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1  |   INTRODUCTION

Reflex seizures are seizures that can be reproducibly elic-
ited via a specific stimulus.1 Such stimuli can be complex 
in nature, and it is thought that subsequent recruitment of 

large neuronal masses can facilitate seizure generation.2,3 
In subjects with reading epilepsy and in musicogenic epi-
lepsy, e.g., an increase in complexity or emotional content 
of stimuli can  lead to a greater  likelihood of subsequent 
seizures,  potentially  via  recruitment  of  multiple  brain 
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Abstract
We report detailed functional MRI (fMRI) analyses in a patient with reflex sei-
zures elicited by driving along a specific rural crossroad or by watching a video 
thereof.  Semiology  consisted  of  epigastric  aura,  followed  by  a  sensory  seizure 
of  the  left  hand  and  sporadic  automotor  seizures.  The  right  amygdala- region 
(rh- amygdala)  was  surgically  and  electroclinically  confirmed  as  the  epilepto-
genic zone. Presurgical  task- fMRI was performed, during which videos of  the 
driving  along  that  specific  crossroad  (IC),  of  another  crossroad  (NC)  or  noise 
were presented. Independent component analysis was conducted, and one com-
ponent was used to aid in selection of a seed region within the rh- amygdala for 
subsequent psychophysiological interaction analysis (PPI). Here, the following 
regions showed stronger connectivity with the rh- amygdala seed during the IC 
condition compared to NC: right > left visual cortex, bilateral insulae, and right 
secondary somatosensory cortex (S2), potentially explaining epigastric aura and 
left somatosensory seizure semiology. Contralateral analyses did not reproduce 
these results. Overall,  the  ictogenic stimulus elicited enhanced connectivity of 
the epileptogenic rh- amygdala with visual cortex and further regions of potential 
seizure spread (S2, insula) as a putative mechanism of ictogenesis. Our results 
highlight the potential of PPI in the analysis of stimulus- dependent networks in 
patients with reflex epilepsies to gain insight into seizure generation.
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regions.2,4 Furthermore, highly specific visual stimuli with 
emotional content have been reported to trigger seizures.5 
It has been hypothesized that aberrant cerebral connectiv-
ity may contribute to the generation of reflex seizures.4,6

Overall,  it  seems  that  excitation  of  a  cortical  region 
via the stimulus can lead to synchronized recruitment of 
large neural masses via abnormal connectivity to further, 
potentially epileptogenic brain regions, ultimately culmi-
nating  in a reflex seizure.4 Therefore,  the study of  reflex 
seizures can give rare insights into the neural substrates of 
seizure initiation.

In the present paper, we provide a detailed functional 
neuroimaging  analysis  on  reflex  seizure  generation  in 
a patient with reflex epilepsy and report a  framework to 
study networks associated with epileptogenic stimuli.

2  |   METHODS

2.1  |  Subject

We report a 61- year- old male with right temporal lobe epi-
lepsy (clinical characteristics: see Table 1).

The patient described recurring seizures strictly tied to 
driving along a specific  rural crossroad. The patient had 
taken  a  video  of  a  drive  along  the  “ictogenic”  crossroad 
(IC), which was used  for provocation of  seizures during 
video- EEG- monitoring.

Video- EEG- monitoring  yielded  three  seizures  that 
were strictly tied to the patient watching the video of the 
crossroad  on  his  mobile  phone.  A  refractory  reflex  epi-
lepsy with a right mesiotemporal seizure onset zone and 
amygdala enlargement on MRI was diagnosed.

Epilepsy  surgery  was  performed,  and  the  right  amyg-
dala, hippocampal head, and temporal pole were resected. 
Neuropathological  assessment  revealed  diffuse  neuronal 
heterotopia in the white matter of these regions (Figure S1). 
At  the  last  follow- up  of  15  months  post- surgery,  the  pa-
tient has remained seizure- free, even when passing the IC 
(ILAE 1A).Table 1. Clinical patient characteristics.

2.2  |  Data acquisition

The patient gave informed written consent for publication 
of clinical and neuroimaging data.

T A B L E   1   Clinical patient characteristics as obtained from patient history and clinical diagnostics

Patient history

Seizures First seizure Seizure semiology Seizure frequency

FBTCS, 2 years prior to 
presentation to this clinic, 
age 59

Epigastric aura→focal aware 
somatosensory seizure of left 
hand (→head version to the 
left→FBTCS)

Two FBTCS overall. Persisting 
focal seizures.

All seizures only as triggered by 
seeing a specific crossroad

Medication At first presentation to this clinic: Levetiracetam 1500 mg/day; at time of surgery: Eslicarbazepine 1200 mg/
day

Risk factors for epilepsy None

Triggers Seizures strictly tied to driving along a very specific rural crossroad

Clinical diagnostics

In- patient Video- EEG 
monitoring

Sharp waves Seizures Triggers

Right temporal sharp- 
waves (T8)

3 seizures:
•  Two focal impaired 

awareness automotor 
seizures

•  One focal aware seizure 
(epigastric aura)

•  Seizure onset at electrode T8 
(right temporal) in all cases

No photoparoxysmal response.
All seizures triggered by watching a 

video of the ictogenic crossroad 
on a mobile phone

3 T- MRI Increased intensity (FLAIR and T2- weighting) and volume of the right amygdala

Lumbar puncture <5 cells/μl, no autoantibodies

Neuropathology Diffuse neuronal heterotopia in the white matter of the right amygdala, hippocampal head and temporal 
pole

Abbreviation: FBTCS, focal to bilateral tonic clonic seizure.
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The  patient  underwent  MRI  scanning  using  a  3  T 
Siemens Magnetom Trio Scanner with a 12 channel head-
coil.  Structural  MRI  (3D- T1- MP- RAGE)  was  acquired 
with  1 mm3  isotropic  voxels  (TR  =  1.9  s,  TE  =  2.26 ms, 
inversion  time  =  900 ms,  field  of  view  of  256 × 256 mm, 
flip angle = 9°), parallel  imaging (GRAPPA), and an ac-
celeration  factor  of  2.  Task- based  functional  MRI  was 
acquired  with  2.5 mm3  isotropic  voxels  (480  volumes, 
TR = 1.2 s, TE = 30 ms, multiband acceleration factor = 3, 
field  of  view  210x210 mm,  flip  angle  =  55°,  echo  spac-
ing = 0.59 ms), and two fieldmaps were acquired for EPI 
distortion correction.

2.3  |  Task- fMRI

Task- fMRI was conducted in a block design during which 
the  patient  was  presented  with  randomly  interleaved 
sections  of  videos  of  either  the  specific  ictogenic  cross-
road  (IC),  another  crossroad,  unbeknown  to  the  patient 
(“neutral  crossroad”,  NC),  and  gaussian  noise  as  a  con-
trol condition, consisting of a random flicker of a dotted 
pattern (“snow”). Each block was presented 10 times and 
all blocks lasted 18 s. The patient received buttons for his 
right  index-   and  middle  fingers,  respectively,  and  was 
asked to press the index finger button in case he experi-
enced a seizure, and the middle finger button when he felt 
that a seizure was over (the latter was indicated unreliably 
and therefore seizure- blocks, too, were given a duration of 
18 s, see Appendix S1).

2.4  |  MRI analysis

Functional  MRI  processing  was  conducted  using  the 
FMRIB Software Library v6.0 (FSL, https://fsl.fmrib.ox.ac.
uk/fsl/fslwi ki/),  and  the  structural  image  was  processed 
via Freesurfer's recon- all pipeline (http://surfer.nmr.mgh.
harva rd.edu/). Preprocessing of the functional image con-
sisted of EPI distortion correction (FUGUE), motion correc-
tion (MCFLIRT), spatial smoothing with a gaussian kernel 
(7 mm FWHM), registration to the structural scan and to 
standard  space  (MNI152),  and  independent  component 
analysis  (MELODIC)  for  manual  rejection  of  artifactual 

components.  The  number  of  components  was  estimated 
automatically within MELODIC7 (166 components).

A general linear mixed model was used (FSL FLAME, 
cluster corrected, cluster forming threshold z = 3.7, clus-
ter  p- threshold  =  0.001)  with  the  regressors  ‘IC,  “NC”, 
“noise”  and  “seizure”  to  compute  their  respective  con-
trasts (>mean) as well as the contrast IC > NC.

Subsequently, psychophysiological interaction analysis 
(PPI) was conducted,8 for which a seed (421.875 mm3 = 27 
voxels)  was  placed  within  the  epileptogenic  right  amyg-
dala  (rh- amygdala).  Seed  placement  was  guided  by  one 
component from MELODIC (for details see Appendix S1, 
Figure S2). This allowed for selection of a seed within the 
amygdala while avoiding an entirely manual seed place-
ment.  The  same  PPI  was  also  conducted  (a)  using  the 
entire  rh- amygdala  as  a  seed  and  (b)  using  homologous 
contralateral seeds.

Psychophysiological  interaction  analysis  was  con-
ducted using  IC > NC and  the extracted seed- timecourse 
as psychological and physiological variables to form an in-
teraction term for analysis of stimulus- dependent (stron-
ger during IC than during NC) functional connectivity of 
this region. To ensure that the results of PPI reflected state- 
dependent connectivity beyond task- activation effects, the 
regressors  IC + NC,  noise,  and  seizure  were  included  in 
the model as covariates of no interest. A cluster- forming 
threshold of z = 3.1 and a cluster p- threshold of p = .001 
were applied. The BrainNet Viewer software was used for 
image visualization.9

3  |   RESULTS

Task  fMRI  resulted  in  extensive  activations  that  were 
stronger  during  IC  compared  to  NC,  including  bilateral 
precuneus  and  cuneus,  left>right  posterior  ventral  tem-
poral lobes, right anterior nucleus of the thalamus (ANT), 
bilateral insula, and predominantly left prefrontal cortex 
with  peak  activations  in  the  left  superior  frontal  gyrus 
(MNI  47- 65- 70)  and  left  anterior  cingulate  cortex  (MNI 
47- 71- 53) (Figure 1A). No significant activations were de-
tected for the NC > IC contrast.

During  the  scan,  four  seizures  occurred,  resulting 
in  ictal  activations  in  the  left  basal  ATL,  left  cuneus, 

F I G U R E   1   (A) Significant activations during the “ictogenic crossroad”>’neutral crossroad’ contrast and (B) during the “seizure” 
contrast (C) PPI of the timeseries of the seed region within the amgydala with the contrast IC > NC, i.e., functional connectivity of the 
amygdala- seed stronger during seeing the “ictogenic” than during seeing the ‘neutral’ crossroad. (D) Depiction of subcortical and basal 
temporal connectivity during (C) the upper two panels depict small anterior thalamic connectivity, while the lower left panel shows the 
same cluster extending into the fornix as a correlate of the mesial subcortical cluster in (C). The lower right panel shows clusters in the 
ATLs. (E) Same analysis using the entire right amygdala as seed. (F) Results from PPI using a left- sided, homologous seed (to that in (C)) 
within the non- epileptogenic amygdala, and the IC > NC contrast

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
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bilateral  fusiform gyri and right  lingual gyrus, bilateral 
prefrontal  cortices  and  bilateral  insulae  (peak  voxel: 
left  insula,  MNI  62– 72- 41),  and  left  precentral  gyrus 
(Figure  1B).  Interestingly,  activations  were  present  in 
bilateral  frontal  piriform  cortices.  An  additional  con-
trast  for  “IC  with  seizures”>’IC  without  seizures’  was 
computed, which yielded activations largely resembling 
those  from  the  seizure  contrast  and  is  reported  in  the 
Appendix S1 (Figure S6).

Psychophysiological  interaction  analysis  revealed  a 
stronger state- dependent relationship of the rh- amygdala 
seed during the IC condition compared to NC with the fol-
lowing regions: right cuneus including right basal occipital 
cortex, bilateral right>left precuneus, bilateral basal ante-
rior temporal lobes (ATLs, peak in left ATL, MNI 64– 61- 
16), bilateral right>left insulae, right supramarginal gyrus 
and right frontal and parietal operculum (Figure 1C). ATL 
subregions with significant interactions with the seed con-
sisted of bilateral inferior temporal gyri, fusiform and par-
ahippocampal  gyri,  and  perirhinal  cortex.  Furthermore, 
significant task- related connectivity was detected with the 
middle temporal visual area MT and a small, right- sided 
cluster in the ANT.

Using the averaged timecourse of the entire right amyg-
dala as physiological regressor, PPI with the IC > NC con-
trast reproduced right parietal opercular parts of the above 
network (Figure 1E), while PPI using the left amygdala as 
seed showed no significant interactions for this contrast. 
Using  a  smaller  left- sided  amygdalar  seed  in  a  homolo-
gous  location  to  the right- sided analysis,  task- dependent 
connectivity (IC > NC) with only bilateral basal ATLs was 
detected (Figure 1F).

4  |   DISCUSSION

We  demonstrated  an  increase  in  task- dependent  func-
tional  connectivity  of  the  epileptogenic  zone  with  (a) 
visual cortex and (b) secondary somatosensory cortex (S2) 
and the insula during watching of the ‘ictogenic’ crossroad 
as opposed to watching a random other intersection. We 
highlight for the first time the utility of PPI in delineating 
putative  epileptogenic  networks  related  to  the  ictogenic 
stimulus.

The  ventral  visual  stream,  which  serves  visual  per-
ception (the “what”- pathway,10– 12) is known to connect 
the  visual  cortex  with  temporal  lobe  structures  such 
as  the  amygdala.13,14  Psychophysiological  interaction 
analysis  confirmed  task- dependent  connectivity  of  the 
epileptogenic  amygdala  to  occipital  and  extra- occipital 
visual  areas,  including  areas  attributed  to  the  ventral 
visual  stream  (such  as  V2v/V3v11),  but  also  to  dorsal 

stream  regions  such  as  MT.10  Both  streams  are  known 
to interact,13 and increased connectivity to the motion- 
sensitive  region  MT15  seems  plausible  considering  the 
present task.

Increased rh- amygdala connectivity to S2 and to the an-
terior insula might constitute a pathway of seizure spread, 
as seizure semiology consisted in epigastric aura followed 
by  sensory  seizures  of  the  left  hand.  Connectivity  to  so-
matosensory regions was confirmed even after averaging 
the signal across the entire right amygdala, while the left 
amygdala showed no task- dependent connectivity to any 
region.  Right  rostral  insula  exhibited  task- dependent 
connectivity  to  the  rh- amygdala  and  showed  activations 
during both the IC > NC contrast and the seizure contrast, 
hinting at its potential ictal involvement.

The temporal poles may facilitate ventral stream con-
nectivity  to  the  amygdala  during  emotional  visual  stim-
uli,14  which  might  explain  the  involvement  of  the  ATLs 
in  this  network,  as  the  patient  reported  anxiety  in  rela-
tion  to  the  crossing.  Therefore,  connectivity  of  bilateral 
amygdala- seeds to the ATLs may constitute physiological 
task- dependent connectivity. We speculate  that  this ATL 
involvement  might  depict  a  correlate  of  an  emotional 
stimulus leading to recruitment of a  larger network that 
facilitates seizures.4 Similarly, bilateral perirhinal cortex, 
serving  a  function  in  object  recognition  and  spatial  ori-
entation,16  exhibited  state- dependent  connectivity  with 
bilateral amygdala- seeds. This may reflect increased phys-
iological  connectivity  due  to  visual  recognition  of  this 
emotionally connotated scene.

In PPI and task contrasts, a cluster was detected within 
the right ANT, which is known for its involvement in sei-
zure propagation in focal epilepsies.17

Task- activations  for  the  seizure  contrast  yielded  ac-
tivations  in  bilateral  piriform  cortex  as  commonly  seen 
in  focal  epilepsies.16  Insular  activations  overlapped  with 
regions  of  increased  task- related  connectivity,  underlin-
ing  the  potential  involvement  of  the  insulae  in  the  ictal 
network. Both the IC > NC contrast and the seizure con-
trast produced activations in the medial prefrontal cortex, 
which  is  commonly  activated  in  fear  conditioning,  and 
which might be explained by the patient’s fearful reaction 
to the crossroad.18

4.1  |  Limitations

The main limitation of this study is its sample size of one 
subject due to the unique nature of the reflex epilepsy in 
this  case.  However,  a  plausible  network  associated  with 
the ictogenic stimulus was detected that was robust to rig-
orous statistical  thresholding, despite  the  inherently  low 
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statistical power of PPI.19 Testing of contralateral homolo-
gous  regions  was  performed  to  confirm  that  stimulus- 
dependent  connectivity  of  the  amygdala  was  selectively 
tied to the epileptogenic side. It is noteworthy that, despite 
motion  correction,  seizure- associated  motion  may  have 
impacted the quality of the scans.

It  is  unknown  to  what  extent  activations  recorded 
during  the  seizure  and  IC > NC  contrasts  can  be  ac-
counted for by visual recognition of the ictogenic, sub-
jectively  fear- inducing crossroad. Unfortunately,  it was 
unfeasible to control for this issue within the paradigm. 
Due  to  few  seizures,  which  may  have  been  unreliably 
detected (especially in duration), PPI was not conducted 
for  the seizure contrast. Thus,  it  is not proven that  the 
detected  stimulus  specific  network  is  also  seizure  spe-
cific.  Future  studies  combining  EEG- fMRI  with  PPI 
might overcome this issue.

5  |   CONCLUSION

In conclusion, PPI seems to be a promising tool to uncover 
epileptogenic networks otherwise undetected via canoni-
cal task- fMRI activations in patients with reflex epilepsy. 
While PPI analyses have been used in the past to investi-
gate cognitive compromise in epilepsy,20,21 this is the first 
attempt to use PPI analyses to interrogate mechanisms of 
seizure  propagation.  We  outlined  a  network  underlying 
the ictogenic task, which consisted of visual regions and 
putative generators of seizure semiology connected to the 
epileptogenic amygdala.
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