saccade Task

The saccade task was written in Experiment Builder (SR 
Research Ltd., Ontario, Canada, version 2.4.1) and presented 
on a 30-in. monitor (medres, Cologne, Germany; 1600 × 1200 
pixels). A block design was used, with five 30-s blocks per con-
dition (prosaccades, antisaccades, and fixation), as previously 
employed (Aichert et  al.  2012). Each saccade block comprised 
10 trials, requiring subjects to either follow a target moving 
from screen center to left or right (prosaccades) or to look at the 
mirror image location (antisaccades). Fixation blocks required 
participants to fixate a central target. For a schematic represen-
tation (see Figure 1).

2.4   |   Data Acquisition

Eye movements were recorded using an MR-compatible video-
based combined pupil and corneal reflection eye tracker 
(EyeLink 1000, SR Research Ltd.) at 1000 Hz sampling rate. A 
five-point horizontal-vertical calibration was performed before 
the task. Blood oxygen level dependent (BOLD) data were ac-
quired with a Magnetom 7 T Plus scanner (Siemens Healthineers, 

Erlangen, Germany) at DZNE, Bonn, using a single-transmit/32-
receive (1Tx/32Rx) head coil (Nova Medical, Wilmington, 
USA). Functional data were acquired via an in-house devel-
oped T2*-weighted 3D-echo-planar imaging sequence (3D-
EPI; Stirnberg and Stöcker  2021) with following parameters: 
TR = 3000 ms, TE = 21 ms, flip angle = 15°, water excitation, ma-
trix size = 216 × 216 × 128, voxel size = 1.0 × 1.0 × 1.0 mm, shot-
selective CAIPIRINHA acceleration scheme  4 × 2y2 (Hendriks 
et  al.  2020), readout bandwidth = 1102 Hz/Px. For structural 
data, a T1-weighted image was acquired using a custom 
magnetization-prepared rapid acquisition gradient echo (MP-
RAGE) sequence (Brenner et al. 2014) with the following parame-
ters: TR = 2500 ms, TE = 2.90 ms, flip angle = 7°, water excitation, 
matrix size = 364 × 428 × 256, voxel size = 0.6 × 0.6 × 0.6 mm, ac-
celeration 2 × 1, readout bandwidth = 260 Hz/Px.

2.5   |   Oculomotor Data Analysis

Oculomotor data preprocessing was performed with EyeLink 
DataViewer software (SR Research Ltd., version 4.4.1) and R 
(version 4.4.2). Standard settings of EyeLink Data Viewer were 
used to detect saccades, with a minimum amplitude threshold 
(2°) to account for relatively noisy data. Trials with signal loss 
between saccade onset and offset were included in the analy-
sis of latency and direction errors. Analysis of peak velocity and 
amplitude gain was based only on trials with full saccade signal. 
Amplitude gain was calculated as ratio of saccade amplitude to 
target amplitude. Trials with outlier values on peak velocity, am-
plitude gain and latency (based on 1.5 times the interquartile 
range) were excluded. Only data sets with at least seven valid 
trials per parameter were analyzed.

FIGURE 1    |    Schematic representation of the saccade task. Note. The upper three panels depict a prosaccade trial, the lower ones an antisaccade 
trial (stimuli not drawn to scale). Arrows indicate the required eye movement.
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Linear mixed models were estimated separately for peak ve-
locity, amplitude gain, latency and error rate, with drug (pla-
cebo, lorazepam) and condition (prosaccade, antisaccade) as 
fixed factors and subject as random factor, using the lme4 
R package (version 1.1.36; Bates et  al.  2015). Due to limita-
tions in data quality, we deviated from the preregistration at 
this point and analyzed only those key variables using linear 
mixed models. Non-normal residuals for error rate (Q–Q plots) 
were log(x + 1) transformed, resulting in a distribution closer 
to normal. p-Values were obtained via Satterthwaite's degrees 
of freedom method using the lmerTest package (version 3.1.3; 
Kuznetsova et  al.  2017). Comparisons of simpler with more 
complex models were performed via likelihood-ratio tests ( χ2-
tests based on model deviances). Since no model benefited sig-
nificantly from the inclusion of a drug × condition interaction 
term, only results for simpler models are reported (parame-
ters of model comparisons are in Table  S1). As a robustness 
check, we additionally performed Bayesian regression mod-
eling using the brms R package (version 2.23.0; Bürkner 2017, 
2018, 2021) to compare models with and without interaction 
between drug and condition. We used weakly informative pri-
ors for all model parameters, with normal (0, 1) priors for the 
intercept and fixed effects and exponential (1) priors for vari-
ance parameters. The model specifications were identical to 
those of the linear mixed-effects models. Dependent variables 
were z-standardized prior to analysis.

2.6   |   MRI Data Analysis

MRI data analyses were performed in SPM12 using MATLAB 
2024b. For susceptibility distortion correction, voxel displace-
ment maps were calculated using phase and magnitude images 
from field maps obtained with dual-echo gradient-echo se-
quences (TE1 = 3.06 ms, TE2 = 4.08 ms). Structural scans were 
segmented into gray matter, white matter, and cerebral spinal 
fluid (CSF). Preprocessing of functional images included re-
alignment to the first image (six parameter rigid body spatial 
transformation), unwarping based on the voxel displacement 
map, coregistration with structural images, normalization into 
MNI space, and smoothing using a 6 mm full width at half 
maximum (FWHM) Gaussian kernel. Realignment parameters 
were used to assess head movements. No participant showed 
movements exceeding a previously defined threshold of 3 mm 
between consecutive volumes.

At first level, general linear models (GLM) were specified sep-
arately for each participant and session. Task conditions (pro-
saccades, antisaccades) were modeled with 30s boxcar functions 
and convolved with a canonical hemodynamic response func-
tion. Realignment parameters were added as nuisance regressors 
and a 128 s-high-pass filter was applied. Separate and combined 
regressors for pro- and antisaccades were estimated and com-
pared against an implicit baseline. To investigate effects of drug 
and task condition, first-level contrast images were entered 
into a second-level full factorial analysis, with drug (placebo, 
lorazepam) and condition (prosaccade, antisaccade) as within-
subject factors. Results for effects of task condition were thresh-
olded using a voxel-level family-wise error rate (FWE) corrected 
p < 0.05 with a minimum cluster size of 20 voxels. Results for 
effects of drug condition were thresholded using a voxel-level 

threshold of p < 0.001 and a cluster-size threshold of FWE-
corrected p < 0.05. The latter correction method was also ap-
plied to subsequent analyses of fMRI data, including functional 
connectivity and regression analyses. Anatomical and func-
tional labels were determined using the SPM Anatomy Toolbox 
(Eickhoff et al. 2005) and the neuromorphometrics atlas in SPM 
for unlabeled regions. Since no interactions between drug and 
condition were found on behavioral or neural level, follow-up 
analyses were performed for a combined saccade condition com-
prising pro- and antisaccades.

2.7   |   Functional Connectivity Analysis

We explored effects of drug and task condition on functional 
connectivity, using CONN 22.v2407 (Whitfield-Gabrieli and 
Nieto-Castanon  2012). Functional data were denoised using a 
standard denoising pipeline (Nieto-Castanon  2020). For first-
level analyses, psychophysiological interaction (PPI) analyses 
were used to study the changes in functional connectivity across 
conditions. Seed-to-voxel generalized PPI (gPPI) analyses were 
performed with seed regions including 8 regions of interest 
(ROIs; bilateral V1, posterior IPS, anterior IPS, medial FEF). 
These regions are essential to the saccadic network (Ettinger 
et  al.  2008; Jamadar et  al.  2013; Milner and Goodale  1992; 
Vossel et al. 2014). Functional connectivity changes across con-
ditions were characterized by Fisher-transformed semipartial 
correlation coefficients of PPI terms in each model. Second-level 
analyses were performed, conducting paired t-tests for loraze-
pam vs. placebo to assess drug-dependent connectivity during 
the combined saccade condition. Finally, we calculated change 
scores (placebo—lorazepam) across conditions for connectivity 
clusters with significant effects and behavioral and subjective 
variables showing significant drug effects. Change scores were 
then correlated to investigate associations of connectivity re-
sults with behavioral and subjective measures.

2.8   |   Individual Differences

To characterize neural correlates of individual differences in oc-
ulomotor responses to lorazepam (Ettinger et al. 2018), regres-
sion analyses were performed to identify areas where greater 
behavioral performance decline from placebo to lorazepam was 
associated with greater BOLD changes. Difference images (pla-
cebo–lorazepam) were calculated using first-level contrast im-
ages (combined pro- and antisaccades > baseline) and entered 
into second-level multiple regression analyses. Corresponding 
behavioral change scores were entered as covariates in separate 
analyses. Only subjects with oculomotor and fMRI data from 
both conditions were included (N = 27).

Additional regression analyses on BOLD data were performed 
with plasma level and VAS subscales showing significant drug 
effects as covariates (see Supporting Information Results).

2.9   |   Associations With GABAA Receptor Density

To explore molecular explanations for lorazepam-induced 
BOLD effects, in a non-preregistered analysis we examined 
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associations with GABAA receptor density using a publicly avail-
able atlas (Nørgaard et al. 2021). Therefore, we first compared 
GABAA receptor densities (pmol/mL) between regions with sig-
nificant drug effects and those without. Because receptor den-
sity in cortical areas is higher than in subcortical and brainstem 
structures (Nørgaard et al. 2021), we further compared receptor 
densities between cortical regions with and without significant 
drug effects. Finally, we ran voxel-wise correlations between 
GABAA receptor density and the magnitude of lorazepam ef-
fects using the placebo > lorazepam contrast.

3   |   Results

3.1   |   Participants

The final sample included 39 participants (28 female, 11 male) 
with at least one complete MRI session. Thirty-six participants 
completed both sessions. Mean age of full sample was 25.10 years 
(SD = 4.30). Three participants were excluded from MRI but in-
cluded in oculomotor data analysis. Results did not change with-
out their inclusion. A full overview is in Figure 2.

3.2   |   Subjective Ratings, Vital Signs 
and Plasma Levels

Under lorazepam, participants felt significantly less alert and 
content (both p < 0.001), showed a significantly higher pulse 
(p < 0.01), and had significantly higher lorazepam plasma lev-
els (p < 0.001). No differences were found for calmness or blood 
pressure (all p > 0.24). Further details are in the Supplementary 
Results.

3.3   |   Behavioral Data

Descriptive results are in Table  1. Detailed model param-
eters for linear mixed-effect models are in Table  S2. Across 
all models, fixed effect of drug was significant for peak 
velocity (b = −24.33, SE = 5.19, 95% CI [−34.51, −14.15], 
t(71.68) = −4.69, p < 0.001) and latency (b = 10.18, SE = 3.69, 
95% CI [2.95, 17.40], t(81.43) = 2.76, p = 0.007), indicating 
decreased peak velocity and increased latency under loraze-
pam, as expected. Fixed effect of condition was significant for 
peak velocity (b = −20.09, SE = 5.20, 95% CI [−30.28, −9.91], 

FIGURE 2    |    Consort diagram. Note. The diagram illustrates participant exclusion at different stages of the study.
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t(71.48) = −3.87, p < 0.001), latency (b = 68.91, SE = 3.62, 
95% CI [61.82, 76.00], t(78.55) = 19.05, p < 0.001) and error 
rate (b = 2.32, SE = 0.15, 95% CI [2.02, 2.62], t(86.29) = 14.99, 
p < 0.001), indicating decreased peak velocity and increased 
latency and error rate for antisaccades. Results for peak ve-
locity did not change after correction for amplitude (see 
Supplementary Results).

Bayesian regression modeling supported the null findings re-
garding the interaction between drug and condition. Model 
comparison using leave-one-out cross-validation indicated only 
minor differences in model fit between models with and with-
out interaction term for peak velocity (difference in expected 
log predictive density (ELPD): Δ = −0.9; SE = 0.8), amplitude 
gain (Δ = −0.9, SE = 0.5), latency (Δ = −1.4, SE = 0.7), or error 
rate (Δ = −0.2, SE = 1.4). For peak velocity, amplitude gain and 
latency, models without the interaction term showed slightly 
better predictive performance, whereas for error rate, the model 
with the interaction term showed slightly better predictive per-
formance. However, the difference in ELPD for error rate cannot 
be interpreted as evidence in favor of the model with the inter-
action term, as it remains small compared to its standard error 
(Vehtari et al. 2017). It should be noted that ELPD values can 
show minor numerical variations across repeated computations.

3.4   |   Imaging Data

3.4.1   |   Whole-Brain Analysis

Both the main effect of saccade condition and direct contrasts 
between pro- and antisaccades against each other revealed ac-
tivation within a well-known, saccadic fronto-parietal-occipital 
network, validating the present paradigm (Tables  S3–S5 and 
Figures S1–S3).

Across saccade conditions, reduced activation with lorazepam 
than placebo was found in (1) a large parieto-occipito-temporal 

cluster, encompassing visual areas (V1–V6), IPS and superior 
parietal lobule (SPL) and extending into precuneus, right mid-
dle and inferior temporal gyri, right postcentral gyrus and cer-
ebellum. Additionally, two smaller, right-hemispheric clusters 
showed reduced activation under lorazepam in (2) precentral 
gyrus, middle and inferior frontal gyri, and (3) medial and lat-
eral FEF (Table  2, Figure  3A). These clusters (87,807 voxels) 
overlapped partially with the pro-/antisaccade network (144,469 
voxels; 18,985 voxels overlap; Figure 4).

No significant activation was found for the reverse contrast (lora-
zepam > placebo). Again, there was no significant interaction 
between drug and condition, shifting the focus of subsequent 
analyses to more detailed exploration of condition-independent 
lorazepam effects.

3.4.2   |   Functional Connectivity Analysis

Connectivity differed between drug conditions only for the left 
V1 seed, with a cluster comprising right SPL, posterior IPS, and 
precuneus (Table  3 and Figure  3B). Connectivity was positive 
under lorazepam and negative under placebo, indicating that 
under lorazepam, higher activation in the seed was associated 
with higher activation in the cluster, whereas under placebo, 
higher seed activation was associated with lower activation in 
the cluster. Seed and cluster (1560 voxels) partially overlapped 
with the pro-/antisaccade network (580 voxels overlap; Figure 4) 
and the general drug effect (337 voxels overlap; Figure  5). 
Changes in connectivity were not associated with changes in 
behavioral and subjective measures showing significant drug 
effects (all p ≥ 0.084).

3.4.3   |   Individual Differences

In voxel-wise regression analyses, change scores for peak ve-
locity were significantly positively associated with changes in 

TABLE 1    |    Descriptive statistics of oculomotor data.

Placebo Lorazepam

Prosaccades Antisaccades Prosaccades Antisaccades

Peak velocity (°/s) 284.36 (42.85) 267.66 (40.08) 259.89 (42.36) 245.21 (41.11)

n = 34 n = 26 n = 27 n = 18

Amplitude (°) 6.08 (0.62) 6.29 (0.72) 6.05 (0.53) 6.04 (0.91)

n = 34 n = 26 n = 27 n = 18

Amplitude gain (ratio) 0.94 (0.08) 0.95 (0.11) 0.92 (0.07) 0.92 (0.14)

n = 34 n = 26 n = 27 n = 18

Latency (ms) 224.06 (20.90) 292.61 (27.63) 231.28 (22.47) 302.51 (28.75)

n = 34 n = 28 n = 27 n = 22

Error rate (%) 0.75 (2.52) 19.91 (23.34) 2.04 (7.05) 24.57 (22.97)

n = 34 n = 33 n = 27 n = 24

Note: Values refer to means for correct saccades (standard deviations). Error rate was calculated based on all analyzable trials. Sample sizes differ across parameters, 
drug and condition due to limitations in data quality and the application of parameter-specific filtering (see Methods).
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neural activity. Stronger decline in peak velocity with lora-
zepam was associated with greater reduction in activation 
during lorazepam in five clusters, including right superior and 
middle frontal gyri, precentral gyrus (medial FEF), bilateral 
IPS and SPL, right occipital pole (V1–V3) as well as left insular 
and central opercular cortex (Table 4 and Figure 3C). These 
clusters (6971 voxels) showed large overlap with the pro-/anti-
saccade network (4257 voxels overlap; Figure 4), but relatively 
minor overlap with the general drug effect (1413 voxels over-
lap; Figure 5).

There were no significant results when using latency change 
score as a predictor.

3.4.4   |   Associations With GABAA Receptor Density

Drawing upon the atlas by Nørgaard et  al.  (2021), we found 
that GABAA receptor density was significantly higher in re-
gions with significant drug effects (M = 636.56, SD = 356.75, 

Figure S4), compared to both remaining brain areas (M = 104.60, 
SD = 241.16; t(88 796.53) = 440.61, p < 0.001, d = 2.19) and 
remaining cortical areas (M = 456.84, SD = 338.21; t(100 
421) = 144.34, p < 0.001, d = 0.53).

Further, there were significant voxel-wise correlations between 
magnitude of lorazepam effects on BOLD during saccades and 
GABAA receptor density, both within regions with significant 
drug effects (r(87, 805) = 0.019, 95% CI [0.013, 0.026] p < 0.001) 
and the whole brain (r(7, 109, 135) = 0.231, 95% CI [0.231, 0.232] 
p < 0.001).

Together, results indicate that reductions in BOLD with lorazepam 
were stronger in voxels with higher GABAA receptor densities.

4   |   Discussion

Using a double-blind, placebo-controlled within-subjects design, 
this study replicated the observation of increased latency and 
decreased peak velocity after lorazepam administration (Bey 
et  al.  2021; Ettinger et  al.  2018; Faßbender et  al.  2021; Green 
et al. 2000; Green and King 1998; McCartan et al. 2001) across pro- 
and antisaccade conditions. For the first time, neural correlates 
of these effects were investigated, revealing decreased activation 
with lorazepam in several regions of the saccadic network, includ-
ing temporo-parieto-occipital cortex and right FEF. Importantly, 
when compared to unaffected regions, these areas showed higher 
GABAA receptor densities, and densities were correlated with the 
strength of lorazepam effects at voxel-level. Task-dependent con-
nectivity changes between drug conditions were observed for the 
left V1 seed. Beyond these group-level drug effects, associations 
between individual reductions in saccadic peak velocity could be 
tracked to reduced neural activations in saccade-related regions, 
including visual areas and medial FEF.

4.1   |   GABAergic Modulation of the Saccadic 
Network

As expected (Bey et  al.  2021; Ettinger et  al.  2018; Faßbender 
et al. 2021; McCartan et al. 2001), the pro-/antisaccade paradigm 
was suitable to characterize lorazepam effects not only on behav-
ioral but also neural level. Lorazepam effects were not specific to 
task condition, as increased latency and reduced peak velocity 
were observed across anti- and prosaccades, and effects on BOLD 
occurred within the general visuo-saccadic network rather than 
in specific inhibitory control regions. This lack of an interaction 
effect was also supported by Bayesian regression modeling of the 
oculomotor data. Behavioral results therefore partly differ from 
previous findings of BZD-induced impairments in inhibitory con-
trol and antisaccade performance (Faßbender et al. 2021; Sarkar 
et  al.  2020). However, the alignment of behavioral and neural 
results as well as the effects on regions associated with both pro- 
and antisaccades (Brown et al. 2006; Ettinger et al. 2008; Jamadar 
et al. 2013) suggests that similar GABAergic mechanisms underlie 
automatic and voluntary saccades. Accordingly, regions that ear-
lier studies have reported to be specifically activated during an-
tisaccades, like DLPFC or ACC (Jamadar et al. 2013; McDowell 
et al. 2008), did not show any lorazepam effects, neither at group 
level nor in terms of individual differences.

TABLE 2    |    Blood oxygen level dependent (BOLD) activation for 
placebo vs. lorazepam across saccade conditions.

Anatomical 
label (functional 
label)

Cluster 
size t

MNI coordinates

x y z

R posterior 
intraparietal 
sulcus

84,310 6.49 28 −76 32

L posterior 
intraparietal 
sulcus

6.46 −24 −84 19

L inferior lateral 
occipital cortex

5.81 −45 −77 −11

L cuneal cortex 
(V3d)

5.65 −5 −81 18

R inferior 
temporal gyrus

5.53 49 −60 −16

R inferior lateral 
occipital cortex

5.39 47 −71 −12

R precentral gyrus 2246 4.67 39 9 28

R middle frontal 
gyrus

3.91 49 15 34

R inferior frontal 
gyrus

3.51 53 13 24

R precentral gyrus 
(lateral FEF)

1251 4.56 40 −2 57

R middle frontal 
gyrus (medial 
FEF)

3.31 30 −3 63

Note: Voxel-level threshold was set to p < 0.001, uncorrected. Cluster-level 
threshold was set to p < 0.05, FWE-corrected. V3d = dorsal V3. Lateral 
FEF = lateral frontal eye fields. Medial FEF = medial frontal eye fields. For each 
defined region, only the peak with the highest t-value is presented; the complete 
set of peaks can be found in Supporting Information (Table S6).
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8 of 14 Human Brain Mapping, 2026

Compared to studies examining excitatory or modulatory 
neurotransmitter systems, reporting modulation of prefrontal 
regions during cognitive control (Driesen et  al.  2013; Honey 
et al. 2004; Mehta et al. 2000), GABAergic modulation of sac-
cade performance thus primarily involved sensorimotor and 
oculomotor regions (Logue and Gould  2014). Further analysis 
showed that GABAA receptor density was higher in affected 
than unaffected regions. However, although prefrontal regions 
also exhibit comparatively high receptor densities (Nørgaard 
et  al.  2021), they were not affected by lorazepam. This fur-
ther supports our conclusion of a lack of specific drug effects 
on inhibitory control. Thus, GABAergic modulation occurs 

particularly in areas associated with more fundamental saccadic 
and visuomotor processes. The significant correlation between 
the strength of the lorazepam effect and GABAA receptor den-
sity further supports a GABAergic drug mechanism rather than 
performance-related confounds (Connolly et  al.  2005; Pierce 
and Mcdowell 2016).

The sensitivity of the (anti-)saccade task to BZD effects is 
further supported by comparison with other cognitive do-
mains. Specifically, in an exploratory analysis reported in 
the Supplement, we chose an intertemporal choice paradigm 
(Kirby  2009) as a representative comparison task, as there is 

FIGURE 3    |    Lorazepam effects on brain activity. Note. (A) Reduced activation during pro-and antisaccade performance under lorazepam com-
pared to placebo. (B) Cluster with positive connectivity (green) to seed voxels in left V1 (yellow) under lorazepam compared to placebo. (C) Individual 
differences in the extent of reduced activation during pro-and antisaccade performance under lorazepam compared to placebo, predicted by individ-
ual decline in saccadic peak velocity.
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9 of 14Human Brain Mapping, 2026

no evidence of BZD effects on behavioral measures in this task 
(Sarmiento et al. 2023). We performed similar analysis steps for 
GABAA receptor densities in intertemporal choice task-relevant 
brain areas (Bartra et al. 2013). While GABAA receptor density 
in those areas was significantly higher compared to remaining 
brain areas, it was significantly lower than in our saccadic net-
work (see Supporting Information Methods and Results). Taken 
together, these findings support the use of (anti-)saccade perfor-
mance and accompanying neural measures as highly sensitive 
markers of BZD activity.

4.2   |   Region-Specific GABA Modulations Within 
the Saccadic Network

One of the most prominent regions within the identified BZD-
sensitive network was the IPS, an area repeatedly associated 
with pro- and antisaccade performance (Berman et al. 1999; 
Brown et al. 2006; Ettinger et al. 2008; Jamadar et al. 2013). 

FIGURE 4    |    Overlap between different expressions of the drug effect and the main effect of saccade condition. Note. Voxel-level threshold for the 
main effect of saccade condition (including pro- and antisaccade condition; green) was set to p < 0.05, FWE-corrected; cluster threshold was set to 
20 voxels. Voxel-level threshold for drug effects (red; including the whole-brain analysis, functional connectivity analysis and regression analysis) 
was set to p < 0.001, uncorrected; cluster-level threshold was set to p < 0.05, FWE-corrected. All clusters were converted to binary masks to highlight 
overlaps between regions.

TABLE 3    |    Clusters with significant connectivity differences to the 
respective seed region between placebo and lorazepam.

Anatomical label 
(functional label)

Cluster 
size t

MNI 
coordinates

x y z

Seed region: left V1

R lateral occipital 
cortex, superior 
division

123 5.18 22 −58 42

R superior parietal 
lobule (IPS)

4.57 18 −56 50

R precuneus (SPL) 4.26 14 −54 56

Note: For left V1, connectivity to target cluster was negative for placebo 
and positive for lorazepam (t(35) = 6.21, p < 0.001). Voxel-level threshold 
was set to p < 0.001, uncorrected. Cluster-level threshold was set to p < 0.05, 
FWE-corrected.
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Interestingly, lorazepam-induced BOLD reductions affected 
bilateral posterior IPS, but only right anterior IPS, a region 
previously associated with stronger activation during anti-
saccade generation compared to saccade inhibition and pro-
saccade generation (Ettinger et al. 2008). This again confirms 
GABAergic modulation of execution-related regions, but also 
points to an antisaccade-specific lorazepam effect. However, 
this selectivity for right anterior IPS does not undermine our 
general interpretation of a rather condition-unspecific effect 
on the saccadic network, since previous studies reported neu-
ral modulation by lorazepam without significant changes 
in behavior (Arce et  al.  2006; Paulus et  al.  2005; Schunck 
et al. 2010; Walter et al. 2016). Thus, while general effects on 
the saccadic network might be stronger and evident at both 
neural and behavioral levels, antisaccade-specific effects ap-
pear to be reflected only in neural modulations, with lesser 
or nonspecific manifestations at the behavioral level. We 
therefore conclude that BOLD signal may be a more sensitive 
marker for lorazepam activity than behavior, a pattern that 
was previously found for other psychoactive drugs (Costa 

et  al.  2013; Hershey et  al.  2004; Kasparbauer et  al.  2019; 
Steffens et al. 2018).

Right posterior IPS further showed positive connectivity from 
left V1 under lorazepam, while negative connectivity occurred 
under placebo. Since both regions partially overlapped with 
the BZD-affected network (Figure 5), this finding points to an 
altered neuronal strategy across affected regions. Given that 
connectivity between V1 and IPS can be modified by atten-
tional processes (Griffis et  al.  2015), synchronized activation 
under lorazepam could point to stronger reliance on stimulus-
driven signals, whereas signals from higher-level cortical re-
gions contribute more strongly to performance under placebo. 
Considering the overall attenuated activation under lorazepam 
and the overlap of the connectivity pattern with the affected 
network, this finding may also reflect general dampening rather 
than more differentiated coupling under placebo.

Another prominent region affected by lorazepam was right FEF. 
While lorazepam-related reductions were found for more lateral 

FIGURE 5    |    Overlap between different expressions of the drug effect. Note. The BZD-modulated network is shown in red. Regions showing pos-
itive connectivity under lorazepam compared to placebo are shown in green. Regions with individual differences in the extent of reduced activation 
during pro-and antisaccade performance under lorazepam compared to placebo, predicted by individual decline in saccadic peak velocity, are shown 
in blue.
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portions of FEF in the whole-brain analysis at group level, an 
association with a decrease in saccadic peak velocity was found 
for medial FEF on an individual level (Figure 5). Our finding 
that other predictors, including behavioral, subjective, and phar-
macokinetic parameters, could not explain changes in BOLD 
signal, emphasizes the specificity of this result. In line with pre-
vious studies reporting functional differences between lateral 
and medial FEF (Cieslik et al. 2016), we assume a more general 
effect of lorazepam in comparatively lateral portions of FEF, 
while medial FEF seems to be specifically related to saccadic 
peak velocity. Despite our findings of increased saccadic laten-
cies under lorazepam, no associations with BOLD signal change 
were detected. While a more global reduction in the affected 
saccadic network possibly accounts for this effect, we could not 
detect it using our voxel-based individual differences approach.

Another notable observation regarding neural correlates of de-
creased saccadic peak velocity was its exclusive association with 
cortical areas on an individual level. Aside from some involvement 
of the cerebellum, subcortical regions were unaffected by BZD. 
These findings are somewhat surprising since saccadic peak ve-
locity is typically associated with, among others, burst neuron ac-
tivity in the brainstem (Fuchs et al. 1985; Sparks 2002). Although 
GABAA receptor densities are low in this region (Nørgaard 
et  al.  2021), this does not rule out the brainstem as an import-
ant area for saccadic peak velocity. However, it does suggest that 
GABAergic modulation of saccades occurs more prominently in 
cortical areas. Furthermore, these areas show considerable overlap 
with the general pro-/antisaccade network (Figure 4), suggesting 
that GABAergic modulation affects functionally relevant regions.

A limitation of this study is that the block design did not allow 
the investigation of trial-specific neural activation or its relation-
ship to trial-by-trial variability in behavioral measures. For ex-
ample, previous studies reported differences in neural activation 
between correct and error antisaccade trials (Ford et al. 2005; 
Polli et al. 2005). Therefore, we cannot rule out that averaging 
across blocks may have reduced the sensitivity of our study to 
detect drug effects specific to directionally correct antisaccades 
(i.e., a drug × condition interaction). A further limitation is that 
participants showed increased eyelid closure under lorazepam, 
which could represent an artifact in the analysis. However, we 
calculated change scores for eye-tracking signal loss as proxy for 
eyelid closure and entered this variable into a regression model 
as for other variables (see Supporting Information Methods and 
Results). No reductions in BOLD signal were explained by in-
creased signal loss under lorazepam, therefore this limitation 
may be of less concern. Finally, it should be noted that although 
correction for multiple comparisons was applied within each 
second-level analysis, it cannot be ruled out that the overall type 
I error rate may have been inflated across the different analyses 
that were carried out.

5   |   Conclusion

To conclude, we demonstrated for the first time the neu-
ral correlates of lorazepam effects on the saccadic network. 
Performance declines in saccadic peak velocity and latency were 
accompanied by decreased neural activation in key oculomotor 
regions, indicating GABAergic modulation of a more general 
saccade-related network rather than of specific components 
for inhibitory control processes. This finding was supported by 
evidence of increased GABAA receptor density in the affected 
network and by associations with individual decline in saccadic 
peak velocity. Future studies therefore may rely on BOLD sig-
nal as a sensitive marker for BZD activity during saccadic eye 
movements.
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TABLE 4    |    Results from regression analyses on first-level 
difference images (placebo-lorazepam) for combined pro- and 
antisaccades > baseline, with behavioral change scores for peak velocity 
(placebo-lorazepam) as predictor (positive association).

Anatomical label 
(functional label)

Cluster 
size t

MNI 
coordinates

x y z

R occipital pole (V1) 1409 5.98 18 −90 8

R occipital pole 
(V3d)

5.33 23 −93 12

R precentral gyrus 
(medial FEF)

1737 5.98 27 −7 52

R superior frontal 
gyrus (medial FEF)

4.67 29 −2 60

L lateral occipital 
cortex, superior 
division (IPS)

1087 5.23 −11 −79 47

L lateral occipital 
cortex, superior 
division (SPL)

3.58 −18 −66 49

NA (L cerebral 
white matter)

1193 4.88 −39 1 20

R lateral occipital 
cortex, superior 
division (SPL)

1545 4.74 23 −61 59

R lateral occipital 
cortex, superior 
division (area 7A, 
SPL)

4.59 14 −60 53

R lateral occipital 
cortex, superior 
division (IPS)

4.09 20 −59 51

R superior parietal 
lobule (IPS)

3.89 22 −56 53

Note: N = 27. Voxel-level threshold was set to p < 0.001, uncorrected. Cluster-
level threshold was set to p < 0.05, FWE-corrected. V3d = dorsal V3. Medial 
FEF = medial frontal eye fields. IPS = intraparietal sulcus. SPL = superior 
parietal lobule. For each defined region, only the peak with the highest t-value is 
presented; the complete set of peaks can be found in the Supplement (Table S7).
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