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a b s t r a c t 

The medial parietal cortices are components of the default mode network (DMN), which are active in the resting 

state. The medial parietal cortices include the precuneus and the dorsal posterior cingulate cortex (dPCC). Few 

studies have mentioned differences in the connectivity in the medial parietal cortices, and these differences have 

not yet been precisely elucidated. Electrophysiological connectivity is essential for understanding cortical function 

or functional differences. Since little is known about electrophysiological connections from the medial parietal 

cortices in humans, we evaluated distinct connectivity patterns in the medial parietal cortices by constructing a 

standardized connectivity map using cortico-cortical evoked potential (CCEP). This study included nine patients 

with partial epilepsy or a brain tumor who underwent chronic intracranial electrode placement covering the 

medial parietal cortices. Single-pulse electrical stimuli were delivered to the medial parietal cortices (38 pairs 

of electrodes). Responses were standardized using the z-score of the baseline activity, and a response density 

map was constructed in the Montreal Neurological Institutes (MNI) space. The precuneus tended to connect with 

the inferior parietal lobule (IPL), the occipital cortex, superior parietal lobule (SPL), and the dorsal premotor 

area (PMd) (the four most active regions, in descending order), while the dPCC tended to connect to the middle 

cingulate cortex, SPL, precuneus, and IPL. The connectivity pattern differs significantly between the precuneus 

and dPCC stimulation ( p < 0.05). Regarding each part of the medial parietal cortices, the distributions of parts of 

CCEP responses resembled those of the functional connectivity database. Based on how the dPCC was connected 

to the medial frontal area, SPL, and IPL, its connectivity pattern could not be explained by DMN alone, but 

suggested a mixture of DMN and the frontoparietal cognitive network. These findings improve our understanding 

of the connectivity profile within the medial parietal cortices. The electrophysiological connectivity is the basis 

of propagation of electrical activities in patients with epilepsy. In addition, it helps us to better understand the 

epileptic network arising from the medial parietal cortices. 

Abbreviations: ACC, anterior cingulate cortex; CCEP, cortico-cortical evoked potential; DMN, default mode network; IPL, inferior parietal lobule; MCC, midcingulate 

cortex; SPL, superior parietal lobule; dPCC, dorsal posterior cingulate cortex; PCL, paracentral lobule; PMd, dorsal premotor area; PrC, precuneus; SEEG, stereotactic 

electroencephalography. 
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1. Introduction 

The medial parietal cortices, especially the precuneus and the dor- 

sal posterior cingulate cortex (dPCC), are associated with a variety of 

functions, including visuospatial imagery, episodic memory retrieval, 

and self-processing ( Cavanna and Trimble, 2006 ), recognition of places 

( Sugiura et al., 2005 ). Impairments of these areas result in topographical 

disorientation ( Takahashi et al., 1997 ). These areas are also components 

of the default mode network (DMN) that is active both during the resting 

state ( Fransson and Marrelec, 2008 ; Raichle, 2015 ; Raichle et al., 2001 ) 

and various internally directed cognitions, such as introspective pro- 

cesses ( Andrews ‐Hanna et al., 2014 ; Dixon et al., 2018 ) or self-reported 

mind-wandering ( Christoff et al., 2016 ; Fox et al., 2018 ). Other than in- 

ternally directed cognition, the precuneus also seems to play a pivotal 

role in motor-related functions such as visual guided hand movements 

( Caminiti et al., 1999 ; Cavanna and Trimble, 2006 ). Direct recordings 

from the posteromedial cortex have revealed functional differentiation 

within the region ( Daitch and Parvizi, 2018 ). Although such hetero- 

genicity of the human medial parietal cortices have been reported, the 

differences in connectivity within the network have not yet been entirely 

clarified. 

A precise definition of inter-cortical connectivity is essential to 

understanding the complex functional organization of various brain 

functions. Anatomical connections of the medial parietal cortices 

have been assessed by using invasive tracers in macaque monkeys 

( Parvizi et al., 2006 ; Passarelli et al., 2011 ; Pandya et al., 1981 ; 

Vogt and Pandya, 1987 ), and functional connectivity or cytology in hu- 

mans ( Bzdok et al., 2015 ; Cauda et al., 2010 ; Hutchison et al., 2015 ; 

Margulies et al., 2009 ; Vogt et al., 2006 ; Yu et al., 2011 ; Zhang and 

Li, 2012 ; Zhang et al., 2014 ). These studies have proposed various types 

of connections or parcellations of the medial parietal cortices, dPCC, and 

precuneus. Some studies investigated only one of these two regions or 

the precuneus was not parcellated into subdivision. The precise differ- 

ence in connectivity within the medal parietal cortices has not yet been 

clarified. 

Effective connectivity, defined as the influence that one neural 

system exerts over another, either at a synaptic or population level 

( Friston, 2011 ), is an approach that takes advantage of the causal rela- 

tionship between two brain areas, in contrast to structural or functional 

connectivity ( Arbune et al., 2020 ). Cortico-cortical evoked potential 

(CCEP) is a method to electrophysiologically assess direct and effective 

cortico-cortical connectivity by applying single-pulse electrical stimula- 

tion to cerebral cortices. The CCEP responses recorded from the remote 

cortical areas with latencies under 50 ms (N1 activity) are supposed 

to represent the direct orthodromic propagation through the cortico- 

cortical connections ( Keller et al., 2014b ; Matsumoto et al., 2017 , 2004 ). 

The strength of the activity assumed from CCEP amplitudes is positively 

correlated with the white matter tract quantity as measured with diffu- 

sion tensor imaging (DTI) ( Conner et al., 2011 ; Keller et al., 2014b ). In 

addition, the connectivity pattern of CCEP has been reported to be sim- 

ilar to that of resting-state functional connectivity ( Keller et al., 2011 , 

2014a ; Nakae et al., 2020 ). 

Electrophysiological connectivity of the lateral ventral parieto- 

frontal network has already been investigated ( Matsumoto et al., 2012 ). 

However, electrophysiological connections from medial parietal cor- 

tices to the other cortices have not been well studied, although the 

medial parietal cortices are often targeted by resting-state functional 

MRI (fMRI) research studies. This is partially due to the rarity and dif- 

ficulty of precisely implanting subdural grid electrodes in the medial 

parts of the cerebral cortex. Several studies have investigated cortico- 

cortical evoked potentials using intracranial electrodes, mainly stereo- 

tactic electroencephalography (SEEG), to stimulate the posterior cingu- 

late gyrus or the precuneus ( Enatsu et al., 2014 , 2015 ; Keller et al., 2014 ; 

Parvizi et al., 2021 ). However, in SEEG, depth electrodes are inserted 

sparsely (each electrode is ∼3 cm apart), making it technically diffi- 

cult to study the detailed connections two-dimensionally in detail from 

the medial surface of the parietal cortices. We therefore mainly focused 

on subdural grid recording in the present study, since we can probe 

the connections from the medial parietal surface to other cortices more 

densely, namely, at a spatial resolution reflecting the inter-electrode dis- 

tance (1 cm). 

Herein, to clarify the distinct connectivity patterns within the me- 

dial parietal cortices, we attempted to elucidate the parcellation in the 

medial parietal cortices based on the electrophysiological connectivity 

using standardized CCEP data. We also made a connectivity map sur- 

rounding the medial parietal cortices, namely the paracentral lobule 

(PCL) and superior parietal lobule (SPL), for comparison. In addition, 

we verified the CCEP connectivity results against those obtained from 

the resting-state functional connectivity open database. 

2. Methods 

2.1. Patients 

We recruited nine patients with partial epilepsy, including six with 

focal cortical dysplasia and the remaining three with brain tumors. They 

underwent chronic intracranial electrode placement covering the supe- 

rior or medial parietal cortices for the presurgical evaluation. The clin- 

ical profiles of the investigated patients are presented in Table 1 . 

The implanted electrodes were made of platinum measuring 2.3 mm 

(Ad-Tech, Racine, WI) in diameter with a center-to-center interelec- 

trode distance of 1 cm. In patient 9, stereotactic electroencephalography 

(SEEG) implantation was performed using multi-lead depth electrodes 

(AdTech, Racine, WI). Although the stimulation parameters or limits 

need to be adapted, CCEPs can be evaluated in SEEG, as is done in sub- 

dural recording with electrocorticograms (ECoGs) ( Prime et al., 2018 ; 

Trebaul et al., 2018 ). The electrodes were implanted according to the 

Talairach stereotactic method using orthogonal or oblique trajectories. 

The present study was approved by the Ethics Committee of Kyoto Uni- 

versity Graduate School of Medicine (IRB No. 443/C1212). Informed 

consent was obtained from all patients. This work abides by the central 

tenets of the Declaration of Helsinki. 

2.2. Anatomical location of electrodes 

To define the precise location of each electrode on the surface of 

the brain, subdural electrodes were coregistered to three-dimensional 

volume-rendered MRIs, which were reconstructed from magnetization- 

prepared rapid gradient-echo (MP-RAGE) sequences. The location of 

each electrode was identified on the 2D MRIs using its signal void due 

to the property of the platinum alloy. Electrodes locations were non- 

linearly co-registered to the patient MP-RAGE taken before implanta- 

tion, and then to MNI standard space using FLIRT (FMRIB’s Linear Image 

Registration Tool) and FNIRT (FMRIB’s Non-linear Image Registration 

Tool) ( https://fsl.fmrib.ox.ac.uk/fsl/fslwiki ) ( Matsumoto et al., 2004 ; 

Matsumoto et al., 2011 ). in all patients but Patient 3, in whom MP-RAGE 

after implantation was converted directly to the MNI standard space due 

to the technical issue related to the brain after tumor resection. In pa- 

tient 9 with SEEG, the anatomical locations of the electrode leads were 

checked by the digital fusion of a post-implantation thin-sliced CT 3D 

image and coregistered to the MP-RAGE taken before implantation using 

CURRY 7 Neuroscan software (Compumedics, USA), which incorporates 

brain shift correction. Electrodes located in white matter were excluded 

in the present study. The electrodes’ locations across the whole patients 

in the MNI space are shown in Fig. 1 (and Supplementary Figure 1). 

The electrodes covered both the medial and lateral sides around the 

central sulcus. The anatomical parcellation of the stimulus sites was car- 

ried out in reference to the location of the midpoint of the pair of stim- 

ulating electrodes in the individual MRIs taken after grid implantation, 

similar to the previous study ( Matsumoto et al., 2012 , 2007 ), according 

to the parcellation scheme of the lateral and medial cortices, as men- 

tioned below. 
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Fig. 1. Electrode coverage across all patients. 

The stimulus sites and recording sites in all patients are plotted in 

Montreal Neurological Institute (MNI) standard space in the left side. 

Electrode density map was created by labeling each electrode coordi- 

nate in MNI space as 0 or 1 according to the location of each elec- 

trode across patients and by smoothing it with a gaussian filter (FWHM 

15 mm) to obtain a 3D volume image. The color in the rainbow scale 

denotes the number of patients who had electrodes in the painted area. 

The cortical surfaces not painted in any color (i.e., gray) indicate that 

the cortical regions were not covered in any patient. On the right side, 

precise electrode locations were plotted by different colors according to 

the patient number. 

2.3. Parcellation of the medial and lateral cortices 

The boundaries and subdivisions of the medial parietal cortices were 

operationally defined according to recent proposals ( Bzdok et al., 2015 ; 

Cavanna and Trimble, 2006 ; Hutchison et al., 2015 ; Margulies et al., 

2009 ; Toga, 2015 ; Zhang et al., 2014 ). 

The precuneus is limited anteriorly by the marginal branch of the cin- 

gulate sulcus, posteriorly by the medial portion of the parieto-occipital 

fissure, and inferiorly by the subparietal sulcus ( Cavanna and Trim- 

ble, 2006 ). In the present study, the precuneus was subdivided into 

three parts by the precuneal sulcus: anterior, central, and posterior 

precuneus, according to the previously reported posterior-to-anterior 

functional subdivisions ( Hutchison et al., 2015 ; Margulies et al., 2009 ; 

Zhang et al., 2014 ). The cingulate cortex is essentially divided into four 

parts: the perigenual anterior cingulate cortex (ACC), middle cingu- 

late cortex (MCC), dorsal posterior cingulate cortex (dPCC), and ventral 

posterior cingulate cortex (vPCC) ( Emmanuel et al., 2016 ; Vogt, 2009 ; 

Vogt et al., 1995 , 2006 ). Accordingly, the ACC was defined as the region 

that surrounds the genu of the corpus callosum. The MCC was limited 

by the ACC anteriorly and by the ventral bank of the cingulate sulcus 

dorsally and terminated before the inflection of the marginal ramus of 

the cingulate sulcus ( Emmanuel et al., 2016 ; Vogt, 2016 ). The posterior 

cingulate cortex (PCC) was defined as the region dorsal to the medial 

portion of the parieto-occipital fissure. The PCC was divided into the 

ventral part (vPCC) and dorsal part (dPCC) by the ventral branch of 

the splenial sulci. The PCL, supplementary motor area (SMA), and pre- 

supplementary motor area (pre-SMA) were included for the analysis in 

the medial frontal area. We illustrated the anatomical parcellations in 

which electrodes were implanted in the present study ( Fig. 2 ). 

In the lateral frontal cortex, we defined the dorsal half of the most 

caudal part of the middle frontal gyrus as the dorsal premotor area 

(PMd) in accordance with our previous CCEP studies ( Matsumoto et al., 

2012 , 2007 ). The SPL, inferior parietal lobule (IPL), precentral gyrus 

(PrCG), and postcentral gyrus (PoCG) in the lateral frontal and parietal 

areas were also included in the analysis. 

The whole anatomical parcellation in which electrodes were im- 

planted in the present study was illustrated. The precuneus is limited 

inferiorly by the subparietal sulcus and subdivided into three parts by 

the precuneal sulcus, yielding the anterior, central, and posterior pre- 

cuneus. See the methods section for details of the definition of parcella- 

tions. 

2.4. CCEP recording and analysis 

Details of the CCEP methodology have been described elsewhere 

( Kobayashi et al., 2017 ; Matsumoto et al., 2017 , 2012 , 2007 ; Matsumoto 

et al., 2004 ). Electrical stimuli consisted of a constant current square 

wave pulse lasting 0.3 ms, and the pulse frequency was 1 Hz with alter- 

nating polarity. The current intensity increased by 2 mA in a stepwise 

increment, to a maximum of 10 mA or until after-discharges were pro- 
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Fig. 2. Anatomical parcellation in the present study. 

voked. ECoGs were recorded with a 0.08–300 Hz filter at a sampling rate 

of 1000 Hz (EEG-1100, Nihon Kohden, Tokyo, Japan) (in patients 1–8) 

or with a 0.08–600 Hz filter at a sampling rate of 2000 Hz (in patient 9). 

To obtain the CCEPs, we averaged ECoGs in a time-locked fashion to the 

stimuli by using in-house Matlab scripts applicable for off-line analysis 

(Matlab version 9.3.0; the MathWorks Inc., MA). 

The electrical stimuli were delivered to the medial parietal cortices (a 

total of 38 pairs of electrodes) and SPL (a total of 21 pairs of electrodes). 

One electrode pair of electrodes was excluded because it was within a 

seizure onset zone (in the medial parietal cortices of patient 4). A total 

of ten pairs of electrodes in the medial parietal cortices and 14 pairs of 

electrodes in the SPL had interictal spikes during the presurgical eval- 

uation. To standardize the CCEP N1 and N2 amplitude measurement, 

we defined the N1 and N2 amplitude as the height of a vertical line 

from the negative peak of N1 and N2, respectively to the intersection 

of the line between the onset to the offset of the N1 and N2 potential 

for each data point. The onset of N2 defined as the preceding positive 

trough ( Matsumoto et al., 2004 ). We calculated the standard deviation 

(SD) of the amplitude during the baseline period ( − 100 ms to − 5 ms 

before stimulation). Based on the standard deviation, we calculated the 

z-score of the peak amplitude of N1 (and N2) by dividing the peak am- 

plitude of N1 and N2 by the SD of the whole recording electrodes for 

each stimulation and determined the z-score as the strength of the re- 

sponse in each region. CCEPs were considered significant if the z-score 

of the N1 or N2 peak of the evoked potential exceeded the baseline 

amplitude by a threshold of ± 3 SD. Remote CCEP responses were de- 

fined as responses that were temporally discrete and at a distance of 

25 mm or more from the stimulus electrodes. They were obtained from 

the frontal areas (a total of 8–72 electrodes were placed in the frontal 

area per patient), parietal areas (a total of 13–72 electrodes per patient), 

and occipital area (with a total of 30–39 electrodes per patient). Among 

the remote CCEP responses, we focused on the outstanding responses in 

terms of CCEP amplitudes. The predominant response was defined as the 

response showing the largest CCEP N1 with a latency of less than 50 ms, 

representing the main connection in each stimulation (one predominant 

response per stimulation). The additional response was defined as the 

response representing the other connections and showing the maximum 

N1 amplitude locally, without being a maximum amplitude as a whole 
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(0–6 additional responses per stimulation). We defined upper limit of the 

N1 latency as 50 ms because the previous cluster analysis on more than 

1500 CCEP responses commonly revealed an early N1 cluster with its 

peak less than 50 ms ( Nakae et al., 2020 and Veit et al., 2021 ). This N1 

peak definition is consistent with a previous SEEG study which showed 

the difference in CCEP between cortical stimulation and the white mat- 

ter stimulation ( Paulk et al., 2022 ). 

To visualize the standardized connectivity map, we colored the MNI 

standard brain surface by the z-score of maximum amplitude of N1 and 

N2 after converting the electrode coordinates from the individual space 

to MNI standard space ( Nakae et al., 2020 ). In painting the brain sur- 

face, the z-score at each electrode was smoothed with a Gaussian kernel 

(full width at half maximum [FWHM] 10 mm). The z-score was set to 

zero if no significant response was observed. The difference of electrode 

coverage in each patient was corrected by dividing the z-score map by 

the observation density map. The observation density map was obtained 

by smoothing the number of observations at each electrode with FWHM 

of 10 mm. It is the same as the electrode density map if we examine 

CCEP via just one stimulation site in the patient. We constructed the 

standardized connectivity map for the following two groups: 1) N1 re- 

sponses with a peak latency of less than 50 ms, and 2) N2/late N1 re- 

sponses with a peak latency of more than 50 ms. If the stimulus sites 

were in the right hemisphere, CCEP responses were flipped into the left 

hemisphere and we portrayed the left standard brain surface by the z- 

score ( Nakae et al., 2020 ). We also illustrated connectivity maps in other 

conditions for confirming the effects of other confounding factors: with 

FWHM of 15 mm, excluding the patient 9 with SEEG, excluding the 

seizure onset zone in response sites, without thresholds of 3 SD of base- 

line amplitude for determining the significant responses. 

2.5. Statistical analysis 

We applied the permutation test to evaluate whether the differences 

in connectivity patterns among the medial parietal cortices were signifi- 

cantly above the chance level or not. The most important purpose of this 

study was to elucidate the differences in connectivity within the medial 

parietal cortices. 

Therefore, we focused on the precuneus and dPCC in the statistical 

analysis. First, we listed the whole 29 stimulus sites in the two groups 

of the media parietal cortices (the precuneus, dPCC), and incorporated 

the z-score of the N1 responses into the list of the nine response regions 

(PMd, PrCG, PoCG, MCC, the precuneus, PCL, IPL, SPL, and the occip- 

ital cortex) by each stimulus site. We excluded the ACC and pre-SMA 

from the list of response regions since the electrodes did not cover these 

areas for the precuneus and dPCC stimulation. We also excluded elec- 

trodes with CCEP responses within 25 mm from the precuneus or dPCC 

stimulus sites since we focused on the remote responses in the present 

study. Therefore, we also had to exclude the dPCC as a response region 

since the length of dPCC was under 25 mm when we stimulated the 

dPCC. The sum of the z-score divided by the density of electrodes was 

calculated for each group of stimulus site and each response region. Due 

to the small number of stimulation sites in the anterior precuneus and 

posterior precuneus, we concatenated the three groups of stimulus sites 

(anterior, central, and posterior precuneus) into one group (precuneus) 

and performed the statistical analysis. As a result, 2 × 9 tables were con- 

structed. Next, ⃖ ⃖⃖⃖⃖⃖⃗𝑃 𝑟𝑐 and ⃖ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑑𝑃 𝐶𝐶 were used to denote the vector composed 

of nine z-scores in response regions when we stimulated the precuneus 

or dPCC, respectively. To evaluate the differences in the two vectors, the 

angle θ was computed using the inner products, as follows, and defined 

as the difference in the original data. 

θorg = cos −1 
(
⃖⃖⃖⃖⃖⃖⃗𝑃 𝑟𝑐 ⋅ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑑𝑃 𝐶𝐶 

)
∕ ⃖⃖ ⃖⃖⃖⃖⃖⃖⃖⃖⃗( |𝑃 𝑟𝑐 | ⋅ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗|𝑑𝑃 𝐶𝐶 |) 

For the permutation test, the stimulus site labels (the precuneus, 

dPCC) were randomized and ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑟𝑐 𝑝𝑒𝑟𝑚 and ⃖ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑑𝑃 𝐶𝐶 𝑝𝑒𝑟𝑚 were computed. The 
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angle θperm was calculated by each randomized trial. 

θperm = cos −1 
(
⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑃 𝑟𝑐 𝑝𝑒𝑟𝑚 ⋅ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗𝑑𝑃 𝐶𝐶 𝑝𝑒𝑟𝑚 

)
∕ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗( |||𝑃 𝑟𝑐 𝑝𝑒𝑟𝑚 ||| ⋅ ⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗|||𝑑𝑃 𝐶𝐶 𝑝𝑒𝑟𝑚 

|||) 
A null distribution of θperm was generated by repeating this procedure 

10,000 times. We considered a statistical significance if θorg was out of 

the 95% confidence interval ( p < 0.05) of the distribution of θperm . 
We also performed the same permutation test after excluding patient 

9 with SEEG. 

2.6. Comparison with resting-state functional MRI connectivity 

We intended to compare CCEP connectivity with functional con- 

nectivity derived from resting-state fMRI (rs-fMRI) data ( Nakae et al., 

2020 ). Firstly, we obtained the resting-state functional connectivity map 

from the rs-fMRI connectivity database (available on NeuroSynth web- 

site; http://neurosynth.org/ ) ( Yarkoni et al., 2011 ). For each stimulus 

site of the medial parietal cortices, we obtained a functional connectiv- 

ity map (3D volume image) by specifying coordinates that corresponded 

to the midpoint of each pair of stimulus electrodes as the seed voxel. We 

considered the voxels to be significant if the functional connectivity cor- 

relation value ( Glanz Iljina et al., 2018 ) between the voxels and each 

stimulus site exceeded 0.15. The value of 0.15 was determined based 

on the previous study those methodologies were mainly used in Neu- 

rosynth ( Yeo et al., 2011 ). The correlation values of significant voxels 

were obtained at each stimulus site, including the precuneus (anterior, 

central, and posterior), dPCC, PCL and SPL. If the stimulus sites were in 

the right hemisphere, the functionally correlated area was flipped into 

the left hemisphere, and we portrayed the left standard brain surface 

by the averaged correlated value. We showed the areas whose correla- 

tion value was more than 0.15 overlapping the areas showing significant 

CCEP responses in 3D standardized map in Supplementary Figure 8. 

3. Results 

3.1. CCEP responses 

The electrode locations and CCEP waveforms in a representative pa- 

tient (patient 1) were shown for the stimulation of the PCL, anterior 

precuneus, and central precuneus ( Fig. 3 ). When the stimulus site was 

shifted to the adjacent pair of electrodes, the CCEP distribution was ob- 

viously changed. CCEP responses in each patient were illustrated in Sup- 

plementary Figure 9 A–H. 

Tables 2 A and 2B show the results of predominant and additional 

N1 responses across patients. 

In terms of the spatial distribution of CCEP responses, the anterior 

precuneus stimulation elicited the N1 responses in the PMd, precen- 

tral gyrus, postcentral gyrus, and precuneus (only the most four active 

regions were shown hereafter). Stimulation of the central precuneus 

showed N1 responses in the IPL, SPL, occipital cortex, and PMd. Stimula- 

tion of the posterior precuneus showed responses in the occipital cortex, 

IPL, SPL, and PCL. Overall, the precuneus stimulation (19 sites across 

all patients) elicited the predominant/additional N1 in the IPL (4 pre- 

dominant/4 additional responses), the occipital cortex (1/8 responses), 

SPL (1/5 responses), and PMd (1/2 responses), as the most active 4 re- 

gions. No predominant/additional N1 was elicited in the middle cingu- 

late cortex, suggesting that the precuneus mainly connects to the lateral 

parieto-frontal and occipital areas. 

Stimulation of dPCC elicited N1 responses in the middle cingulate 

cortices, SPL, the precuneus, and IPL (the most active 4 regions), while 

no predominant/additional N1 was recorded in PMd. Based on these 

results, in contrast to the precuneus, dPCC tended to connect to the me- 

dial frontal cortex rather than the lateral frontal cortex. The difference 

in mean z-scores in response regions between the precuneus stimuli and 

dPCC stimuli were shown in Fig. 4 . The largest amplitude was noted in 

IPL for the precuneus stimulation, and in MCC for the dPCC stimulation. T
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Fig. 3. CCEP findings in a representative patient (patient 1). . 

Fig. 4. Mean N1 amplitude (z-score) in each parcellation for the precuneus and dPCC stimulation. 
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There was no significant difference in the amplitude in each area be- 

tween the precuneus and dPCC stimuli (multiple comparison with Bon- 

ferroni’s method). 

Stimulation of PCL yielded CCEPs in the precentral gyrus, postcen- 

tral gyrus, PMd, and IPL. Thus, the PCL was mainly connected with the 

area around the precentral gyrus. SPL stimulation yielded responses in 

the precentral gyrus, the precuneus, SPL, and PCL. Conversely, the stim- 

ulation of either the precuneus or dPCC elicited predominant/additional 

CCEPs in the SPL. These findings suggest a possible bidirectional connec- 

tion between the SPL and the medial parietal cortices. As for the involve- 

ment of response sites in the seizure onset zone or irritative zone, out of 

92 response sites, one electrode in the anterior cingulate cortex, one in 

the pre-SMA, two in the midcingulate cortex, and four in the occipital 

cortex was involved in the seizure onset zone. A total of two electrodes 

in the postcentral gyrus, four in the occipital lobe, four in SPL, seven 

in the medial parietal cortices, and seven in IPL had interictal spikes 

during the presurgical evaluation. 

On 3D MRI, the stimulus sites are shown as a pair of intercon- 

nected red electrodes, and black electrodes represent recording elec- 

trodes. CCEPs on the lateral convexity are plotted in reference to the 

major sulci identified on 3D MRI (A–C). PCL stimulation elicited a pre- 

dominant N1 response (N1 ≦ 50 ms) in the precentral gyrus without any 

additional responses (A). Stimulation of the anterior precuneus showed 

a predominant response in SPL and additional responses in the IPL (the 

supramarginal gyrus) and occipital area (B). Stimulation of the cen- 

tral precuneus revealed a predominant response in the IPL (the supra- 

marginal gyrus) and additional responses in the SPL, PMd and the oc- 

cipital area (C). CCEPs with N1 latencies over 50 ms or the amplitude 

less than 3 SD of the baseline activity (from − 100 ms to − 5 ms) were 

excluded for the CCEP N1 connectivity analysis. 

The mean N1 amplitude (z-score) was shown for each response re- 

gion for the two stimulus sites, the precuneus (combining the three 

subdivisions––anterior, central, and posterior precuneus) and dPCC. 

Some differences were noted in the connectivity pattern. The precuneus 

stimulation elicited responses in PMd or PCL, while dPCC stimulation 

did not. In contrast, dPCC stimulation elicited responses in MCC, while 

the precuneus stimulation did not. The largest amplitude was noted in 

IPL for the precuneus stimulation, and in MCC for the dPCC stimula- 

tion. The error bars represented the standardized error. dPCC: dorsal 

posterior cingulate cortex, IPL: inferior parietal lobule, MCC: midcingu- 

late cortex, PCL: paracentral lobule, PMd: dorsal premotor area, SPL: 

superior parietal lobule 

3.2. 3D visualization of CCEP responses in the MNI standardized space 

The frontal and parietal area showing N1 CCEP responses with laten- 

cies under 50 ms across patients (patients 1–9) are displayed together in 

the MNI standard space ( Fig. 5 ). Two types of maps (cut-off z-value = 3 

or 10) were illustrated. 

The different spatial connectivity patterns within the medial pari- 

etal cortices were also confirmed in this 3D view. The central and pos- 

terior precuneus stimuli elicited responses in the lateral parietal area, 

including the supramarginal gyrus and angular gyrus, as well as the 

anterior part of the lateral occipital cortex. We did not mention these 

areas for 3D visualization because the medial occipital cortex and pos- 

terior part of the lateral occipital cortex was covered in less than three 

patients ( Fig. 1 ). Meanwhile, dPCC stimuli elicited responses in the me- 

dial frontal area and IPL. Within the precuneus, the anterior precuneus 

tended to connect with the lateral frontal area, especially the PMd, while 

the central and posterior precuneus connected with the lateral frontal 

area. 

We also showed the areas presenting N2/late N1 responses with la- 

tencies over 50 ms ( Fig. 6 , with two cut-off z values), standardized maps 

with FWHM of 15 mm (Supplementary Figure 4), excluding the patient 

9 with SEEG (Supplementary Figure 5), excluding the seizure onset zone 

in response sites (Supplementary Figure 6), without thresholds of 3 SD 
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Fig. 5. 3D Visualization of N1 CCEP responses (activities with a peak latency of N1 ≦ 50 ms). 

of baseline amplitude for determining the significant responses (Sup- 

plementary Figure 7). These standardized maps with various conditions 

revealed similar spatial distribution to those of the original standardized 

map such as MCC involvement in dPCC stimulation. 

Although the distribution pattern of responses was similar to that of 

N1 response regions seen in Fig. 5 , several differences existed between 

N1 responses and N2/late N1 responses. The central precuneus, poste- 

rior precuneus, dPCC, and PCL showed additional connectivity with the 

lateral prefrontal and premotor areas in N2/late N1 responses. 

Regarding the spatial distribution of CCEP N1 responses, the hypoth- 

esis that the precuneus and dPCC stimulation elicits different connectiv- 

ity patterns were evaluated by performing the permutation test with ran- 

domized 2 stimulus sites (the precuneus, dPCC) and 9 response regions 

(PMd, the precentral gyrus, the postcentral gyrus, MCC, the precuneus, 

PCL, IPL, SPL, and the occipital lobe). The test revealed a significant 

difference between randomized trials and the original data ( P < 0.05, 

Supplementary Figure 2), supporting the hypothesis that the precuneus 

and dPCC had different connectivity patterns. However, when we ex- 

clude patient 9 with SEEG, the difference was not significant between 

the dPCC and the precuneus stimuli. 

The spatial distribution of CCEP responses, in particular N2/late N1 

responses, was partly similar to that of resting-state functional connec- 

tivity (rs-FC) obtained from the NeuroSynth database using the anterior 

precuneus, PCL, or SPL stimulus site as a seed ROI (Supplementary Fig- 

ure 3). The anterior precuneus ROI was functionally connected with 

the prefrontal area, the supramarginal gyrus, and the lateral occipital 

area. The PCL ROI was functionally connected with the precentral and 

postcentral gyri. The SPL ROI was functionally connected with the IPL 

and lateral occipital area. While these aforementioned areas had similar 

connectivity patterns between the two different measures, we found a 

difference in the lateral occipital area, which showed connectivity with 

the central and posterior precuneus in CCEP connectivity in the maps 

with cut-off z-values of 3, but less connectivity in terms of rs-fMRI con- 

nectivity. Both N1 and N2 responses in the lateral occipital areas were 

weaker in the maps with a cut-off z-value of 10 compared to those with a 

cut-off z-value of 3. Overlapping areas both functional connectivity and 

CCEP responses were shown in Supplementary Figure 8A (N1 response) 

and Supplementary Figure 8B (lateN1/N2 response). 

With regard to the N1 responses, a clear difference was observed 

in the connectivity patterns between the dorsolateral frontal area and 

the three medial parietal regions (the central precuneus, posterior pre- 

cuneus, dPCC). Indeed, connectivity between the dorsolateral frontal 

area and the medial parietal regions existed in rs-fMRI but did not exist 

in CCEP analysis. 

The average N1 response map was shown in the Montreal Neuro- 

logical Institute (MNI) standard space. The color painted on the brain 

denotes the amplitude of average N1 responses. See the main text for 

the details regarding the generation of the MNI average map. The area 

painted in white showed that no electrode was placed. Two types of 

maps (cut-off z-value = 3 or 10) were illustrated. 

Note that the average response map originally featured a z-value for 

the amplitude but was smoothed by a Gaussian kernel (FWHM 10 mm) 

for visualization. The Gaussian smoothing blurs the values across the 

adjacent voxels while keeping the sum, such that the values decrease 

after smoothing. The accurate localization of the N1 responses in the 

individual brain were shown in Table 2 . dPCC: dorsal posterior cingulate 

cortex, SPL: superior parietal lobule 

The average N2 response map was shown in the Montreal Neurolog- 

ical Institute (MNI) standard space. N2 response (or late N1 response) 

with latencies over 50 ms are shown. Two types of maps (cut-off z- 
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Fig. 6. 3D Visualization of N2/late N1 CCEP responses (activities with peak latency ≧ 50 ms). 

value = 3 or 10) were illustrated. Note that the spatial distribution was 

wider than that of N1 responses. dPCC: dorsal posterior cingulate cortex, 

SPL: superior parietal lobule 

4. Discussion 

By means of an effective connectivity analysis using single-pulse 

electrical cortical stimulation, we assessed the connectivity patterns 

from each medial parietal parcellation and constructed a standardized 

CCEP connectivity map in the MNI space. It was characterized by the 

distinctive connectivity pattern within the medial parietal cortices. The 

precuneus connected to the IPL, SPL, the anterior part of lateral occipi- 

tal areas, and the dorsal premotor area. Meanwhile, the dPCC connected 

with the medial frontal lobe, SPL, and IPL. 

The spatial connectivity patterns between these areas were signif- 

icantly different. Several parameters for visualization (the value of 

FWHM) or clinical factors (including SEEG case or recording electrodes 

in seizure onset zone) could affect the results. Therefore, we performed 

analysis excluding these factors and achieved similar results as described 

above. The modes of connectivity can be discussed in the context of the 

functional organization of the medial parieto-frontal circuit associated 

with visual-motor integration and the DMN. 

4.1. Effective connectivity of the medial parietal cortices by CCEPs 

In terms of the two-dimensional exploration of connectivity patterns 

on the cortical surface, the subdural grid allows us to stimulate the cor- 

tical surface and record CCEP responses more densely at spatial res- 

olution reflective of the inter-electrode distance (1 cm), compared to 

the SEEG, in which depth electrodes are inserted sparsely ( ∼3 cm apart 

each). Most of the previous human CCEP studies on the medial pari- 

etal cortices used depth electrodes (SEEG), except for one study which 

employed subdural electrodes ( Entz et al., 2014 ). Other previous stud- 

ies using SEEG have shown that PCC stimulation elicited bilateral me- 

dial temporo-parieto-occipital responses, including in the hippocampus 

and lateral parieto-occipital areas including IPL and SPL ( Enatsu et al., 

2014 , 2015 ; Kubota et al., 2013 ). Donos et al., have demonstrated the 

outbound connections from the precuneus, dPCC, PCL and SPL. They 

revealed the connection between the PCL and the precentral gyrus or 

the postcentral gyrus. They also demonstrated the connection between 

the precuneus and premotor area or occipital cortex, which is consis- 

tent with our findings ( Donos et al., 2016 ). Non-human primate studies 

revealed that the PCC sends connections to the dorsal prefrontal cor- 

tex and parieto-temporal cortex (posterior part of IPL) ( Pandya et al., 

1981 ). According to the human functional connectivity patterns using 

resting-state fMRI, the dPCC connects with the middle cingulate cortex 

( Cha et al., 2017 ). The CCEP responses were recorded only in the frontal 

or parieto-occipital lobes in the present study since the temporal lobe 

was not covered by electrodes for clinical reasons. Although the distance 

between the dPCC and MCC is relatively small, the response of the MCC 

was not solely accounted for by this closeness. This was because the 

stimulation of the PCL, which was also close to the MCC, did not evoke 

CCEP responses in the MCC. In Figs. 5 and 6 , although the precuneus 

stimulation seemed to elicit responses in the caudal part of the MCC, this 

was due to the Gaussian spatial filtering applied for plotting CCEP re- 

sponses on the MNI space. The precise locations of the CCEP responses 

were determined according to personal brain MRI scans, as shown in 

Table 2 . 

The difference in connectivity between the anterior and cen- 

tral/posterior precuneus we observed can be linked to motor-related 

functions: the posterior precuneus - occipital cortex connection can 

subserve visual-associated functions, while the anterior precuneus-PMd 
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connection can subserve visually guided, externally directed movement. 

Connections between the precuneus and lateral parietal areas or premo- 

tor areas seem to play a pivotal role in motor-related functions such 

as visual-guided hand movement ( Caminiti et al., 1999 ; Cavanna and 

Trimble, 2006 ; Bernier and Grafton, 2010 ; Fernandez-Ruiz et al., 2007 ). 

In contrast to the anterior precuneus, a macaque tracer or resting-state 

functional connectivity study showed that the PO area, a homolog of the 

human central/posterior precuneus, had a strong connection with pres- 

triate areas within the parieto-occipital fissure and the cuneus subserv- 

ing the processing of visuospatial information processing ( Colby et al., 

1988 ; Margulies et al., 2009 ). Taken together, these findings indicated 

that the anterior and central/posterior precuneus were associated, in 

particular, with visually guided motor-related functions. 

Judging from the present CCEP findings, the dPCC is connected with 

the medial frontal area, SPL and IPL, whereas the precuneus was con- 

nected with IPL, the anterior part of the lateral occipital cortex, SPL, 

and the dorsal premotor area. Considering the functional differences be- 

tween the precuneus and dPCC, namely the visual/motor-related func- 

tions of the precuneus, and the internally directed cognition or the rest- 

ing state activation of the dPCC ( Fox et al., 2018 ), the distinct connectiv- 

ity pattern in the medial parietal cortices could support such functional 

differentiation. 

Regarding the association between DMN and connectivity patterns 

in the present study, a part of the connectivity of the central and pos- 

terior precuneus resembled that of the dPCC. Meanwhile the connec- 

tivity from the anterior precuneus is different from that of dPCC. Al- 

though previous works on resting-state connectivity or diffusion tensor 

imaging showed that the ventral posterior medial cortex is the core of 

DMN ( Utevsky et al., 2014 ; Zhang et al., 2014 ), dPCC connectivity in 

the present study did not completely overlap with the connectivity of 

DMN because dPCC connected with the SPL. One possible explanation 

for the disconcordance is the involvement of the frontoparietal cognitive 

network. Since the frontoparietal cognitive network included a part of 

the ventral medial parietal cortex ( Yeo et al., 2011 ), dPCC stimulation 

could have involved the frontoparietal cognitive network in addition to 

DMN. 

As for SPL connectivity, the present study successfully added further 

information to our previous CCEP study on the front-parietal network 

( Matsumoto et al., 2012 ). Electrophysiologically, the bidirectional con- 

nections were present between the SPL and regions such as the PMd, 

occipital area, and precuneus. Connections between the anterior part 

of the SPL and PMd have been documented in the macaque using trac- 

ers ( Hoshi and Tanji, 2007 ; Johnson et al., 1996 ; Matelli et al., 1998 ). 

In humans, the anterior and mid-lateral part of the SPL also demon- 

strated functionally connectivity with the PMd ( Wang et al., 2015 ). 

These connections are supposed to provide information related to the 

spatial representation of the body parts or visual information or atten- 

tion ( Wang et al., 2015 ; Mars et al., 2011 ; Humphreys and Lambon 

Ralph, 2015 ; Leichnetz, 2001 ; Caminiti et al., 1999 ). 

The functional connectivity shown in Supplementary Figure 3 partly 

resembles the results of CCEP connectivity, in particular the N2/late 

N1 responses in Fig. 6 . The relatively good consistency between the 

two methods has been addressed previously ( Keller et al., 2014a ; 

Nakae et al., 2020 ). The precise generation mechanism of N2 responses 

was not fully understood, although the responses were supposed to be 

related to polysynaptic responses or inhibitory rebounds ( Paulk et al., 

2022 ). A recent study suggested the different functions within N2 re- 

sponses. Veit et al., revealed the responses with both N1 and N2 are 

more likely to be found when the stimulated and recorded sites belong to 

the same intrinsic networks, while isolated N2 reactions are more likely 

elicited when they belong to different intrinsic networks ( Veit et al., 

2021 ). In the present study, we did not distinguish the N2 responses 

from this viewpoint. The proposed difference between the two N2 types 

(i.e., with or without N1) may explain the overlapping of the functional 

connectivity and the CCEP responses, but these two kinds of connec- 

tivity patterns did not completely overlap with each other. The CCEP 

connectivity provided connectivity information not obtained by a func- 

tional connectivity analysis, such as the connection between the cen- 

tral or posterior precuneus and the anterior part of the lateral occipital 

cortex. The inconsistency between the two methods may be partly at- 

tributed to the differences in methods between the CCEP and rs-fMRI, 

or the cut-off z-value. Standardized maps with a cut-off z-value of 10 

revealed weaker responses in the anterior part of the lateral occipital 

cortex and stronger responses mainly in the parietal lobe. 

4.2. Clinical implications 

Since the medial parietal cortices are involved in various motor, vi- 

sual, or cognitive functions as discussed above, seizures arising from 

the area revealed a wide range of semiologies. The present CCEP con- 

nectivity findings can help understand these semiologies and seizure 

network arising from the medial parietal cortices. Seizures arising from 

the posterior cingulate can cause motor symptoms such as hypermo- 

tor (hyperkinetic) seizures, asymmetric tonic-clonic seizures, automo- 

tor seizures, focal to bilateral tonic-clonic seizures, or auras (Déjà vu, 

jamais vu, abdominal) as ictal semiology patterns ( Enatsu et al., 2014 ; 

Alkawadri et al., 2013 ). These three types of seizure semiology patterns 

are presumed to manifest as a result of the ictal spreading of epileptic 

activity from the posterior cingulate to the anterior/middle cingulate 

cortex, SMA and mesial temporal lobe. The present study revealed the 

connectivity pattern between the posterior cingulate cortex and medial 

frontal lobe, such as the middle cingulate cortex, explaining the semiol- 

ogy pattern of hypermotor (hyperkinetic) seizures. Although the dPCC 

did not directly connect with SMA directly, the middle cingulate cor- 

tex was reported to be connected with either the SMA or the anterior 

cingulate cortex. It is possible that the epileptic focus at dPCC could 

manifest these different seizure types by the ictal propagation through 

these indirect connections ( Caruana et al., 2018 ). 

Our results showed that the anterior precuneus tended to connect 

with the lateral frontal area, whereas the central and posterior pre- 

cuneus had a rich connection with the occipital lobe. This is consistent 

with reports that described the ictal semiology arising from the epileptic 

focus in the precuneus ( Al-Ramadhani et al., 2021 ). Seizures from the 

anterior precuneus showed the semiology of bilateral tonic posturing 

suggesting propagation to the SMA with ECoG findings ( Umeoka et al., 

2007 ), those from the posterior precuneus revealed visual distortion 

with macropsia and micropsia ( Mailo and Tang-Wai, 2015 ). One case 

series also showed that two patients with lesions in the anterior half 

of the precuneus had body movement such as clonic jerks or increased 

muscle tone, whereas another two patients with lesions in the posterior 

half experienced visual symptoms such as twirling vision or visual dis- 

tortion ( Harroud et al., 2017 ). Mailo and Tang-Wai also reported the 

seizure semiology of urge described as a “feeling of wanting to move ”

and mentioned that the semiology was accompanied by the ictal pat- 

tern localized to the parieto-occipital region during video-EEG monitor- 

ing. Although there was unexplainable semiology such as disability of 

sound recognition or vestibular function ( Saeki et al., 2009 ; Wiest et al., 

2004 ), several types of seizure semiology patterns can be explained by 

the spread of epileptic activity from the focus to either the lateral frontal 

or occipital area through the connections revealed by the present CCEP 

study. 

4.3. Limitations 

Some limitations should be noted in the present study. First, the to- 

tal number of patients was limited, and the location of the electrode 

grids was reflective of clinical goals. Not all patients had electrode cov- 

erage over the medial frontal, lateral frontal, or occipital cortex and the 

investigated region was constrained to the layout of the electrode grid 

in each patient. Moreover, the lack of simultaneous coverage is noted. 

Since the anatomical coverages of stimulus/recording electrodes in the 

medial parietal cortices were sparse and different in each patient, our 
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results provided differences in connections in the limited patch of the 

brain investigated in the present study. 

We could not evaluate the connectivity difference between left and 

right hemisphere stimulation since the present study included only 3 

patients with left implanted electrodes. However, except for the pre- 

SMA or ACC, all cortical parcellations assessed in the present study were 

covered in more than two patients. Therefore, we concluded that the 

connectivity pattern was not based on the results of a single patient. 

Second, although the stimulus sites and the majority of response 

regions were away from the epileptic focus, the effect of pathology, 

namely the epileptic brain, cannot be excluded. We could not exclude 

the seizure onset zone in response sites because of the small numbers of 

the patients and response electrodes. However, seizure onset zones were 

far from the medial parietal cortices in 8 out of 9 patients. In the remain- 

ing patient, we excluded electrodes in the seizure onset zone from the 

analysis. Since subdural grids were implanted in the medial parietal ar- 

eas only if the areas were involved in the seizure onset zone or epileptic 

networks, the possibility of the electrodes being involved in the seizure 

onset zone or showing interictal spikes is inevitable. Therefore, we could 

not exclude electrodes with interictal spikes from the stimulus and re- 

sponse electrodes; however, we carefully minimized the effects of net- 

work modifications due to epilepsy by excluding the seizure onset zone 

from stimulus site. Further cases are needed to validate the connectivity 

pattern revealed by the present study. 

Third, we did not apply other methods such as Granger causality 

or transfer entropy to resting ECoG data for determining the directed 

causal influence. Future studies using these methods would complement 

the present CCEP connectivity findings for better understanding of the 

dPCC and precuneus connectivity in humans. 

Fourth, we included one patient with SEEG implantation. Although 

detailed parameter analyses of CCEP using SEEG were performed re- 

cently ( Paulk et al., 2022 ), the precise difference between CCEP of SDG 

cases and that of SEEG cases has not yet been clarified. CCEP patterns 

between SDG and SEEG might be different, and further accumulation of 

CCEP data with SDG implantation will delineate the connectivity pat- 

terns from/to the dPCC and precuneus. 

Lastly, since we could not analyze the resting state data from these 

patients with the same sites, future work combining CCEP, and rest- 

fMRI data will shed light on the relationships between them and the 

electrophysiological basis of resting-state functional connectivity. 

4.4. Conclusions 

A standardized CCEP connectivity map revealed different connectiv- 

ity patterns in the human medial parietal cortices. The precuneus was 

connected with IPL, the anterior part of lateral occipital area, SPL, the 

dorsal premotor area, whereas the dPCC was connected with the me- 

dial frontal area, SPL, and IPL. Moreover, CCEP connectivity patterns 

are partly consistent with those obtained from the functional connec- 

tivity database. A standardized CCEP connectivity map would be use- 

ful as a reference for non-invasive connectome studies. Future inter- 

institutional collaborations with a larger patient cohort will help lay the 

foundation of a standardized CCEP connectivity map for human connec- 

tome research. 
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