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Stimulation of the human periaqueductal gray induces threat bradycardia: a case 
report
Felix H. Klaassen a,b, Lycia D. de Voogd a,c, Anneloes M. Hulsman a, Floris Klumpers a, Sarah M. Farrelld, 
Alexander L. Green d, Pepijn van den Munckhof e and Karin Roelofs a

aDonders Institute for Brain, Cognition and Behaviour and Behavioural Science Institute (BSI), Radboud University, Nijmegen, The Netherlands; 
bInstitute of Systems Neuroscience, University Medical Center Hamburg-Eppendorf, Hamburg, Germany; cInstitute of Psychology and Leiden 
Institute for Brain and Cognition (LIBC), Leiden University, Leiden, The Netherlands; dNuffield Department of Surgical Sciences, John Radcliffe 
Hospital, University of Oxford, Oxford, UK; eAmsterdam UMC, Department of Neurosurgery, University of Amsterdam, Amsterdam, The 
Netherlands

ABSTRACT
The ability to recognize and anticipate potential danger is crucial for survival across species. The 
midbrain periaqueductal gray (PAG) is implicated in regulating threat-anticipatory responses, 
including heart rate deceleration (threat bradycardia) which is typically observed during freezing. 
Although animal studies have provided causal evidence that the PAG regulates threat-anticipatory 
bradycardia, causal evidence does not exist in humans. To address this translational gap, we 
performed a single-case study to elucidate the causal role of the human PAG in threat- 
anticipatory bradycardia using deep brain stimulation (DBS). We report on a participant who 
received PAG DBS for chronic pain treatment. The participant performed an instructed fear task 
during which cues were presented signaling either threat of electrical shock or safety. During the 
task, we applied DBS in the PAG, no DBS, or DBS at a control site bordering the PAG. Deep brain 
stimulation in the PAG significantly increased threat bradycardia responses (i.e. reduced heart rate 
for threat vs. safety) compared to no stimulation, whereas control-site stimulation bordering the 
PAG did not significantly affect threat bradycardia. Together, this single-case report provides causal 
evidence that the human PAG regulates threat bradycardia responses, furthering our understand
ing of the neural circuit underlying defensive reactions in humans.
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Introduction

To adaptively cope with environmental threat, humans 
and other animals show a variety of defensive reactions 
(e.g., freezing) that are characterized by distinct physio
logical (e.g., cardiac) response profiles (Bolles, 1970). 
Threat-anticipatory freezing is one of the most common 
defensive reactions, characterized by bodily immobility 
and a reduction in heart rate (threat bradycardia) in 
response to cues signaling threat. Freezing reactions 
serve to reduce the likelihood of detection and to pre
pare the organism for subsequent action (fight/flight 
reactions; Bolles, 1970; Roelofs, 2017). Fight/flight reac
tions, in turn, are associated with cardiac acceleration 
(tachycardia) and function to deal with acute and prox
imate danger (Kozlowska et al., 2015; Lang & Davis,  
2006). Animal studies have shown that threat bradycar
dia is regulated by the midbrain periaqueductal gray 

(PAG; Carrive, 1993; Signoret-Genest et al., 2023; Tovote 
et al., 2016). Thanks to its extensive (sub)cortical and 
brainstem connections with the central nucleus of the 
amygdala, the hypothalamus, and medullary relay cen
ters (that in turn project to spinal cord and vagus nerve), 
the PAG can orchestrate bradycardia, immobility, and 
concurrent suppression of nociceptive stimuli (analge
sia) in the anticipation of threat (Carrive, 1993; Fields,  
2004; Silva & McNaughton, 2019). However, as of yet, 
causal evidence that threat bradycardia in humans 
depends on the PAG remains absent. Confirming such 
a causal role for the PAG in defensive reactions in 
humans is important to identify future directions for 
investigating the neural mechanisms underlying psycho
pathology. Indeed, associative threat conditioning – the 
main experimental model for fear learning and exposure 
therapy – relies on our understanding of the 
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physiological correlates of fear and anxiety, such as 
threat bradycardia (Battaglia et al., 2023; Beckers et al.,  
2023; Haaker et al., 2019). We sought to address this 
knowledge gap by using deep brain stimulation (DBS) 
to investigate the causal role of the human PAG in 
threat-induced cardiac deceleration.

The PAG consists of several interconnected subre
gions, organized as columns around the midbrain aque
duct, which together orchestrate the behavioral and 
physiological (e.g., cardiac) responses associated with 
defensive freeze/fight/flight reactions. Over the past 
decades, studies using animal models have character
ized the PAG as the regulation center of these defensive 
reactions and associated responses (Carrive, 1993; Rizvi 
et al., 1991; Silva & McNaughton, 2019; Walker & Carrive,  
2003; Zhang et al., 1990). Specifically, electrochemical 
stimulation of the dorsal portion of the PAG has been 
shown to trigger fight/flight-like reactions and tachycar
dia, but can similarly evoke anticipatory behavioral freez
ing instead (Brandão et al., 2008; Fadok et al., 2017; 
Tovote et al., 2016; Vianna et al., 2001). Also in humans, 
correlational evidence suggests that the PAG may be 
involved in the regulation of defensive reactions. 
Studies using fMRI for instance suggest that PAG activity 
increases with higher threat imminence (Mobbs et al.,  
2007; Murty et al., 2023), and that threat-related brady
cardia during freezing is associated with increased PAG 
activity and stronger amygdala-PAG connectivity 
(Hashemi et al., 2019; Hermans et al., 2013; Lojowska 
et al., 2018; Schipper et al., 2019; see Kragel et al., 2019; 
Satpute et al., 2013; Wang et al., 2022; Weis et al., 2022 
for functional involvement of human PAG (subregions) 
in emotional processing and cognitive control). Seminal 
first studies have successfully applied deep brain stimu
lation (DBS) to human PAG to study the effects of PAG 
stimulation on blood pressure (Green et al., 2006) and 
heart rate variability (Pereira et al., 2010) outside the 
context of threat. However, whether the human PAG is 
causally involved in threat-induced responses – such as 
threat bradycardia – is not clear.

Here we report on a unique case study using deep 
brain stimulation (DBS) to elucidate the causal role of the 
human PAG in threat bradycardia responses during an 
instructed fear task. We show that stimulation inside the 
PAG (and not stimulation bordering the PAG) increased 
threat bradycardia responses to cues that signal threat 
compared to safety, providing evidence that the human 
PAG regulates defensive cardiac responses.

Materials and methods

This study was approved by the local ethics committee 
(Ethical Reviewing Board METC [Institutional Research 

Review Board] Oost-Nederland, CMO 2022/13854), and 
was conducted according to these guidelines and reg
ulations (i.e., medical/scientific research), and in accor
dance with the Declaration of Helsinki.

Case description

The participant included in this case report is a 53-year- 
old man with a long history of severe progressive, treat
ment-resistant pain in his right shoulder, arm, and hand, 
caused by a motorcycle accident-related right-sided bra
chial plexopathy at 25 years old. Various types of high- 
dose medications such as paracetamol, non-steroidal 
anti-inflammatory drugs, amitriptyline, gabapentin, 
pregabalin, and tramadol were not able to reduce the 
pain. Transcutaneous electrical nerve stimulation, multi
ple dorsal root entry zone lesioning surgeries at the 
cervical levels C4-C7, and cervical spinal cord stimulation 
neither offered long-term relief.

At the age of 45 years, the participant was offered 
compassionate-use, off-label deep brain stimulation 
treatment (Pereira & Aziz, 2014). During this awake 
stereotactic procedure, a DBS electrode with four 
1.5 mm circumferential contacts separated by 0.5 mm 
interspaces (model 3389, Medtronic Inc) was implanted 
in the left-sided periaqueductal gray matter (dorsal to 
the aqueduct; Figure 1(a), upper two panels). Test stimu
lation in this area (at 3 mA, 30 Hz, 450 μs) elicited 
a pleasant, warm feeling in the right shoulder, arm, and 
hand. Subsequent implantation of the subcutaneous 
extension cable and implantable pulse generator 
(model Activa SC, Medtronic Inc) was done under gen
eral anesthesia. Programming and optimization during 
various outpatient clinic visits showed that DBS at 0.2 - 
0.5 V (30 Hz, 450 μs) at the most ventral contact point 
was most efficacious in long-term pain reduction 
(located 0.5 mm lateral, 7.7 mm posterior, and 7.1 mm 
inferior relative to the posterior commissure; Figure 1(a), 
lower two panels). To prevent stimulation tolerance (i.e., 
the gradual decrease in stimulation efficacy over time), 
DBS was applied in a cyclic setting, with DBS ON for 10  
seconds followed by DBS OFF for 5 minutes (see e.g., 
Pereira & Aziz, 2014).

Procedure

For the present study, the participant came to the lab for 
two separate sessions. For both sessions, the participant 
came to the lab with the deep brain stimulation elec
trode already turned OFF for at least 12 hours. This way, 
we avoided potential carry-over effects from stimulation 
ON to stimulation OFF conditions, which is relevant as 
the exact wash-out time of PAG stimulation effects 
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remains unknown. In the first session, the participant 
first read and signed the screening form and gave writ
ten informed consent. The participant then filled in a set 
of questionnaires, including the State-Trait Anxiety 
Inventory (STAI; Spielberger et al., 1983) and the Beck 
Depression Inventory (BDI; Beck et al., 1996). Next, the 
participant was attached to all measurement and stimu
lation equipment, and was instructed about the shock 
work-up procedure (see below) and the instructed fear 
task (IFT; see below). Before and after performing the IFT, 
the participant again performed the State questionnaire 
of the STAI. Additionally, immediately before starting the 
IFT, the participant provided VAS (visual analogue scale) 
ratings of alertness and fear (0 – 10). Next, the participant 
performed another experimental task that is not 
reported here. After a 30-minute break, the DBS elec
trode was turned on, after which the participant per
formed the entire procedure again (shock work-up, 
questionnaires and ratings, and IFT). The second session 
was performed approximately 2 months after the first 
session and followed exactly the same procedure, 
except for the stimulation location during the second 
half of the experiment. In session 1, the DBS electrode 
stimulated at a contact point located in the dorsomedial 
PAG (further referred to as experiment 1), whereas in 
session 2 the DBS electrode stimulated at a 2.4 mm more 
dorsal/2.3 mm more left lateral/2 mm more anterior con
tact point (located just on the border of the PAG; experi
ment 2). In both experiments, the stimulation 
parameters were identical (amplitude of 0.5 V, frequency 
of 30 Hz, pulse width of 450 μs). After each experiment, 
the stimulation parameters were reset to treatment set
tings. The participant did not report any side effects or 
inconvenience of the applied protocols (neither before, 
during, nor after the experiment). However, because 
there are instances where deep brain stimulation of the 
PAG has been associated with altered conscious and 
emotional states (Nashold et al., 1969) we explicitly 
assessed subjective state changes. This confirmed that 
across experiments and stimulation conditions subjec
tive ratings of alertness were consistently high, while 
subjective ratings of fear and state anxiety were consis
tently low (see Supplemental Table S1).

Instructed fear task
We used an instructed fear task (IFT) to investigate threat 
bradycardia responses (Klumpers, Raemaekers, et al.,  
2010). This task consisted of the interleaved presentation 
of two pictures with neutral male faces on a blue vs. 
orange background to make them clearly distinctive 
(face stimuli were obtained from the NimStim dataset; 
Tottenham et al., 2009). The participant was informed 
that they could receive shocks at any time during the 

presentation of one picture (the CS+) whereas they 
never would receive a shock during the presentation of 
the other picture (CS-). The participant was explicitly 
instructed to rest in between picture presentations via 
onscreen presentation of the Dutch word for rest 
(“RUST”) during the inter-trial interval (ITI). The task con
sisted of a single run of 28 trials (approx. 12 minutes) 
presented in a semi-random order, with no more than 3 
consecutive repetitions of the same stimulus (CS+ vs CS- 
). Face pictures were presented for 10 – 24 seconds, 
whereas the ITI duration ranged from 8 – 12 seconds. 
Shocks were administered during four pre-specified 
trials; during the first, third, and fourth CS+ presentation 
(at 3 seconds), and during the ninth CS+ presentation (at 
5 seconds). The task was programmed using 
Presentation software (Neurobehavioral Systems, Inc., 
Berkeley, CA).

Peripheral stimulation and measurement
As the participant did not suffer from chronic pain symp
toms in his left arm and hand, electric shocks were 
delivered to the distal phalanges of the fourth and fifth 
left-hand fingers, using a 9 V MAXTENS 2000 shocker 
machine and standard 10 mm Ag/AgCl electrodes. 
Physiological responses were recorded using 
a BrainAMP EXG MR 16 channel amplifier, an EXG aux 
device, and BrainVisionRecorder software. To measure 
heart rate, we recorded an electrocardiogram (ECG) 
using a three-lead system with standard 3 M Red Dot 
2249 Ag/AgCl measurement electrodes (6.1 cm dia
meter). Two electrodes were placed just below the 
right collar bone and around the lowest left rib (i.e., 
diagonally across the heart) and a third ground elec
trode was placed just below the left collar bone (i.e., 
approximately above the heart). We also recorded elec
trodermal activity and respiration which was not ana
lyzed for this report.

Shock work-up procedure
We used a standardized shock work-up procedure to 
set the intensity of the electrical stimulation to a level 
that was rated as uncomfortable but not painful (see 
also de Voogd et al., 2018; Klaassen et al., 2024; 
Klumpers, Raemaekers, et al., 2010). Shock durations 
were 200 ms (consisting of a train of 250 μs pulses at 
150 Hz), delivered at an intensity ranging from 0–40 V/ 
0–80 mA divided in 10 pre-defined steps. During the 
work-up procedure, the participant received and rated 
exactly five shocks (starting at intensity level 2), with 
the aim to converge at an intensity that was rated as of 
4 out of 5 (where 1 = “not painful at all” and 5 = “very 
painful”).

NEUROCASE 3



Figure 1. Experiment overview. a) DBS electrode positioning. Planned trajectory of PAG DBS electrode on preoperative semi-coronal 
T1-weighted MRI (upper left); DBS electrode on postoperative CT (upper right); Anatomical location of PAG stimulation (in red) on axial 
T2-weighted (bottom left) and sagittal T1-weighted MR image (bottom right), at 0.5 mm lateral, 7.7 mm posterior and 7.1 mm inferior 
relative to the posterior commissure (PC). b) Example trial sequence of the instructed fear task (IFT). During the IFT, the participant was 
presented with an interleaved sequence of two pictures of faces, during which they could either receive a shock at any time (CS+) or 
could never receive a shock (CS-). In between face picture presentations, the participant was explicitly instructed to rest. c) Mean heart 
rate change in beats per minute (BPM) across time relative to 1-second pre-trial baseline window is plotted separately for CS+ and CS- 
conditions, and separately for no deep brain stimulation (electrode OFF) and PAG stimulation (ON). d) Threat bradycardia, reflected by
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Heart rate signal preprocessing
Raw ECG data was preprocessed using in-house soft
ware for visual artifact correction and peak detection 
(https://github.com/can-lab/brainampconverter, 
https://github.com/can-lab/hera). For 14 trials, missing 
peaks were interpolated by positioning new peaks 
exactly between two good-quality neighboring peaks. 
After data cleaning, six remaining trials with bad data 
quality (i.e., unintelligible r-peaks; 5.3% of the dataset) 
were excluded from data analysis. Cardiac signals were 
filtered (high-pass at 0.01 Hz, low-pass at 2.5 Hz), after 
which we computed inter-beat intervals (IBIs) between 
all peaks. Trial-by-trial IBIs were subsequently trans
formed to heart rate time series in beats per minute 
(BPM = 60/IBI), which were baseline corrected with 
respect to the average heart rate during the 1 second 
pre-trial baseline window. Trial-by-trial heart rate 
values used for statistical analysis were computed by 
taking the average (baseline-corrected) heart rate 
across a 0 – 10 second time window (relative to trial 
onset). One additional trial was removed due to out
lying baseline values (i.e., exceeding 3 standard devia
tions from the mean baseline across trials). Reinforced 
CS+ trials (4 per run) were analyzed separately. The 
final data set (after removing trials with bad data 
quality and separating shock-reinforced trials) con
sisted of 91 trials.

Heart rate statistical analysis

To statistically test the effect of deep brain stimulation 
of the PAG on threat bradycardia, we used linear 
regression to model trial-by-trial average heart rate 
change responses across a 0 – 10 second time window 
(dependent variable) as a function of threat condition 
(CS+/CS-, sum-to-zero coded), stimulation (sum-to- 
zero coded), and their interaction (threat-by- 
stimulation). Note that since all observations are con
tained within a single individual and are not nested 
across multiple individuals, trials were treated as inde
pendent observations in the regression analysis. Threat 
bradycardia was operationalized as a relative differ
ence in heart rate between the CS+ and CS- conditions 
(i.e., a significant threat effect), such that heart rate 
responses to the CS+ were significantly lower 

compared to the CS-. To emphasize this operationali
zation, we sometimes refer to this effect as “relative 
threat bradycardia.” In contrast, we use “general bra
dycardia” to refer to a general heart rate deceleration 
across time (relative to the pre-trial baseline). 
Categories for the stimulation condition were OFF/ 
PAG for experiment 1, and OFF/control-site for experi
ment 2. Thus, we performed separate linear regres
sions for experiment 1 and experiment 2. To aid 
statistical inference, we report standardized effect 
sizes: partial eta squared (ηp

2) for regressions, and 
Cohen’s d (d) for post-hoc one-sample t-tests. Data 
analysis was performed using R (v4.1.3) and RStudio.

Results

Experimental paradigm

In the present study, the participant performed an 
instructed fear task (IFT; see Klumpers, Raemaekers, 
et al., 2010) in which the participant could receive an 
electrical shock at any time during presentation of one 
face (CS+) and never during presentation of the other 
face (CS-; Figure 1(b)). The participant performed two 
runs of this sequence (±12 minutes each); first with the 
deep brain stimulation (DBS) electrode turned OFF and 
subsequently again with DBS ON at the most ventral 
contact point, located dorsomedial to the aqueduct. 
This stimulation site was chosen because it was most 
treatment-efficacious and was therefore deemed most 
likely to affect the PAG circuit.

PAG stimulation induces threat bradycardia

To test whether PAG DBS influences threat bradycardia 
responses, we performed linear regression of the aver
age heart rate change (i.e., baseline corrected per trial, 
see Methods) as a function of threat condition (CS+/CS-), 
stimulation (OFF/ON), and their interaction. Through the 
threat-by-stimulation interaction, we test the effect of 
DBS on threat bradycardia relative to the preceding OFF 
stimulation condition to account for baseline effects.

First, the task elicited the typical threat bradycardia 
response, namely a significant main effect of threat con
dition. This effect indicates a stronger deceleration in 

relative reduction in mean heart rate for CS+ vs CS- during the 0–10 second time window, was significantly more pronounced for PAG 
stimulation compared to no stimulation (OFF). e) Anatomical location of control-site stimulation (in green) on axial T2-weighted (left) 
and sagittal T1-weighted MR images (right), at 2.8 mm lateral, 5.7 mm posterior, and 4.7 mm inferior relative to the PC. f) Threat 
bradycardia was not significantly different for control-site stimulation bordering the PAG (‘control site’) compared to no stimulation 
(‘OFF’). Dots in d and f reflect individual trials. n.s. not significant; ηp

2 effect size.
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mean heart rate (HR) during CS+ relative to CS- trials 
(Figure 1(c, d); B = −0.96, 95% CI [−1.72, −0.15], t(44) =  
−2.39, p = .021, ηp

2 = .12) (Klumpers et al., 2017; Lang & 
Davis, 2006). Importantly and in line with our expecta
tions, threat bradycardia was stronger during PAG sti
mulation (ON) than during no stimulation (OFF). This was 
indicated by a significant threat-by-stimulation interac
tion effect (B = −1.16, 95% CI [−1.94, −0.37], t(44) = −2.97, 
p = .0047, ηp

2 = .17). Post-hoc tests revealed that this 
interaction was driven by a significant threat effect (CS 
+ versus CS-) in the stimulation ON condition and no 
significant threat effect in the OFF condition (ON: 
Figure 1(c, d), right panels; B = −2.09, 95% CI [−3.29, 
−0.88], t(22) = −3.59, p = .0016, ηp

2 = .37, Mdiff_ON =  
−4.17; OFF: Figure 1(c, d), left panels; B = 0.23, 95% CI 
[−0.85, 1.29], t(22) = 0.44, p = .668, ηp

2 < .009, Mdiff_OFF =  
0.45). In the stimulation ON condition, HR to the CS+ was 
significantly below zero (t(9) = −3.57, p = .006, d = −1.13) 
and HR to the CS- was numerically but not significantly 
above zero (t(13) = 1.79, p = .09, d = 0.48). In the stimula
tion OFF condition, although we observed no relative 
threat bradycardia (i.e., no HR difference between CS+ 
and CS- conditions), a significant negative intercept did 
indicate general bradycardia across time (B = −1.30, 95% 
CI [−2.37, −0.23], t(22) = −2.52, p = .0196; confirmed by 
a separate one-sample t-test: t(23) = −2.67, p = .014, d =  
−0.55). Follow-up analysis confirmed that PAG stimula
tion (compared to no stimulation) significantly increased 
heart rate responses to the CS- (B = 1.49, 95% CI [0.51, 
2.49], t(26) = 3.11, p = .005, ηp

2 = .27), but left general 
bradycardia to the CS+ preserved (B = −0.81, 95% CI 
[−2.13, 0.50], t(18) = −1.3, p = .21, ηp

2 = .09). Finally, 
there was no significant main effect of stimulation (OFF 
vs. PAG) on heart rate responses during the task (B =  
0.34, 95% CI [−0.44 1.12], t(44) = 0.87, p = .387, ηp

2 = .02). 
Together, these findings suggest a causal role for the 
PAG in threat bradycardia responses.

Active control-site stimulation does not induce 
significant threat bradycardia

To investigate the extent to which the observed stimula
tion effects on threat bradycardia are specific to the 
stimulated region, we repeated the experiment in 
a second session (approximately 2 months after the 
first experiment) with an active control stimulation site. 
This second session consisted of the same experimental 
procedure and task as the first session, except that the 
stimulation protocol was this time applied at a different 
contact point on the DBS electrode positioned 2.4 mm 
more dorsal, 2.3 mm more left lateral, and 2 mm more 
anterior relative to PAG stimulation (Figure 1(e)). Since 
the PAG typically has a radius of about 4 – 5 mm, this 

contact point is positioned at or just outside of the 
border of the PAG matter (Linnman et al., 2012). 
Indeed, this contact point was not used for the partici
pant’s neuropathic pain relief treatment. It is thus likely 
that this contact point does not effectively target the 
PAG, making it an optimal control stimulation site for our 
paradigm. Given the location of this contact point rela
tive to the PAG, we anticipated that stimulation at this 
control site could still lead to threat bradycardia 
(through spread of the current) but to a lesser extent 
than stimulation of the contact point located in the PAG 
(experiment 1).

Similar to the first experiment, the task induced the 
typical cardiac response pattern with significant lower 
heart rate for threat compared to safe conditions across 
stimulation conditions (i.e., threat bradycardia; B = −1.04, 
95% CI [−1.84, −0.24], t(39) = −2.63, p = .0122, ηp

2 = .15). 
However, threat bradycardia was not significantly differ
ent during control-site stimulation (ON) relative to no 
stimulation (OFF), as shown by a non-significant threat- 
by-stimulation interaction (B = −0.71, 95% CI [−1.51, 
0.09], t(39) = −1.79, p = .0806, ηp

2 = .08). While this inter
action effect did not reach statistical significance, as 
anticipated, control-site stimulation did seem to induce 
threat bradycardia to some extent. That is, the mean 
heart rate difference between threat conditions (CS+ 
minus CS-) in the control-site stimulation condition was 
numerically larger compared to the OFF condition 
(Figure 1(f); Mdiff_control = −4.80; Mdiff_OFF = −0.66). There 
was again no significant main effect of stimulation on 
the mean heart rate change (B = −0.74, 95% CI [−1.54, 
0.06], t(39) = −1.86, p = .0703, ηp

2 = .08).

Comparison of PAG-site and control-site stimulation 
effects on heart rate change

Next, we tested whether the effect on threat bradycardia 
was statistically different for PAG- vs. control-site stimu
lation. We first transformed t values of the correspond
ing threat-by-stimulation interaction effects to partial 
r values to allow statistical comparison of the two effects. 
By comparing the interaction effect between experi
ments rather than the threat main effect, we could test 
whether the effect of PAG vs. control-site stimulation on 
threat bradycardia was different while accounting for 
differences in the preceding OFF condition. A two- 
sided Fisher’s z test on the resulting partial r values was 
not significant, suggesting that the two interaction 
effects did not significantly differ from each other (rPAG  

= −0.41, rcontrol = −0.28, nPAG = 48, ncontrol = 43; z =  
−0.6807, p = .496). Therefore, even though PAG stimula
tion significantly induced threat bradycardia (relative to 
no stimulation), this stimulation effect was not 
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significantly stronger than the effect of PAG-bordering 
control-site stimulation on threat bradycardia (relative to 
no stimulation).

The latter finding is not surprising, because low-level 
stimulation at a control site bordering the PAG is likely to 
still reach the PAG itself, albeit to a lesser extent. To 
investigate this possibility, we performed simulations 
to inspect the volume of activated tissue (VTA) for both 
applied stimulation conditions (PAG- and control-site 
stimulation). These simulations revealed that while the 
VTAs for PAG- vs. control-site stimulation were substan
tially different, there was still some minimal overlap 
(Supplemental Figure S1). This minimal amount of over
lap in the VTAs may have caused the non-significant 
difference between PAG- and control-site stimulation.

Finally, we assessed whether PAG- and control-site 
stimulation affected the mean heart rate response to 
the shock. Regression analyses on the reinforced trials 
revealed that the mean heart rate response (time-locked 
to the shock onset) did not significantly differ between 
ON and OFF stimulation conditions in either experiment 
(OFF vs. PAG: B = 0.45, 95% CI [−1.26, 2.17], t(6) = 0.65, p  
= .541, ηp

2 = .07; OFF vs. control-site: B = −0.54, 95% CI 
[−1.60, 0.52], t(4) = −1.41, p = .23, ηp

2 = .33; note that 
these effect sizes may be less reliable due to the small 
number of reinforced trials per experiment). This result 
suggests that the processing of nociceptive stimuli was 
not affected by PAG or control-site stimulation (relative 
to no stimulation).

Discussion

In this single-case report, we provide causal evidence 
that the human periaqueductal gray (PAG) regulates 
defensive cardiac responses. We investigated how 
deep brain stimulation of the PAG affects threat brady
cardia, a common defensive response observed across 
species characterized by a reduced heart rate for threat 
relative to safe cues. Deep brain stimulation of the PAG 
significantly increased threat bradycardia compared to 
the no stimulation condition. Identical stimulation at 
a nearby control site bordering the PAG did not signifi
cantly increase threat bradycardia, although the absence 
of the effect of control-site stimulation was statistically 
indistinguishable from PAG stimulation. Hence, this 
report provides proof-of-principle causal support for 
the idea that the human PAG regulates threat bradycar
dia responses, substantiating the relevance of this 
region for past and future human neuroimaging studies 
into defensive responding.

Our main finding is that PAG stimulation significantly 
increased threat bradycardia relative to the no stimula
tion condition. This result is in line with studies showing 

that the PAG regulates bradycardia responses commonly 
observed during freezing-like threat reactions using ani
mal models (Hermans et al., 2013; Signoret-Genest et al.,  
2023; Walker & Carrive, 2003). Typically, neural instantia
tion of threat bradycardia is attributed to the ventral/ 
ventrolateral column of the PAG rather than the dorsal 
column (Walker & Carrive, 2003) which was primarily 
targeted in this study. However, there have also been 
reports where dPAG stimulation in rodents induced 
freezing-like reactions (Brandão et al., 2008; Vianna & 
Brandão, 2003; Vianna et al., 2001), although it is unclear 
if this stimulation also induces bradycardia to threat 
cues. How might dPAG stimulation induce threat brady
cardia? It is possible that threat bradycardia due to dPAG 
stimulation could occur through stimulation of dmPAG 
circuits that are innervated by the central nucleus of the 
amygdala (CeA; Carrive, 1993; Kozlowska et al., 2015; 
Linnman et al., 2012). The CeA indeed plays an important 
role in regulating threat bradycardia responses, 
although its connections to the dPAG have mostly 
been thought to regulate active fight/flight reactions 
and concurrent tachycardia rather than bradycardia 
(Healy & Peck, 1997; Lang & Davis, 2006). It is therefore 
perhaps more likely that dPAG stimulation induced 
threat bradycardia indirectly through anatomical and 
functional connections to other structures in the defense 
circuit and to the vPAG. Indeed, threat-related cardiac 
responses likely emerge from coordinated interactions 
across distributed brain-body systems (Battaglia et al.,  
2024; DiGregorio et al., 2024; Klein et al., 2021; Roelofs & 
Dayan, 2022). For example, dPAG stimulation might 
indirectly activate the hypothalamus, which can in turn 
generate bradycardia responses via projections to cardi
ovascular centers of the medulla (Hardy, 2001; Hermans 
et al., 2013; Kozlowska et al., 2015). Similarly, the applied 
stimulation might have activated the intrinsic GABAergic 
network which involves the whole PAG but primarily 
terminates on glutamatergic neurons in the ventral col
umns (Reichling, 1991; Silva & McNaughton, 2019). It is 
possible that stimulation of this circuit at the dorsal PAG 
caused concurrent disinhibition of glutamatergic vlPAG 
neurons. In non-human animals, such disinhibition has 
been shown to evoke conditioned bradycardia- 
(Signoret-Genest et al., 2023) and immobility responses 
(Tovote et al., 2016) via projections to the (rostral ven
trolateral and magnocellular nucleus of the) medulla and 
the vagus nerve (Carrive, 1993; Walker & Carrive, 2003; 
see Roelofs & Dayan, 2022 for a review). The latter inter
pretation would be in keeping with existing accounts 
positing that dPAG primarily regulates tachycardia and 
vPAG regulates bradycardia, and suggests that our find
ings may be driven by a combination of direct and 
indirect effects of dPAG stimulation on conditioned 
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heart rate responses. Indeed, simultaneous (direct) dPAG 
activation and (indirect) vPAG disinhibition could 
explain why (d)PAG stimulation in experiment 1 seemed 
to increase heart rate responses to the CS- while general 
bradycardia to the CS+ appeared to be preserved. 
Together, while the exact contribution of the respective 
PAG columns to defensive reactions and associated phy
siological responses remains to be fully elucidated, our 
findings support that the human PAG, like rodent PAG, 
mediates threat bradycardia responses.

Notably, while threat bradycardia (i.e., the CS+ vs. CS- 
heart rate difference) numerically increased during DBS 
at a more dorsal and lateral positioned control site bor
dering the PAG (relative to no stimulation), this effect 
was not significant. However, this effect of control-site 
stimulation on threat bradycardia was in turn not sig
nificantly different from PAG-site stimulation. We have 
identified two potential explanations for this finding. 
First, it might be that larger threat bradycardia during 
the stimulation conditions was due to order effects, 
since the no-stimulation condition always came first 
and the (PAG and control-site) stimulation conditions 
came after. This condition order was chosen to prevent 
potential wash-out effects of the stimulation to subse
quent no-stimulation conditions. As such, it is an una
voidable limitation of our design that learning, 
habituation, or expectancy effects may have contributed 
to the observed effects of PAG-DBS on CS differentiation. 
However, previous work has shown highly stable CS 
differentiation for instructed fear experiments across 
sessions (Klumpers, Van Gerven, et al., 2010), suggesting 
that order effects may not completely explain our find
ings. A second, more likely, explanation is that control- 
site stimulation still activated nearby PAG tissue or 
downstream areas involved in threat bradycardia. Our 
simulations of the volume of activated tissue indeed 
suggest that low-level stimulation from the control-site 
might have reached the PAG. To some extent this was to 
be expected, as anatomical images already suggested 
that the control stimulation site was located at or just 
outside the PAG border (see Figure 1(e)). Nonetheless, 
PAG stimulation affected threat bradycardia signifi
cantly, whereas control-site stimulation increased threat 
bradycardia only marginally. Therefore, these results do 
suggest that modulation of threat bradycardia in this 
study was specific to PAG stimulation and cannot be 
fully attributed to general stimulation effects indepen
dent of the PAG circuit. Still, the lack of a clear distinction 
between PAG- and control-site stimulation may weaken 
the causal claim that specifically the dorsal PAG regu
lates threat bradycardia. However, to offer even more 
precise and stronger causal evidence, future studies 
would need to include patients with DBS electrodes in 

other additional brain areas, such as the vlPAG, anterior 
cingulate cortex, or thalamus (Fontaine et al., 2025), and 
such cases may be rare.

The finding that PAG and control-site stimulation did 
not result in significantly different effects on threat bra
dycardia (compared to no stimulation) raises the ques
tion how the applied DBS affects the underlying neural 
circuitry. First, while our simulations suggested that 
there might have been some current spread from the 
control site to the PAG, the applied stimulation may still 
have mostly targeted the dorsal portion of the PAG. This 
is supported by the fact that PAG and control-site stimu
lation had no effect on the heart rate response to admin
istration of electrical shocks, suggesting that 
nociception – which is mediated by opioidergic neurons 
in the ventral PAG (Fields, 2004) – remained unaffected. 
It might however be possible that control-site stimula
tion bordering the PAG still activated the GABAergic 
circuit described above, thereby inducing the marginal 
threat bradycardia effect in experiment 2. Secondly, and 
relatedly, one open question is whether the type of 
stimulation that we applied inhibits or excites the under
lying neural circuitry. While the effect of DBS on the 
underlying neural circuitry is still under debate, it has 
been suggested that low-frequency PAG DBS (as was 
applied here) stimulates rather than inhibits the targeted 
area (Chiken & Nambu, 2016). Together, we conclude 
that while our applied DBS may have affected more 
than just the targeted region, our results suggest that 
stimulation – rather than inhibition – of the PAG induces 
threat bradycardia. Moreover, these effects appear to be 
independent of nociception.

Although we found a significant main effect of threat 
on bradycardia in both experiments (across stimulation 
conditions), there was surprisingly no significant threat 
bradycardia when the DBS electrode was turned off in 
experiment 1 (pre PAG stimulation). The absence of 
a threat bradycardia effect cannot be attributed to low 
levels of subjective fear and anxiety, since fear- and anxi
ety ratings were consistent across conditions whereas 
threat bradycardia responses were not. Rather, this find
ing might be due to individual differences in the magni
tude and occurrence of threat bradycardia responses. For 
example, while some individuals show clear bradycardia 
to threat stimuli, other individuals may show no differen
tiation or even tachycardia (Battaglia et al., 2024; Jaswetz 
et al., 2025). These distinct responses are tied to differ
ences in sympathetic vs. parasympathetic autonomic 
arousal, and might reflect different tendencies of indivi
duals to engage in active (fight/flight) or passive (freezing) 
defensive reactions (de Echegaray & Moratti, 2021; 
DiGregorio & Battaglia, 2024; Jaswetz et al., 2025; 
Livermore et al., 2021).
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Finally, it is worthy to note that, since this is a single- 
case study, our findings need to be interpreted with some 
caution. This report includes data from a single individual, 
and replication, ideally in a larger sample, is needed to 
generalize to the population. Indeed, we cannot be cer
tain that other individuals would show similar effects. In 
addition, a larger sample would allow better control of 
potential order effects, since one could then counterba
lance the stimulation condition order across participants 
(which was not possible in this single-case report). 
However, DBS-PAG cases are rare (Shaheen et al., 2023) 
and not all individuals will be able to participate in experi
ments, which limits the feasibility of such replication 
studies. Therefore, in this study, we have attempted to 
maximize the reliability of our findings by including suffi
cient observations per condition and by employing trial- 
by-trial analyses. Overall, our general heart rate and threat 
bradycardia effects are similar to what was observed in 
previous studies (Jaswetz et al., 2025; Klumpers et al.,  
2017), supporting the reliability of our findings. Thus, 
until replication studies are possible, the current study 
serves as a valuable proof-of-principle (Crowe et al., 2011).

To conclude, in this single-case report we find that 
deep brain stimulation of the periaqueductal gray induces 
threat bradycardia responses during an instructed fear 
task. We provide proof-of-principle causal evidence that 
the human PAG regulates threat bradycardia responses, 
substantiating the relevance of this region for human 
neuroimaging studies and existing animal models. 
Additionally, this finding furthers our knowledge of the 
neural circuit mediating threat-anticipatory cardiac 
responses, which may inform our understanding of defen
sive reactions such as freezing and fight/flight reactions.

Author contributions

CRediT: Felix H. Klaassen: Conceptualization, Formal analysis, 
Investigation, Methodology, Software, Writing – original draft, 
Writing – review & editing; Lycia D. de Voogd: 
Conceptualization, Methodology, Software, Supervision, 
Writing – original draft, Writing – review & editing; Anneloes 
M. Hulsman: Methodology, Software, Writing – review & edit
ing; Floris Klumpers: Conceptualization, Methodology, 
Software, Writing – review & editing; Sarah M. Farrell: 
Conceptualization, Writing – review & editing; Alexander L. 
Green: Conceptualization, Writing – review & editing; Pepijn 
van den Munckhof: Conceptualization, Investigation, 
Methodology, Writing – original draft, Writing – review & edit
ing; Karin Roelofs: Conceptualization, Funding acquisition, 
Methodology, Supervision, Writing – original draft, Writing – 
review & editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was funded by a Consolidator Grant from the 
European Research Council (ERC_CoG – 2017_772337) 
awarded to KR, which also supported FHK and LDV. FHK was 
further supported by the Deutsche Forschungsgemeinschaft – 
(DFG, German Research Foundation) – RU5389, project number 
461947532. AMH was further supported by the Netherlands 
Organization for Scientific Research (NWO) through a Research 
Talent Grant [406-18-540].

ORCID

Felix H. Klaassen http://orcid.org/0000-0001-9928-8312
Lycia D. de Voogd http://orcid.org/0000-0001-5927-6819
Anneloes M. Hulsman http://orcid.org/0000-0001-8699- 
5317
Floris Klumpers http://orcid.org/0000-0002-0631-5789
Alexander L. Green http://orcid.org/0000-0002-7262-7297
Pepijn van den Munckhof http://orcid.org/0000-0001-5044- 
3705
Karin Roelofs http://orcid.org/0000-0002-8863-8978

Data availability statement

The datasets generated and analyzed during the current study are 
available from the corresponding author upon reasonable 
request.

References

Battaglia, S., Nazzi, C., Lonsdorf, T. B., & Thayer, J. F. (2024). 
Neuropsychobiology of fear-induced bradycardia in 
humans: Progress and pitfalls. Molecular Psychiatry, 29(12), 
3826–3840. https://doi.org/10.1038/s41380-024-02600-x  

Battaglia, S., Nazzi, C., & Thayer, J. F. (2023). Fear-induced 
bradycardia in mental disorders: Foundations, current 
advances, future perspectives. Neuroscience and 
Biobehavioral Reviews, 149(April), 105163. https://doi.org/ 
10.1016/j.neubiorev.2023.105163  

Beck, A. T., Steer, R. A., & Brown, G. K. (1996). Manual for the Beck 
depression inventory-II. Psychological Corporation.

Beckers, T., Hermans, D., Lange, I., Luyten, L., Scheveneels, S., & 
Vervliet, B. (2023). Understanding clinical fear and anxiety 
through the lens of human fear conditioning. Nature Reviews 
Psychology, 2(4), 233–245. https://doi.org/10.1038/s44159- 
023-00156-1  

Bolles, R. C. (1970). Species-specific defense reactions and 
avoidance learning. Psychological Review, 77(1), 32–48.  
https://doi.org/10.1037/h0028589  

Brandão, M. L., Zanoveli, J. M., Ruiz-Martinez, R. C., Oliveira, L. C., & 
Landeira-Fernandez, J. (2008). Different patterns of freezing 
behavior organized in the periaqueductal gray of rats: 
Association with different types of anxiety. Behavioural Brain 
Research, 188(1), 1–13. https://doi.org/10.1016/j.bbr.2007.10. 
018  

Carrive, P. (1993). The periaqueductal gray and defensive beha
vior: Functional representation and neuronal organization. 
Behavioural Brain Research, 58(1–2), 27–47. https://doi.org/ 
10.1016/0166-4328(93)90088-8  

NEUROCASE 9

https://doi.org/10.1038/s41380-024-02600-x
https://doi.org/10.1016/j.neubiorev.2023.105163
https://doi.org/10.1016/j.neubiorev.2023.105163
https://doi.org/10.1038/s44159-023-00156-1
https://doi.org/10.1038/s44159-023-00156-1
https://doi.org/10.1037/h0028589
https://doi.org/10.1037/h0028589
https://doi.org/10.1016/j.bbr.2007.10.018
https://doi.org/10.1016/j.bbr.2007.10.018
https://doi.org/10.1016/0166-4328(93)90088-8
https://doi.org/10.1016/0166-4328(93)90088-8


Chiken, S., & Nambu, A. (2016). Mechanism of deep brain 
stimulation: Inhibition, excitation, or disruption? The 
Neuroscientist, 22(3), 313–322. https://doi.org/10.1177/ 
1073858415581986  

Crowe, S., Cresswell, K., Robertson, A., Huby, G., Avery, A., & 
Sheikh, A. (2011). The case study approach. BMC Medical 
Research Methodology, 11(1), 100. https://doi.org/10.1186/ 
1471-2288-11-100  

de Echegaray, J., & Moratti, S. (2021). Threat imminence mod
ulates neural gain in attention and motor relevant brain 
circuits in humans. Psychophysiology, 58(8), 1–16. https:// 
doi.org/10.1111/psyp.13849  

de Voogd, L. D., Kanen, J. W., Neville, D. A., Roelofs, K., 
Fernández, G., & Hermans, E. J. (2018). Eye-movement inter
vention enhances extinction via amygdala deactivation. The 
Journal of Neuroscience, 38(40), 8694–8706. https://doi.org/ 
10.1523/JNEUROSCI.0703-18.2018  

DiGregorio, F., & Battaglia, S. (2024). The intricate brain-body 
interaction in psychiatric and neurological diseases. 
Advances in Clinical and Experimental Medicine, 33(4), 
321–326. https://doi.org/10.17219/acem/185689  

DiGregorio, F., Steinhauser, M., Maier, M. E., Thayer, J. F., & 
Battaglia, S. (2024). Error-related cardiac deceleration: 
Functional interplay between error-related brain activity 
and autonomic nervous system in performance 
monitoring. Neuroscience and Biobehavioral Reviews, 157, 
105542. https://doi.org/10.1016/j.neubiorev.2024.105542  

Fadok, J. P., Krabbe, S., Markovic, M., Courtin, J., Xu, C., Massi, L., 
Botta, P., Bylund, K., Müller, C., Kovacevic, A., Tovote, P., & 
Lüthi, A. (2017). A competitive inhibitory circuit for selection 
of active and passive fear responses. Nature, 542(7639), 
96–99. https://doi.org/10.1038/nature21047  

Fields, H. (2004). State-dependent opioid control of pain. 
Nature Reviews Neuroscience, 5(7), 565–575. https://doi.org/ 
10.1038/nrn1431  

Fontaine, D., Leplus, A., Donnet, A., Darmon, N., Balossier, A., 
Giordana, B., Simonet, B., Isan, P., Regis, J., & Lanteri-Minet, 
M. (2025). Safety and feasibility of deep brain stimulation of 
the anterior cingulate and thalamus in chronic refractory 
neuropathic pain: a pilot and randomized study. The 
Journal of Headache Pain, 26(1), https://doi.org/10.1186/ 
s10194-025-01967-8  

Green, A. L., Wang, S., Owen, S. L. F., Xie, K., Bittar, R. G., 
Stein, J. F., Paterson, D. J., & Aziz, T. Z. (2006). Stimulating 
the human midbrain to reveal the link between pain and 
blood pressure. Pain, 124(3), 349–359. https://doi.org/10. 
1016/j.pain.2006.05.005  

Haaker, J., Maren, S., Andreatta, M., Merz, C. J., Richter, J., 
Richter, S. H., Drexler, S. M., Lange, M. D., Jüngling, K., 
Nees, F., Seidenbecher, T., Fullana, M. A., Wotjak, C. T., & 
Lonsdorf, T. B. (2019). Making translation work: 
Harmonizing cross-species methodology in the behavioural 
neuroscience of Pavlovian fear conditioning. Neuroscience 
and Biobehavioral Reviews, 107(July), 329–345. https://doi. 
org/10.1016/j.neubiorev.2019.09.020  

Hardy, S. G. P. (2001). Hypothalamic projections to cardiovas
cular centers of the medulla. Brain Research, 894(2), 233–240.  
https://doi.org/10.1016/S0006-8993(01)02053-4  

Hashemi, M. M., Gladwin, T. E., Valk, N. M. D., Zhang, W., 
Kaldewaij, R., Ast, V. V., Koch, S. B. J., Klumpers, F., & 
Roelofs, K. (2019). Neural dynamics of shooting decisions 

and the switch from freeze to fight. Scientific Reports, 9(1), 
4240. https://doi.org/10.1038/s41598-019-40917-8  

Healy, B., & Peck, J. (1997). Bradycardia induced from stimula
tion of the left versus right central nucleus of the amygdala. 
Epilepsy Research, 28(2), 101–104. https://doi.org/10.1016/ 
S0920-1211(97)00035-1  

Hermans, E. J., Henckens, M. J. A. G., Roelofs, K., & Fernández, G. 
(2013). Fear bradycardia and activation of the human peria
queductal grey. Neuroimage, 66, 278–287. https://doi.org/ 
10.1016/j.neuroimage.2012.10.063  

Jaswetz, L., de Voogd, L. D., Becker, E. S., & Roelofs, K. (2025). 
The relevance of accounting for parasympathetic as well as 
sympathetic arousal in threat conditioning: Methodological 
and clinical considerations. International Journal of 
Psychophysiology, 212, 112561. https://doi.org/10.1016/j.ijp 
sycho.2025.112561  

Klaassen, F. H., de Voogd, L. D., Hulsman, A. M., O’Reilly, J. X., 
Klumpers, F., Figner, B., & Roelofs, K. (2024). The neurocom
putational link between defensive cardiac states and 
approach-avoidance arbitration under threat. 
Communications Biology, 7(576). https://doi.org/10.1038/ 
s42003-024-06267-6  

Klein, A. S., Dolensek, N., Weiand, C., & Gogolla, N. (2021). Fear 
balance is maintained by bodily feedback to the insular 
cortex in mice. Science, 374(November), 1010–1015. https:// 
doi.org/10.1126/science.abj8817  

Klumpers, F., Kroes, M. C. W., Baas, J. M. P., & Fernández, G. 
(2017). How human amygdala and bed nucleus of the stria 
terminalis may drive distinct defensive responses. The 
Journal of Neuroscience, 37(40), 9645–9656. https://doi.org/ 
10.1523/JNEUROSCI.3830-16.2017  

Klumpers, F., Raemaekers, M. A. H. L., Ruigrok, A. N. V., 
Hermans, E. J., Kenemans, J. L., & Baas, J. M. P. (2010). 
Prefrontal mechanisms of fear reduction after threat offset. 
Biological Psychiatry, 68(11), 1031–1038. https://doi.org/10. 
1016/j.biopsych.2010.09.006  

Klumpers, F., Van Gerven, J. M., Prinssen, E. P. M., Niklson 
Roche, I., Roesch, F., Riedel, W. J., Kenemans, J. L., & 
Baas, J. M. P. (2010). Method development studies for 
repeatedly measuring anxiolytic drug effects in healthy 
humans. Journal of Psychopharmacology, 24(5), 657–666.  
https://doi.org/10.1177/0269881109103115  

Kozlowska, K., Walker, P., McLean, L., & Carrive, P. (2015). Fear 
and the defense cascade: Clinical implications and 
management. Harvard Review of Psychiatry, 23(4), 263–287.  
https://doi.org/10.1097/HRP.0000000000000065  

Kragel, P. A., Bianciardi, M., Hartley, L., Matthewson, G., 
Choi, J. K., Quigley, K. S., Wald, L. L., Wager, T. D., Feldman 
Barrett, L., & Satpute, A. B. (2019). Functional involvement of 
human periaqueductal gray and other midbrain nuclei in 
cognitive control. The Journal of Neuroscience, 39(31), 
6180–6189. https://doi.org/10.1523/JNEUROSCI.2043-18. 
2019  

Lang, P. J., & Davis, M. (2006). Chapter 1 emotion, motivation, 
and the brain: Reflex foundations in animal and human 
research. Progress in Brain Research, 156, 3–29. https://doi. 
org/10.1016/S0079-6123(06)56001-7  

Linnman, C., Moulton, E. A., Barmettler, G., Becerra, L., & 
Borsook, D. (2012). Neuroimaging of the periaqueductal 
gray: State of the field. Neuroimage, 60(1), 505–522. https:// 
doi.org/10.1016/j.neuroimage.2011.11.095  

10 F. H. KLAASSEN ET AL.

https://doi.org/10.1177/1073858415581986
https://doi.org/10.1177/1073858415581986
https://doi.org/10.1186/1471-2288-11-100
https://doi.org/10.1186/1471-2288-11-100
https://doi.org/10.1111/psyp.13849
https://doi.org/10.1111/psyp.13849
https://doi.org/10.1523/JNEUROSCI.0703-18.2018
https://doi.org/10.1523/JNEUROSCI.0703-18.2018
https://doi.org/10.17219/acem/185689
https://doi.org/10.1016/j.neubiorev.2024.105542
https://doi.org/10.1038/nature21047
https://doi.org/10.1038/nrn1431
https://doi.org/10.1038/nrn1431
https://doi.org/10.1186/s10194-025-01967-8
https://doi.org/10.1186/s10194-025-01967-8
https://doi.org/10.1016/j.pain.2006.05.005
https://doi.org/10.1016/j.pain.2006.05.005
https://doi.org/10.1016/j.neubiorev.2019.09.020
https://doi.org/10.1016/j.neubiorev.2019.09.020
https://doi.org/10.1016/S0006-8993(01)02053-4
https://doi.org/10.1016/S0006-8993(01)02053-4
https://doi.org/10.1038/s41598-019-40917-8
https://doi.org/10.1016/S0920-1211(97)00035-1
https://doi.org/10.1016/S0920-1211(97)00035-1
https://doi.org/10.1016/j.neuroimage.2012.10.063
https://doi.org/10.1016/j.neuroimage.2012.10.063
https://doi.org/10.1016/j.ijpsycho.2025.112561
https://doi.org/10.1016/j.ijpsycho.2025.112561
https://doi.org/10.1038/s42003-024-06267-6
https://doi.org/10.1038/s42003-024-06267-6
https://doi.org/10.1126/science.abj8817
https://doi.org/10.1126/science.abj8817
https://doi.org/10.1523/JNEUROSCI.3830-16.2017
https://doi.org/10.1523/JNEUROSCI.3830-16.2017
https://doi.org/10.1016/j.biopsych.2010.09.006
https://doi.org/10.1016/j.biopsych.2010.09.006
https://doi.org/10.1177/0269881109103115
https://doi.org/10.1177/0269881109103115
https://doi.org/10.1097/HRP.0000000000000065
https://doi.org/10.1097/HRP.0000000000000065
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1523/JNEUROSCI.2043-18.2019
https://doi.org/10.1016/S0079-6123(06)56001-7
https://doi.org/10.1016/S0079-6123(06)56001-7
https://doi.org/10.1016/j.neuroimage.2011.11.095
https://doi.org/10.1016/j.neuroimage.2011.11.095


Livermore, J. J. A., Klaassen, F. H., Bramson, B., Hulsman, A. M., 
Meijer, S. W., Held, L., Klumpers, F., de Voogd, L. D., & 
Roelofs, K. (2021). Approach-avoidance decisions under 
threat: The role of autonomic psychophysiological states. 
Frontiers in Neuroscience, 15(March), 1–12. https://doi.org/ 
10.3389/fnins.2021.621517  

Lojowska, M., Ling, S., Roelofs, K., & Hermans, E. J. (2018). 
Visuocortical changes during a freezing-like state in 
humans. Neuroimage, 179, 313–325. https://doi.org/10. 
1016/j.neuroimage.2018.06.013  

Mobbs, D., Petrovic, P., Marchant, J. L., Hassabis, D., 
Weiskopf, N., Seymour, B., Dolan, R. J., & Frith, C. D. (2007). 
When fear is near: Threat imminence elicits 
prefrontal-periaqueductal gray shifts in humans. Science, 
317(5841), 1079–1083. https://doi.org/10.1126/science. 
1144298  

Murty, D. V. P. S., Song, S., Surampudi, S. G., & Pessoa, L. (2023). 
Threat and reward imminence processing in the human 
brain. The Journal of Neuroscience, 43(16), 2973–2987.  
https://doi.org/10.1523/JNEUROSCI.1778-22.2023  

Nashold, B. S., Wilson, W. P., & Slaughter, D. G. (1969). 
Sensations evoked by stimulation in the midbrain of man. 
Journal of Neurosurgery, 30(1), 14–24. https://doi.org/10. 
3171/jns.1969.30.1.0014  

Pereira, E. A. C., & Aziz, T. Z. (2014). Neuropathic pain and deep 
brain stimulation. Neurotherapeutics, 11(3), 496–507. https:// 
doi.org/10.1007/s13311-014-0278-x  

Pereira, E. A. C., Lu, G., Wang, S., Schweder, P. M., Hyam, J. A., 
Stein, J. F., Paterson, D. J., Aziz, T. Z., & Green, A. L. (2010). 
Ventral periaqueductal grey stimulation alters heart rate 
variability in humans with chronic pain. Experimental 
Neurology, 223(2), 574–581. https://doi.org/10.1016/j. 
expneurol.2010.02.004  

Reichling, D. B. (1991). Gabaergic neuronal circuitry in the 
periaqueductal gray matter. In A. Depaulis & R. Bandler 
(Eds.), The midbrain periaqueductal gray matter (Vol. 213, 
pp. 329–344). Springer. https://doi.org/10.1007/978- 
1-4615-3302-3_18  

Rizvi, T. A., Ennis, M., Behbehani, M. M., & Shipley, M. T. (1991). 
Connections between the central nucleus of the amygdala 
and the midbrain periaqueductal gray: Topography and 
reciprocity. The Journal of Comparative Neurology, 303(1), 
121–131. https://doi.org/10.1002/cne.903030111  

Roelofs, K. (2017). Freeze for action: Neurobiological mechan
isms in animal and human freezing. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 372 
(1718), 20160206. https://doi.org/10.1098/rstb.2016.0206  

Roelofs, K., & Dayan, P. (2022). Freezing revisited: Coordinated 
autonomic and central optimization of threat coping. Nature 
Reviews Neuroscience, 23(9), 568–580. https://doi.org/10. 
1038/s41583-022-00608-2  

Satpute, A. B., Wager, T. D., Cohen-Adad, J., Bianciardi, M., 
Choi, J.-K., Buhle, J. T., Wald, L. L., & Barrett, L. F. (2013). 
Identification of discrete functional subregions of the 
human periaqueductal gray. Proceedings of the National 
Academy of Sciences, 110(42), 17101–17106. https://doi.org/ 
10.1073/pnas.1306095110  

Schipper, P., Hiemstra, M., Bosch, K., Nieuwenhuis, D., 
Adinolfi, A., Glotzbach, S., Borghans, B., Lopresto, D., 
Fernández, G., Klumpers, F., Hermans, E. J., Roelofs, K., 
Henckens, M. J. A. G., & Homberg, J. R. (2019). The associa
tion between serotonin transporter availability and the 

neural correlates of fear bradycardia. Proceedings of the 
National Academy of Sciences of the United States of 
America, 116(51), 25941–25947. https://doi.org/10.1073/ 
pnas.1904843116  

Shaheen, N., Shaheen, A., Elgendy, A., Bezchlibnyk, Y. B., 
Zesiewicz, T., Dalm, B., Jain, J., Green, A. L., Aziz, T. Z., & 
Flouty, O. (2023). Deep brain stimulation for chronic pain: 
A systematic review and meta-analysis. Frontiers in Human 
Neuroscience, 17, 1297894. https://doi.org/10.3389/fnhum. 
2023.1297894  

Signoret-Genest, J., Schukraft, N., Reis, S. L., Segebarth, D., 
Deisseroth, K., & Tovote, P. (2023). Integrated 
cardio-behavioral responses to threat define defensive 
states. Nature Neuroscience. https://doi.org/10.1038/ 
s41593-022-01252-w  

Silva, C., & McNaughton, N. (2019). Are periaqueductal gray and 
dorsal raphe the foundation of appetitive and aversive con
trol? A comprehensive review. Progress in Neurobiology, 177, 
33–72. https://doi.org/10.1016/j.pneurobio.2019.02.001  

Spielberger, C. D., Gorsuch, R. L., Lushene, R., Vagg, P. R., & 
Jacobs, G. A. (1983). Manual for the state-trait anxiety inven
tory. Consulting Psychologists Press.

Tottenham, N., Tanaka, J. W., Leon, A. C., McCarry, T., Nurse, M., 
Hare, T. A., Marcus, D. J., Westerlund, A., Casey, B., & Nelson, C. 
(2009). The NimStim set of facial expressions: Judgments from 
untrained research participants. Psychiatry Research, 168(3), 
242–249. https://doi.org/10.1016/j.psychres.2008.05.006  

Tovote, P., Esposito, M. S., Botta, P., Chaudun, F., Fadok, J. P., 
Markovic, M., Wolff, S. B. E., Ramakrishnan, C., Fenno, L., 
Deisseroth, K., Herry, C., Arber, S., & Lüthi, A. (2016). 
Midbrain circuits for defensive behaviour. Nature, 534 
(7606), 206–212. https://doi.org/10.1038/nature17996  

Vianna, D. M. L., & Brandão, M. L. (2003). Anatomical connec
tions of the periaqueductal gray: Specific neural substrates 
for different kinds of fear. Brazilian Journal of Medical and 
Biological Research, 36(5), 557–566. https://doi.org/10.1590/ 
S0100-879X2003000500002  

Vianna, D. M. L., Graeff, F. G., Brandão, M. L., & Landeira- 
Fernandez, J. (2001). Defensive freezing evoked by electrical 
stimulation of the periaqueductal gray: Comparison 
between dorsolateral and ventrolateral regions. 
Neuroreport, 12(18), 4109–4112. https://doi.org/10.1097/ 
00001756-200112210-00049  

Walker, P., & Carrive, P. (2003). Role of ventrolateral periaque
ductal gray neurons in the behavioral and cardiovascular 
responses to contextual conditioned fear and poststress 
recovery. Neuroscience, 116(3), 897–912. https://doi.org/10. 
1016/S0306-4522(02)00744-3  

Wang, S., Veinot, J., Goyal, A., Khatibi, A., Lazar, S. W., & 
Hashmi, J. A. (2022). Distinct networks of periaqueductal gray 
columns in pain and threat processing. Neuroimage, 250, 
118936. https://doi.org/10.1016/j.neuroimage.2022.118936  

Weis, C. N., Bennett, K. P., Huggins, A. A., Parisi, E. A., 
Gorka, S. M., & Larson, C. (2022). A 7-tesla MRI study of the 
periaqueductal gray: Resting state and task activation under 
threat. Social Cognitive and Affective Neuroscience, 17(2), 
187–197. https://doi.org/10.1093/scan/nsab085  

Zhang, S. P., Bandler, R., & Carrive, P. (1990). Flight and immo
bility evoked by excitatory amino acid microinjection within 
distinct parts of the subtentorial midbrain periaqueductal 
gray of the cat. Brain Research, 520(1–2), 73–82. https://doi. 
org/10.1016/0006-8993(90)91692-A

NEUROCASE 11

https://doi.org/10.3389/fnins.2021.621517
https://doi.org/10.3389/fnins.2021.621517
https://doi.org/10.1016/j.neuroimage.2018.06.013
https://doi.org/10.1016/j.neuroimage.2018.06.013
https://doi.org/10.1126/science.1144298
https://doi.org/10.1126/science.1144298
https://doi.org/10.1523/JNEUROSCI.1778-22.2023
https://doi.org/10.1523/JNEUROSCI.1778-22.2023
https://doi.org/10.3171/jns.1969.30.1.0014
https://doi.org/10.3171/jns.1969.30.1.0014
https://doi.org/10.1007/s13311-014-0278-x
https://doi.org/10.1007/s13311-014-0278-x
https://doi.org/10.1016/j.expneurol.2010.02.004
https://doi.org/10.1016/j.expneurol.2010.02.004
https://doi.org/10.1007/978-1-4615-3302-3_18
https://doi.org/10.1007/978-1-4615-3302-3_18
https://doi.org/10.1002/cne.903030111
https://doi.org/10.1098/rstb.2016.0206
https://doi.org/10.1038/s41583-022-00608-2
https://doi.org/10.1038/s41583-022-00608-2
https://doi.org/10.1073/pnas.1306095110
https://doi.org/10.1073/pnas.1306095110
https://doi.org/10.1073/pnas.1904843116
https://doi.org/10.1073/pnas.1904843116
https://doi.org/10.3389/fnhum.2023.1297894
https://doi.org/10.3389/fnhum.2023.1297894
https://doi.org/10.1038/s41593-022-01252-w
https://doi.org/10.1038/s41593-022-01252-w
https://doi.org/10.1016/j.pneurobio.2019.02.001
https://doi.org/10.1016/j.psychres.2008.05.006
https://doi.org/10.1038/nature17996
https://doi.org/10.1590/S0100-879X2003000500002
https://doi.org/10.1590/S0100-879X2003000500002
https://doi.org/10.1097/00001756-200112210-00049
https://doi.org/10.1097/00001756-200112210-00049
https://doi.org/10.1016/S0306-4522(02)00744-3
https://doi.org/10.1016/S0306-4522(02)00744-3
https://doi.org/10.1016/j.neuroimage.2022.118936
https://doi.org/10.1093/scan/nsab085
https://doi.org/10.1016/0006-8993(90)91692-A
https://doi.org/10.1016/0006-8993(90)91692-A

	Abstract
	Introduction
	Materials and methods
	Case description
	Procedure
	Instructed fear task
	Peripheral stimulation and measurement
	Shock work-up procedure
	Heart rate signal preprocessing

	Heart rate statistical analysis

	Results
	Experimental paradigm
	PAG stimulation induces threat bradycardia
	Active control-site stimulation does not induce significant threat bradycardia
	Comparison of PAG-site and control-site stimulation effects on heart rate change

	Discussion
	Author contributions
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	References

