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N E U R O S C I E N C E

Functional representation of trigeminal nociceptive 
input in the human periaqueductal gray
Jan Mehnert, Alexandra Tinnermann, Hauke Basedau, Arne May*

The periaqueductal gray (PAG) is located in the mesencephalon in the upper brainstem and, as part of the de-
scending pain modulation, is considered a crucial structure for pain control. Its modulatory effect on painful sen-
sation is often seen as a systemic function affecting the whole body similarly. However, recent animal data suggest 
some kind of somatotopy in the PAG. This would make the PAG capable of dermatome-specific analgesic function. 
We electrically stimulated the three peripheral dermatomes of the trigemino-cervical complex and the greater 
occipital nerve in 61 humans during optimized brainstem functional magnetic resonance imaging. We provide 
evidence for a fine-grained and highly specific somatotopic representation of nociceptive input in the PAG in hu-
mans and a functional connectivity between the individual representations of the peripheral nerves in the PAG 
and the brainstem nuclei of these nerves. Our data suggest that the downstream antinociceptive properties of the 
PAG may be rather specific down to the level of individual dermatomes.

INTRODUCTION
Located in the midbrain tegmentum, the periaqueductal gray (PAG) 
is a crucial structure of the descending pain modulatory system 
(DPMS) (1). Activation of this system through the rostro ventrome-
dial medulla (RVM) modulates nociceptive neurons in the dorsal 
horn of the spinal cord (2), controlling nociceptive input into the 
spinal cord and its subsequent transmission along the ascending 
pain pathway to thalamus and subsequent regions. The role of the 
PAG in the DPMS has been extensively studied in analgesic condi-
tions in headache (3) and chronic pain (4), showing that its electri-
cal (5, 6) and opioidergic (7) stimulation recruits the DPMS and 
results in profound analgesia.

The PAG receives ascending input from the spinal cord and the 
medullar region (8, 9) and descending input from subcortical and 
cortical regions such as hypothalamus, amygdala, insula, anterior 
cingulate, and prefrontal cortex (10–12). Apart from descending 
connections to the RVM, the PAG has ascending connections to 
thalamus, hypothalamus, and orbitofrontal cortex (13, 14).

Research in animals and humans further link PAG activity to de-
fensive behaviors, fear, and thread processing (9, 15–17). The cylin-
drical structure of the PAG is subdivided into four columns 
(ventrolateral, lateral, dorsolateral, and dorsomedial) (18). These 
columns play different roles during defensive behaviors in animals 
(19) and during threat and aversive emotion processing in humans 
(20, 21). Moreover, every PAG column is connected to distinct brain 
networks (22), suggesting that each column forms part of a brain 
circuitry that is responsible for different aspects of these complex 
behaviors.

Its segregated organization in anatomy and function raises the 
question whether the DPMS acts pars pro toto or whether it modu-
lates nociceptive input individually for each body part. Clinical ex-
perience (for example, the co-occurrence of multiple traumata) 
suggests that systems modulating pain discriminate down to the 
level of dermatomes. Benedetti et al. (23) additionally suggested that 
the DPMS contains a highly organized and somatotopic network of 

endogenous opioids. One therefore expects a somatotopic arrange-
ment of the PAG, where individual parts connect to the relay sta-
tion of attributed dermatomes. Such a somatotopic organization is 
well known as homunculus (24) for sensory and motor cortices. In 
the context of nociception, somatotopy exists in primary and sec-
ondary somatosensory cortex (25, 26), thalamus (27), and insula 
(28–30). Nevertheless, little literature exists about a somatotopy of 
the PAG. Moreover, concerning context (pain expectation, etc.) the 
term DPMS is inherently discussed as a systemic, i.e., holistic, mod-
ulation of pain.

Recent research on mammals hints to a somatotopy of the PAG 
(31–33): For humans, case reports (34, 35) suggest a rostro-caudally 
inverted somatotopy with caudal representation of facial and rostral 
representation of leg stimulation. A recent publication hints for a 
dominant rostral activation of the PAG during painful stimulation 
of the head while other body parts seem to be more represented in 
the caudal part (36).

Focusing on the somatotopic representation of nociceptive input 
in the PAG, we conducted a preregistered (clinicaltrials.gov: 
NTC03999060) functional imaging study using painful stimulation 
of the trigeminal and occipital nerves in healthy controls as a model. 
The trigeminal nerve consists of three branches innervating the 
forehead and the maxillar and mandibular regions and, together 
with the occipital nerve, forms the trigemino-cervical complex 
(TCC) (37). This allows precise stimulations of two peripheral nerves 
and four branches and has the advantage that their first hubs of pe-
ripheral input are located within the same imaging frame as the PAG 
using optimized (38) and validated (39) brainstem imaging.

RESULTS
Functional somatotopy of the PAG
Painful electrical stimulation on four locations of the left side of the 
head (Fig. 1B), namely, on the forehead (V1; ophthalmic trigeminal 
branch), the cheek (V2; maxillar trigeminal branch) the chin (V3; 
mandibular trigeminal branch), and at the back of the head (GON; 
greater occipital nerve), was significantly painful (P < 0.0125 
Bonferroni corrected t tests; average VAS: 57.0 ± 22.6 at V1, 57.2 ± 22.5 
at V2, 49.3 ± 23.4 at V3, 56.2 ± 25.4 at GON; n = 36). The average 
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electrical detection threshold (EDT) was 0.20 mA ± 0.09 and the 
finally applied current was 1.88 ± 1.15 mA. There were no sex-
related differences (Mann-Whitney U tests) or correlations (two-
sided Spearman’s correlation at α  =  0.05) with age in EDT, final 
current, and the pain ratings at the individual stimulation sites. All 
stimulations revealed significant activation of the PAG. Adding sex, 
age, and EDT as covariates did not change the results. Their activa-
tion forms four clusters separated by the predominant activation of 
the individual stimulation site (Fig. 2). Each cluster of activation has 
high t values reaching from 12.81 to 21.04 [pFWE < 10−4, voxel-wise 
family-wise error (FWE) corrected, n = 61, df = 180; Table 1] with 
higher t values on the right side, contralateral to the stimulation. 
This threshold was achieved in 1395 voxels (54% of the PAG mask). 
Notably, these clusters are coherent and similar between the 
hemispheres.

Downstream functional connectivity to the TCC
The exploratory functional connectivity analysis of each cluster in 
the PAG contralateral to the stimulation site revealed significant 
connections to the ipsilateral TCC in the lower brainstem, i.e., the 
first central relay stations of the trigeminal nerve and the greater 
occipital nerve in the brainstem (Fig. 3). We found a strong func-
tional connectivity to the TCC for the first (106 voxels, t value = 4.02, 
coordinate: [−3, −47, −62]) and the third (29 voxels, t value = 3.24, 

coordinate: [−3, −48, −66]) trigeminal branch as well as for the 
greater occipital nerve (9 voxels, t value  =  3.06, coordinate: [−5, 
−48, −67]) to the ipsilateral (to the stimulation site, i.e., contralat-
eral to the PAG cluster used as seed region) representation in the 
TCC (Table 2).

DISCUSSION
Using high-precision stimulation of nociceptive trigeminal and 
greater occipital nerve fibers, our main finding strongly suggests a 
somatotopic representation of nociceptive input in the PAG in hu-
mans. This somatotopic representation is organized down to a der-
matome level, given that even the three individual branches of the 
trigeminal nerve had distinctive representations within the PAG. All 
four stimulated dermatomes are represented in coherent clusters bi-
lateral of the PAG. The most cranial part of the PAG is mainly repre-
sented by the C2/3 or GON dermatome, while V1, V2, and V3, 
following the peripheral representation, are also represented from 
cranial to caudal in the PAG. We note that the areas with distinc-
tive representations within the PAG are probably not exclusively 
representing this single body part but instead represent one body 
part relatively more than another one. Adding nociceptive input 
of more body parts will therefore reshape the clusters to a more 
detailed/fine-grained somatotopy. If the PAG would, as traditionally 

Fig. 1. Experimental design. (A) Stimulation sites were randomly presented during three sessions of functional magnetic resonance imaging (fMRI). A break of 3 s (jit-
tered between 2 and 4 s) followed each electrical stimulation after which participants rated the pain intensity on a visual analog scale (VAS) with levels between 0 and 
100. The inter-trial interval was set to 15 s (jittered between 12 and 18 s). This results in 30 trials per stimulation site and participant. Morphological scans followed the 
fMRI. (B) The sites for the electrical stimulation are located above the three branches of the trigeminal nerve (V1, V2, and V3) in the participants’ face and above the 
greater occipital nerve (GON) at the back of the participants’ head. (C) PAG and brainstem masks used for the data analyses.
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considered, have a systemic effect on pain throughout the body, the 
dermatome-related activity on the PAG would yield a random dis-
tribution, i.e., of “winning stimulation sites” in the voxels of the 
PAG. A similar kind of analysis has just recently been published for 
the representations of the TCC in the cerebellum (40). We find it 
important to note that also in the motor and somatosensory cortex, 
within-limb representations widely overlap (41–44) even in areas 
where the homunculus is considered dermatome specific. These re-
sults echo findings from animal work, which, in a series of experi-
ments, suggested a somatotopic organization in the midbrain (31, 
45, 46) in rostro-caudal arrangement. Human evidence is sparse and 
only a case report and a case series of another five patients receiving 
deep brain stimulation also suggested (34, 35) PAG somatotopy. Our 
findings cannot answer the question whether the PAG activation 
that we found would functionally inhibit or facilitate nociceptive in-
put, because we did not investigate the antinociceptive response per 
se. It would, however, not make a difference regarding the question 
whether the PAG is somatotopically organized. To better delineate 
the suggested rostro-caudal arrangement of this somatotopy, stimu-
lation of more distant body parts will be necessary.

Our second finding of a significant functional connectivity of 
the individual clusters within the PAG to the responding brainstem 
nuclei strongly supports our first finding and also underpins so-
matotopy of the TCC, although this analysis should be seen as ex-
ploratory. Such a somatotopy within the trigeminal nerve has been 
postulated from animal studies (47) and partly also evinced in hu-
mans (48). Together, this defines possible sites of action for the 
dermatome-specific analgesic effect of the PAG, which may play an 
import role in numerous primary headache disorders (37). It is, for 
example, well known that a blockage of the GON leads to a relief in 
certain headaches like cluster headache (49), trigeminal neuralgia 
(50), and probably also migraine (51). Recent evidence suggests that 
the electrical stimulation of the GON may also lead to such an effect 
(52) and that the site of action for this phenomenon lies in the TCC 
(53, 54).

From an evolutionary-biological standpoint, one would expect 
the DPMS to be organized similar to the ascending pain system, 
i.e., highly distributed and in a position to facilitate or block noci-
ceptive input with high local precision. If the ankle is damaged, it 
does not make sense to uncouple nociceptive input from the rest of 

Fig. 2. Somatotopy in the periaqueductal gray. The axial slices of the PAG on top of the figure show the bilateral somatotopy of the individual nerve branches of the 
trigemino-cervical complex in neurological convention (left is left). On the bottom of the figure, the sagittal view, ipsilateral to the stimulation sites, a coronal slice, and 
sagittal view, contralateral to the stimulation, are in this order presented. The stimulation sites are marked in the bottom right corner of this figure. Colors represent the 
individual nerves. V1, ophthalmic branch; V2, mandibular branch; V3, mandibular branch of the trigeminal nerve; C, cervical level; GON, greater occipital nerve; L, left; A, 
anterior.

Table 1. Main effect of the cluster analysis in the periaqueductal gray (PAG). Each trigeminal branch (V1, V2, and V3) and the greater occipital nerve (GON) 
formed one cluster on each side of the PAG (i.e., right versus left) when clustering each PAG voxel according to the stimulation site with maximal activity (i.e., t 
value). The cluster extent refers to the number of contiguous voxel where a stimulation site has the highest t value as compared to the other stimulation sites.

Stimulation site

Cluster extent in the PAG (left/
right) [number of voxel corre-

sponding to mm3] Maximal t value (left/right)
Coordinate of peak voxel (xyz in 

MNI space; left/right)

V1 211/977 18.52/18.54 −4,−27,−9/6,−27,−6

V2 42/76 15.43/15.79 −2,−27,−4/6,−29,−8

V3 58/84 12.81/17.41 −4,−35,−8/7,−26,−9

GON 369/458 20.16/21.04 −4,−24,−5/5,−25,−4
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the body but in survival-relevant situations. The DPMS is shaped 
by evolution to reduce acute pain in extreme situations and thus 
allows the organism survival-relevant activities despite severe inju-
ries. In such extreme situations, the body is flooded by endorphins 

and activation of the DPMS prompting analgesia allows the chance 
to survival. In such a situation, one would expect any nociceptive 
input to be blocked from conscious perception and that this is not 
restricted to special body parts or indeed low versus intense input. 
It is self-understood that such situations elude themselves from 
investigation. However, the fact that the PAG shows a somatotopic 
arrangement probably enables this structure to attenuate pain spe-
cifically in individual dermatomes in less survival-relevant situa-
tions. Nevertheless, the PAG might be able to provide both body 
part–specific and general modulatory output. In animal (55) and 
human studies (56), the PAG is activated bilaterally, if the noxious 
input is big enough, which would, in these circumstances, proba-
bly allow for a systemic reaction. One could argue that we have 
only shown this somatotopic representation for the innervation 
of the head, e.g., the trigeminal and occipital input, and that we 
cannot generalize this finding, despite a partitioning even down 
to individual branches of the trigeminal nerve, to the rest of the 
body. Investigating the trigeminal system has the advantage that 
the first relay station of the stimulated peripheral nerve in the 
central nervous system (here: TCC) as well as the PAG lay within 
the field of view (FOV) of the imaging. Future work needs to un-
ravel this aspect and also to investigate the functional conse-
quences of such a distribution of the PAG, i.e., to what extent 
such a specific somatotopy allocates antinociceptive modulation 
down to individual nerve distribution. The periaqueductal gray 
contains a precise somatotopy, suggesting that its analgesic effects 
in response to painful input may be rather specific down to the 
level of individual dermatomes at least in nonsurvival-relevant 
situations.

Fig. 3. Downstream functional connectivity from PAG to the trigeminal cervi-
cal complex (TCC) in the brainstem. Functional connectivity from (A) individual 
somatotopic clusters of the contralateral PAG (V1: red; V2: green, V3: yellow; GON: 
blue) to (B) the trigeminal cervical complex (TCC). A detailed high-resolution atlas 
(68) of the human brainstem with marked TCC (spinal trigeminal nucleus in pink 
and spinal trigeminal tract in red) in the respective sagittal slice is presented in (C).

Table 2. Results of the psychophysiological interaction analyses (PPI). Downstream functional connectivity of the contralateral periaqueductal gray to the 
nuclei of the trigeminal nerve.

Stimulation site

Cluster extent of the functionally con-
nected region in the brainstem [num-

ber of voxel corresponding to mm3] Maximal t value
Coordinate of peak voxel (xyz in MNI 

space)

V1 106 4.02 −3,−47,−62

774 4.55 −8,−44,−37

5 2.56 −3,−40,−32

8 2.58 9,−38,−24

108 3.47 −4,−30,−20

V2 44 3.20 8,−35,−42

5 2.60 −5,−44,−41

46 2.98 7,−44,−38

26 3.05 −7,−37,−39

8 2.68 −8,−19,−20

V3 29 3.24 −3,−48,−67

87 3.90 7,−40,−40

47 3.23 6,−26,−28

32 3.04 −5,−32,−26

GON 9 3.06 −5,−48,−66

31 3.18 1,−39,−63

32 3.00 −3,−41,−33
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MATERIALS AND METHODS
Preregistration
This study was preregistered on 26 June 2019 (title: “Brainstem 
Mapping of Nociceptive Trigeminal Input”) on clinicaltrials.gov: 
NTC03999060 as an independent secondary outcome. All preregis-
tered primary outcomes (i.e., somatotopic arrangement in brain-
stem, thalamus, and insular cortex) passed the preregistered statistical 
thresholds, are published elsewhere (57), and are not part of the cur-
rent manuscript.

Patient consent
The study was approved by the local ethics committee in Hamburg, 
Germany (PV 5490) and was conducted in accordance with the 
Declaration of Helsinki. Written informed consent was obtained be-
fore initiation of the first study session. Participants could discon-
tinue the study at any time.

Subjects and experimental design
Sixty-three healthy, right-handed volunteers participated in our 
study on repetitive, randomized, peripheral, painful electrical stim-
ulation of the three trigeminal branches (V1, V2, and V3) innervat-
ing the facial dermatomes and the greater occipital nerve (GON) 
that innervates the back of the head (Fig. 1B). For the primary out-
comes (confirmation of earlier studies showing somatotopic repre-
sentation for the insula, thalamus, etc.), which are not part of this 
manuscript, we initially measured 25 participants for hypothesis 
generation. Power calculations revealed that 36 participants were 
needed to reproduce the hypothesized results. As the results in the 
PAG, which we present here, are preregistered as secondary out-
come, we combined both groups for a robust outcome resulting in 
63 participants. Two volunteers of the second cohort had to be ex-
cluded due to technical problems, leaving 61 (27 male, age: 28.51 ± 
9.4 years) for further analysis. All participants were free from psy-
chiatric and neurological diseases and neither they nor their first-
degree relatives suffered from headache disorders.

Electrical stimulation was delivered with an MR-compatible Dig-
itimer DS7A Current Stimulator (Digitimer Ltd., Welwyn Garden 
City, UK), which was coupled to four WASP electrodes (Specialty 
Developments, Bexley, UK) via a D188 Remote Electrode Selector 
(Digitimer Ltd., Welwyn Garden City, UK) and custom-build MR-
compatible cables. The cables were built using a published (58) and 
MR-safety tested design to prevent tissue damage due to currents 
induced by electromagnetic wave coupling. While the subject was 
sitting on the MR bed, the four electrodes were positioned on the left 
side according to the three branches of the trigeminal nerve and the 
GON (Fig.  1B). The GON was located by palpation according to 
validated procedures (59) and the electrode positioned immediately 
above. V1 was stimulated by means of an electrode placed on an ar-
bitrary vertical line between the medial and lateral quarter of the 
face, corresponding to the middle of the eyebrow and approximately 
1 cm above. The V2 was stimulated 1 cm lateral of the same arbitrary 
vertical line on the level of a horizontal line through the inferior part 
of left ala of the nose. V3 was stimulated along the same vertical line 
approximately 1 cm caudal from the corner of the mouth. Figure 1B 
sketches the location of the electrodes. Electrode 3 stimulating the 
third branch of the trigeminal nerve proved to be the most painful 
of all three trigeminal dermatomes. To make sure that all four sites 
received robust but bearable pain with the same standardized input, 
we used this site as orientation for the stimulus intensity.

After fixing the electrodes, the subjects were moved into the scan-
ner and the EDT by means of the QUEST procedure (60) at all elec-
trode sites determined. The final current was set to 10 times the EDT 
of the electrode above V3 for both experiments but was not allowed 
to exceed 5 mA or a pain rating above 50 (with levels from 0 to 100) 
for a single pulse. The actual stimulation consisted of a small train of 
three pulses separated by 100 ms each with 400 V and 2 ms duration. 
Each stimulus was followed by a break of 3 s (jittered between 2 and 
4 s), a pain intensity rating on a visual analog scale (VAS) with levels 
between 0 and 100 using a button box with the right hand, and an-
other break before the next trial started. For technical reasons, the 
VAS ratings are only available for the second cohort, i.e., 36 partici-
pants. The inter-trial interval was set to 15 s (jittered between 12 and 
18 s). The stimulation site was randomized and each site was repeat-
ed 10 times per session. The volunteers participated in three sessions 
resulting in 30 trials per stimulation site and subject during approxi-
mately 30 min of functional magnetic resonance imaging (fMRI) 
scanning. The experimental design is sketched in Fig. 1A.

MR data acquisition and processing
All MR data were recorded with a Siemens 3-T PRISMA scanner 
(Siemens, Erlangen) using a 64-channel head coil. During the ac-
tual experiment, we recorded three sessions with 230 images each 
using an EPI protocol (repetition time, 2.93 s; echo time, 33 ms; 
1.3 × 1.3 × 2.0 mm3 spatial resolution; GRAPPA acceleration; flip 
angle, 80°; 72 slices with a multiband factor of 2; FOV, 215 mm; no 
gap; flow rephasing) with an FOV covering the brainstem as low as 
C2/3, cerebellum, midbrain, and the insula cortices. In each ses-
sion, the first five images were removed to avoid scanner saturation 
effect. Afterward, we recorded fieldmaps (repetition time, 0.792 s; 
echo times, 5.51 and 7.97 ms; 3 × 3 × 2 mm3 spatial resolution; flip 
angle, 20°; 72 slices; FOV 222 mm; no gap) covering the same 
volume as the EPIs to attenuate the inhomogeneity of the mag-
netic field. Pulse and breathing were recorded simultaneously to 
attenuate extracerebral (i.e., cardiovascular) artifacts. Last, we 
acquired high-resolution (1 mm3) anatomical images (MPRAGE; 
repetition time, 2.3 s; echo time, 2.98 ms; flip angle, 9°; 240 slices; 
FOV, 256 mm).

All MRI data were first filtered using the spatially adaptive nonlo-
cal means filter implemented in the CAT12 toolbox. The fMRI data 
were then corrected for movements and for distortions of the homo-
geneity of the magnetic field (fieldmaps) using the realign and un-
warp algorithm as implemented in SPM12. In addition, slice time 
correction was performed using the onsets of the single slices as 
suited for our multiband protocol. We then calculated a subject-
wise general linear model (GLM) including condition-wise onsets 
of each stimulus as stick functions, which were then convolved with 
a hemodynamic response function. The button box responses as 
well as the onset and duration of the VAS were modeled as regres-
sors of no interest. Additional regressors of no interest were includ-
ed to correct for (uncorrelated) movement, cardiovascular influence, 
using the algorithms proposed by Deckers et al. (61), and changes in 
the spinal fluid extracted from the fourth ventricle. The coregistered 
structural images were segmented with the unified segmentation 
approach algorithm implemented in SPM12 but using the templates 
provided by Blaiotta et al. (62), which are optimized for the brain-
stem and spinal cord, to gain deformation fields used to warp the 
contrast images of the subject-wise GLM into Montreal Neurologi-
cal Institute (MNI) space. Each step was carefully controlled by 
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visual inspection. We further calculated a group template, and gray 
and white matter masks from the warped structural images.

Statistical analysis
Group statistics were calculated by a one-way within-subject analysis 
of variance (ANOVA) for the whole brain. Significant voxel had to 
pass a statistical threshold of pFWE < 0.0001 (whole brain voxel-wise 
FWE corrected, t > 6.5, n = 61, df = 180). Results from the effect of 
the individual stimulation locations were afterward masked with a 
PAG mask stemming from Faull et  al. (63), which includes 2,573 
voxels in the isotropic 1-mm3 space. This resulted in four statistical 
parametric maps, one for each stimulation site, including their voxel-
wise t values. For each voxel within this PAG mask (Fig. 1C), we then 
searched for the stimulation site with the maximal t value, which re-
sulted in clusters specific for the individual stimulation site within 
the PAG. The number of voxels within each cluster was then counted.

Functional connectivity with generalized 
psychophysiological interaction
We estimated the functional connectivity as an exploratory analysis 
between the resulting individual clusters within the PAG with a psy-
chophysiological interaction (PPI). Because we had four different 
stimulations, and the current implementation of PPI in the software 
package SPM12 is only capable to analyze a contrast between two 
conditions, we used a validated generalized approach for this analy-
sis [generalized psychophysiological interaction (gPPI)] (64). Func-
tional connectivity results from the gPPI from the PAG downstream 
to the brainstem were masked by a brainstem mask (Fig. 1C) and 
thresholded at P  <  0.01 (one-sided, t test, uncorrected, t value > 
2.39, n = 61, df = 60) and a minimum cluster extent of 5 voxels (i.e., 
5 mm2) for each stimulation site individually. A threshold of P = 0.01 
is commonly accepted for PPI analysis and indeed an FWE-corrected 
result is due to the nature of the PPI for such analysis unlikely 
(65–67). As the signal in deep brainstem areas is much lower than 
that for cortical areas and the expected clusters of activation within 
the trigeminal nerve are very small, we used this liberal threshold.
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