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Glossary 

PCC = Posterior cingulate cortex; SPES = Single pulse electrical stimulation; CCEP = Cortico-cortical 
evoked potential; ANT = Anterior nucleus of the thalamus; MEG = Magnetoencephalography;  
EEG = Electroencephalography; sEEG = Stereo electroencephalography; SOZ = Seizure Onset Zone; Hc 
= Hippocampus; PH= Parahippocampal gyrus; HC = Hippocampal Complex; Amg = Amygdala; ACC = 
Anterior cingulate cortex; MAC = Middle-anterior cingulate cortex; MPC = Middle-posterior cingulate 
cortex; PDC = Post-dorsal cingulate cortex; PVC = Post-ventral cingulate cortex; Tha = Thalamus; PCA = 
Principal component analysis. 
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Abstract 

Stimulation-evoked signals are starting to be used as biomarkers to indicate the state and 

health of brain networks. The human limbic network, often targeted for brain stimulation therapy, 

is involved in emotion and memory processing. Previous anatomical, neurophysiological and 

functional studies suggest distinct subsystems within the limbic network (Rolls, 2015). Previous 

studies using intracranial electrical stimulation, however, have emphasized the similarities of the 

evoked waveforms across the limbic network. We test whether these subsystems have distinct 

stimulation-driven signatures. In seven patients with drug-resistant epilepsy we stimulated the 

limbic system with single pulse electrical stimulation (SPES). Reliable cortico-cortical evoked 

potentials (CCEPs) were measured between hippocampus and the posterior cingulate cortex 

(PCC) and between the amygdala and the anterior cingulate cortex (ACC). However, the CCEP 

waveform in the PCC after hippocampal stimulation showed a unique and reliable morphology, 

which we term the limbic H-wave. This limbic H-wave was visually distinct and separately 

decoded from the amygdala to ACC waveform. Diffusion MRI data show that the measured 

endpoints in the PCC overlap with the endpoints of the parolfactory cingulum bundle rather than 

the parahippocampal cingulum, suggesting that the limbic H-wave may travel through fornix, 

mammillary bodies and the anterior nucleus of the thalamus (ANT). This was further confirmed 

by stimulating the ANT, which evoked the same limbic H-wave but with a shorter latency. Limbic 

subsystems have unique stimulation evoked signatures that may be used in the future to help 

develop stimulation therapies. 

Significance Statement  

The limbic system is often compromised in diverse clinical conditions, such as epilepsy or 

Alzheimer’s disease, and it is important to characterize its typical circuit responses. Stimulation 

evoked waveforms have been used in the motor system to diagnose circuit pathology. We 

translate this framework to limbic subsystems using human intracranial stereo EEG (sEEG) 

recordings that measure deeper brain areas. Our sEEG recordings describe a stimulation 

evoked waveform characteristic to the memory and spatial subsystem of the limbic network that 

we term the limbic H-wave. The limbic H-wave follows anatomical white matter pathways from 

hippocampus to thalamus to the posterior cingulum and shows promise as a distinct biomarker 

of signaling in the human brain memory and spatial limbic network. 
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Introduction  

Describing stimulation evoked biomarkers of specific human brain circuits has greatly advanced 

the understanding of different brain functions. Studies in the motor system, for instance, 

described D-waves and I-waves as evoked by direct and indirect excitation (Patton and 

Amassian, 1954; Awiszus and Feistner, 1994). In other cortical circuits, however, the focus has 

often been on extracting similar waveforms across connections. Single pulse electrical 

stimulation (SPES) often evokes negative electrical potential responses in directly connected 

regions within 50 ms (N1), which has been related to direct cortico-cortical projections (Keller et 

al., 2014). Recent work has highlighted how the focus on early responses has left out 

components with different timescales and morphologies (Gronlier et al., 2021; Miller et al., 

2021), crucial to unriddling complex cortico-subcortical pathways. Given the important role of 

the limbic system in neurological diseases, understanding its stimulation-driven features can 

help advance technologies that target this system. 

In 1878, Paul Broca used the term limbic (latin for border) for the first time to name the brain 

structures located on the border between cortical and subcortical regions, composed of the 

cingulate, hippocampal gyri, and the subcallosal frontal area (Bubb et al., 2017). In 1937 

connectivity between the hippocampus, mammillary body, anterior thalamic nuclei (ANT), and 

the cingulate cortex was proposed by James Papez as a functional model for emotions (Papez, 

1937). Later, in 1949, Paul MacLean built on Papez’s previous work and coined the widely used 

“Limbic system”, with other cognitive associations (1998). More recent studies have shown that 

there are multiple subdivisions in the limbic system based on cytoarchitecture with distinct 

functional roles (amygdala and anterior cingulate cortex (ACC) versus hippocampus and 

posterior cingulate cortex (PCC)) (Rolls, 2015; Vogt, 2019). 

The limbic system also plays a critical role in clinical conditions, such as epilepsy (Bertram et 

al., 1998; Salanova et al., 2015; Jo et al., 2019), Alzheimer’s disease (Luo et al., 2021), 

depression (Holtzheimer et al., 2012; Siddiqi et al., 2021) and obsessive-compulsive disorder 

(Miller et al., 2019; Kahn et al., 2021). In consequence, the limbic network is often targeted with 

therapeutic brain stimulation to modulate brain function (Lockman and Fisher, 2009; Miller et al., 

2019; Gregg et al., 2021). Although therapeutic effects have been shown with hippocampus and 

ANT stimulation in particular (Lockman and Fisher, 2009; Lozano et al., 2019; Nair et al., 2020; 

Gregg et al., 2021; Pal Attia et al., 2021), more sophisticated and precise technology has been 
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emerging that senses brain activity in addition to stimulating the brain. Characterizing 

stimulation evoked waveforms would allow detecting typical or pathological waveforms with 

such closed-loop systems (Wu et al., 2018). 

Characterizing electrophysiological waveforms in the limbic system is relatively challenging with 

non-invasive (EEG/MEG) techniques due to its deep location. Stereo electroencephalographic 

(sEEG) electrodes placed during invasive epilepsy monitoring can be used to identify cortical 

connections of deeper human brain networks (Keller et al., 2014; Enatsu et al., 2015). Direct 

SPES can be delivered to a particular site while measuring the electrophysiological responses 

elsewhere (Borchers et al., 2012). Previous studies measuring these cortico-cortical evoked 

potentials (CCEPs) have confirmed direct anatomical connections within the limbic network 

using early responses (Matsumoto et al., 2004; Kubota et al., 2013; Enatsu et al., 2015; Oane et 

al., 2020). 

In this study, we show different stimulation-driven waveforms when delivering to and recording 

from limbic regions (amygdala, HC, ANT and cingulate). We assume that evoked waveforms 

related to anatomical networks 1) have reliable timing and waveform across trials, 2) share the 

same features across subjects, 3) white matter endpoints should have reversed polarity across 

superficial and deeper cortical recording sites, indicating a local current source and sink, and 4) 

stimulating further downstream in a network should elicit a shorter evoked potential at a 

recorded endpoint. Using these criteria, we characterize a distinctive limbic H-wave present in 

HC-ANT-PCC connections, which belong to the hippocampal subsystem of the limbic network.   

Materials and Methods 

Subjects 

Data were collected from neurosurgical patients with sEEG probes implanted within the limbic 

network during invasive epilepsy monitoring. Seven subjects (four males and three females) of 

ages between 13 and 63 years old (mean 31 years old, Table 1) provided informed consent to 

participate in the study, which was approved by the Institutional Review Board of Mayo Clinic. 

During clinical monitoring, the Seizure Onset Zone (SOZ) and regions with interictal activity 

were identified by epilepsy neurologists [Table 1]. The limbic network was involved in the SOZ 
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only for subject 6, involving a subset of the electrodes in the hippocampus (two out of seven) 

and posterior cingulate cortex (one out of two) [Table 1, SOZ column]. 

Subject Age Sex 
Hemisphere 

implanted 

Electrode 

coverage 
SOZ Inter-ictal notes 

Treatment 

plan 

Sub-01 30 Female Right Hc, Amg, 

ACC, MAC, 

PDC 

Posterior 

insula/parietal 

operculum. 

Hc Resective 

surgery 

Sub-02 19 Male Right Hc, ACC, 

MPC, Tha 

Mid and posterior 

Insula 

Hc Laser ablation 

Sub-03 31 Female Right Hc, Amg, 

ACC, MAC, 

MPC 

AC, MAC, and 

mesial superior 

frontal gyrus 

Hc, inferior mid-

frontal orbital 

gyrus, superior 

frontal gyrus, white 

matter 

Resective 

surgery 

Sub-04 13 Female Left Hc, Amg, 

ACC, MPC, 

PDC 

Inf-posterior insula Hc, Amg, PDC and 

medial insula 

Laser ablation 

Sub-05 46 Male Right PHc, Amg, 

MPC, PDC 

Sup-frontal gyrus 

and sulcus, sup-

temporal gyrus 

and sulcus,  

PHc, Amg, sup-

temporal sulcus, 

mid-temporal 

gyrus, mid-

temporal lingual 

gyrus, fusiform 

gyrus 

Implantation of 

neurostimulator 

Sub-06 63 Male Left PHc, Hc, 

Amg, PDC, 

PVC 

Anterior and left 

insula, parieto-

temporal region, 

Hc (2/7) and PDC 

contacts 

Amg, Hc, Inf-

parietal supramar 

gyrus, subcentral 

gyrus and sulcus.    

Diet and 

medication 

adjustment  

Sub-07 19 Male Left Hc, Tha, 

MAC, ACC, 

MPC, PDC 

Medial and Inferior 

frontal gyrus and 

sulcus.  

Superior, middle, 

and inferior frontal 

gyrus, Sup-

temporal gyrus 

and Hc contacts 

Resective 

surgery 

Table 1. Demographic description of subjects included. *SOZ= Seizure Onset Zone; 

Hc=Hippocampus; PH=Parahippocampal gyrus; Amg=Amygdala; ACC=Anterior Cingulate; MAC=Mid-

Anterior Cingulate; MPC=Mid-Posterior Cingulate; PDC=Post-dorsal Cingulate; PVC=Post-Ventral 

Cingulate; Tha=Thalamus. 
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Electrode localization and inclusion 

Multi-contact flexible sEEG probes (DIXI medical) with electrode contacts of 2 mm in length and 

a diameter of 0.8 mm were implanted. Probes had lengths between 16 mm (5 contacts) to  

80.5 mm (18 contacts) [Figure 1B]. The placement of the sEEG probes were selected by the 

clinical team for the purpose of SOZ localization, with electrode coverage of different brain 

regions [Figure 1A, sEEG schematic] according to the clinical planning. 

Electrodes were localized using a CT scan (Hermes et al., 2010) and aligned to the T1-weighted 

(T1w) anatomical MRI using existing software (Friston et al., 2007) 

(https://www.fil.ion.ucl.ac.uk/spm/software/download/). MRI scans were auto-segmented using 

FreeSurfer 7 (Fischl, 2012) (https://surfer.nmr.mgh.harvard.edu/). The segmentation was 

reviewed for accuracy and sEEG electrodes were labeled according to Freesurfer’s Destrieux 

atlas (Destrieux et al., 2010). Electrodes labeled as amygdala, hippocampus, parahippocampal 

gyrus, thalamus, and cingulate cortex were included in the study. Sites labeled as anterior 

cingulate and middle anterior cingulate were grouped together as Anterior Cingulate Cortex 

(ACC); and sites labeled as middle posterior cingulate, posterior-dorsal cingulate, and posterior-

ventral cingulate were grouped together as Posterior Cingulate Cortex (PCC). Sites labeled as 

hippocampus and parahippocampal gyrus were grouped together as Hippocampal Complex 

(HC) (Nemanic et al., 2004). Estimated positions of the electrodes are shown in Supplemental 

Figures 2-1 and 2-2. 

CCEPs and Intracranial EEG measurements 

Using a Nicolet Cortical Stimulator from Natus Medical Incorporated (Middleton, WI). SPES was 

delivered using biphasic pulses of 200μs duration. For subjects 1 to 6, SPES was applied with 

6mA amplitude every three to five seconds for a total number of 10 to 12 times [Figure 1C]. 

Given the higher excitability observed in subject 7, lower amplitudes (3mA and 4mA) were used 

for most sites. CCEPs were recorded [Figure 1D] at 2048Hz using a Natus Quantum amplifier. 
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Figure 1.  Illustration of Cortico-Cortical Evoked Potentials (CCEPs) experimental paradigm.  

A) Schematic of a brain implanted with sEEG probes. Illustration shows CCEP paradigm where 

stimulation is delivered and signals depicted in all the other contacts; B) Picture of a twelve contacts DIXI 

medical MICRODEEP sEEG probe with cap and skull bolt and its dimensions;  

C) Parameters used when delivering single pulse biphasic electrical stimulation; D) Illustrative schematic 

of the amplified CCEP signal, showing the stimulation onset followed by a classical evoked potential. 

Data pre-processing 

CCEP recordings were visually inspected for electrical and movement artifacts, and channels 

and trials with excessive line noise were excluded from analyses. Data were re-referenced to a 

modified common average in a trial-by-trial manner to exclude the stimulated channels and 

channels with large variance. In addition, we consider the fact that noise was shared across 

blocks of 64 channels because 64 channels were acquired within one headbox (maximum of 4 

headboxes with 256 channels total). For each channel, we consider the 64 channels from the 

same headbox to calculate a common reference signal. From the 64 channels, we exclude bad 

channels, stimulated channels, the 5% of channels with the largest variance from 500-2000 ms 

after stimulation and the 25% of channels with the largest variance from 10-100 ms after 
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stimulation to calculate the average. The common average was then subtracted from all other 

channels. A baseline correction was then used by subtracting the median amplitude from 0.5 s 

to 0.05 s before each stimulation from each trial.  

Statistical analyses 

Reliable CCEP waveforms and significance. One of the criteria we assume for waveforms 

related to anatomical networks is that they have a reliable waveform across trials. To determine 

whether responses were significant, we therefore tested the reliability of the shape of the 

responses across trials using a previously published method (Miller et al., 2021). Electrodes 

were stimulated 10-12 times, and a cross projection matrix, P, was calculated for each 

stimulation electrode pair as scalar projections between all pairs of trials from 15-500 ms, with 

self-projections removed: 𝑃 = 𝑉̂𝑇𝑉, where 𝑉𝑘̂(𝑡)  = 𝑉𝑘(𝑡)/|𝑉𝑘(𝑡)| for the kth trial. Significance can 

then be assessed by calculating a t-statistic and associated p-value testing whether the cross 

projections in the matrix 𝑃 differ significantly from zero. The advantage is that this method fully 

depends on inter-trial reliability, while not depending on the shape of the CCEP and no prior 

assumptions are made for response duration or polarity. For multiple comparison correction 

across all stimulation and response pairs, we used FDR-adjusted p-value <0.05. 

Time-lag between inputs from different sites. In the limbic circuit, the PCC is connected to 

the HC and ANT. To understand whether PCC responses to HC and ANT stimulation were 

similar, but lagged in time, we calculated time-lagged cross-correlations between HC and ANT 

evoked responses in PCC within two subjects that had electrodes placed in all three areas. 

Cross correlations were calculated between all trials with PCC responses when the HC was 

stimulated (n trials) and when ANT was stimulated (m trials), resulting in mxn cross 

correlations. To calculate confidence intervals of the cross-correlation and time-lag between the 

two inputs, we used a bootstrapping method (Efron and Tibshirani, 1998) and sampled with 

replacement 10,000 times from observed cross-correlations.  

Wavelet Principal Component Analysis (PCA) and Linear Discriminant Analysis. One of 

the criteria we assume for waveforms related to anatomical networks is that they have a reliable 

waveform across subjects. We quantitatively assess distinct waveforms in the amygdala and 

hippocampal limbic subsystems across subjects. PCA was performed in the discrete wavelet 

domain on significant CCEPs between limbic regions to provide a low-dimensional visualization 
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of (dis)similarity between tested limbic connections. Subject 1, with both amygdala-to-ACC 

(n=9) and HC-to-PCC CCEPs (n=15), was withheld as independent testing data. First, the 

significant CCEPs between limbic regions were L2-normalized between 100 and 1000 ms post-

stimulation. Then, the highest level (8) discrete wavelet transform of each CCEP was calculated 

using the fourth Symlet wavelet, and all coefficients below the 95th percentile were set to 0. The 

wavelet transformation and thresholding steps allow rapid temporal changes in the signal to be 

emphasized while reducing low-amplitude noise (Daubechies, 1992; Gupta and Jacobson, 

2006; Puyati et al., 2006; Brunton and Kutz, 2022). The set of all transformed CCEPs was 

mean-centered at each wavelet coefficient and principal components were determined by 

singular value decomposition. CCEPs were projected to two principal components that 

independently showed good separation between the amygdala-to-ACC and HC-to-PCC 

conditions, by visual inspection. Linear discriminant analysis was performed in this two-

dimensional space between those two limbic conditions using leave-one-subject-out training, 

and model accuracy was later assessed.  

Diffusion-weighted imaging (DWI) and tractography  

Subjects 2 and 7 were scanned in a Compact 3.0T MRI scanner with high-performance 

gradients (Foo et al., 2018) at Mayo Clinic Rochester under an IRB-approved protocol. We used 

Distortion-free imaging: A double encoding method (In et al.) to scan two series with each two 

volumes at b=0 s/mm2 and 48 directions at b=1000 s/mm2, TR/TE/TENE = 2659/42.7/49.6 ms 

(TENE is navigator echo time for the DIADEM sequence), 70 slices at 2 mm thickness (zero 

gap), FOV of 216 mm and acquisition matrix 108X108.  

Diffusion Magnetic Resonance Imaging (dMRI) data were preprocessed to correct for subject 

motion and eddy currents and to align the dMRI images and T1w anatomical image using the 

ANTs (Advanced Normalization Tools) algorithm in QSIprep version 0.14.2 (Cieslak et al., 

2021). DSI studio was used to track different subcomponents of the cingulum bundles and the 

fornix bundles. 

First, the restricted diffusion was quantified using restricted diffusion imaging (Yeh et al., 2017). 

Next, the diffusion data were reconstructed using generalized q-sampling imaging (Yeh et al., 

2010) with a diffusion sampling length ratio of 1.25. Finally, a deterministic fiber tracking 

algorithm (Yeh et al., 2013) was used with augmented tracking strategies (Yeh, 2020) to 

improve reproducibility. The anatomy prior of a tractography atlas (Yeh et al., 2018) was used to 
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map the fornix and cingulum bundles with a distance tolerance of 16 (mm). The anisotropy 

threshold was randomly selected, and the angular threshold was randomly selected from 15 

degrees to 90 degrees, the step size was randomly selected from 0.5 voxel to 1.5 voxels. 

Tracks with lengths shorter than 20 mm or longer than 300 mm were discarded. A total of 5000 

tracts were calculated. Topology-informed pruning (Yeh et al., 2019) was applied to the 

tractography with 12 iteration(s) to remove false connections. 

Code and data accessibility  

Code written in MATLAB to reproduce the statistics and figures contained in this manuscript will 

be available on our GitHub page. Data will be shared with publication in BIDS format on 

OpenNeuro.org. 

Results 

In order to understand whether limbic subsystems have distinct stimulation evoked network 

signatures, we stimulate and measure from different limbic regions. We first visualize the 

waveforms across subjects [Figure 2], showing various waveforms across connections and 

highlighting the distinct connectivity between ACC and the amygdala versus PCC and the 

hippocampal complex (HC). Second, we show how reliable the HC to the PCC (HC-to-PC) 

waveform is across trials in one subject, and that it displays a characteristic waveform, which we 

will call the limbic H-wave [Figure 3]. Third, we show the HC-to-PCC waveforms across all 

subjects and connections, typically showing the limbic H-wave with a characteristic peak at 200 

ms. The proportion of reliable waveforms from the HC-to-PCC is higher than from the HC-to-

ACC or amygdala-to-PCC, further establishing the strength of connectivity between HC and 

PCC [Figure 4]. Fourth, to confirm the current source and sink of the limbic H-wave peak at 200 

ms in the PCC, we show that the peak is typically reversed at deeper and superficial PCC 

recording sites [Figure 5]. Fifth, we show that stimulating more posterior in the HC evokes faster 

responses in the PCC [Figure 6]. Sixth, since a 200 ms delay is too long for a direct connection, 

we further probe the network involved in these PCC waveforms by stimulating the ANT and 

extracting the white matter bundles potentially involved in the propagation of the waveform in 2 

subjects [Figure 7]. Lastly, to understand the decodability between amygdala and ACC versus 

hippocampus and PCC across subjects, we test whether the waveform shape could be 

predicted from existing subjects in a left-out-subject [Figure 8].  
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Limbic network waveforms across subjects 

 

Figure 2. Stimulation-driven waveforms in limbic connections across subjects. MNI brain render of 

both right (upper) and left (bottom) hemispheres with all limbic contacts where signals from A, B, C, and 

D were measuring and stimulating from. Normalized voltage of significant CCEPs (thicker black line) 

plotted over time with confidence interval (gray shadow) and samples with a significant difference from 

baseline (dots at the bottom of plots). A) Measurements in the ACC after HC (i), PCC (ii), and amygdala 

(iii) stimulation. B) Measurements in the PCC after ACC (i), HC (ii), and amygdala (iii) stimulation. C) 

Measurements in the amygdala after ACC (i), PCC (ii), and HC (iii) stimulation.  

D) Measurements in the HC after ACC (i), amygdala (ii), and PCC (iii) stimulation. 

First, we visualize the stimulation-evoked network signatures of the different limbic connections 

across all subjects. Figure 2 shows the CCEP waveform averaged across all significant 

responses (pFDRcorrected<0.05, see methods) across all subjects [Figure 2, middle panel with 

standard brain shows the coverage across all subjects. Supplemental Figure 2-1 and 2-2 show 
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the estimated coverage for each subject]. A broad range of stimulation-driven waveforms is 

observed throughout the limbic network. When stimulating and measuring most adjacent sites 

(PCC to ACC [Figure 2A], HC to Amygdala [Figure 2C], Amygdala to HC [Figure 2D]), evoked 

potentials significantly differ from zero across earlier and later periods, showing early waveforms 

with a peak followed by a slow wave [Figure 2-3 and 2-4 show measurements in HC and 

amygdala in each individual subject]. Between distant sites, measurements in the ACC show 

significant waveforms from amygdala stimulation of large amplitude, starting early and lasting up 

to 1 sec duration, whereas hippocampal stimulation caused smaller deviations [Figure 2A]. 

Measurements in the PCC show significant responses from HC stimulation with an early peak 

before 100 ms and a later peak around 200 ms [Figure 2B]. This 200 ms peak is a much later 

response than the short N1 latencies typically reported within the first 100 ms. Measurements in 

amygdala show significant changes across the subjects from ACC or PCC stimulation. 

Measurements in hippocampus however show significant evoked waveforms up to 500 ms only 

from PCC stimulation. While these data emphasize the strong bidirectional connections 

between hippocampus and PCC or amygdala and ACC, the averaging across subjects may 

obscure some of the details in the waveforms in terms of reliability across trials, temporal shifts 

and polarity.   

CCEPs in PCC after HC stimulation  

To ensure these unique features in the HC-to-PCC waveform are also present across trials, we 

show data from subject 1 [Figure 3]. After stimulating different pairs of electrodes located along 

the HC, we analyze the data from a single PCC site [schematic in Figure 3A]. In this example, 

prominent and very consistent CCEPs are observed in the PCC when stimulating along HC 

electrode-pairs [Figure 3B]. Responses in all trials show a sharp peak around 200 ms, that is 

preceded and followed by slow positive waves until about 500 ms. Thus, we confirm that the 

waveform is reliable across trials and is not driven by outliers or fluctuating interictal activity. We 

will further refer to this waveform as the limbic H-wave. 

To further observe the presence of the limbic H-wave in different electrodes on HC to PCC 

connections, we show the CCEP waveforms between all significant stimulated/measured 

connections [Figure 4C]. Significance was established by cross-trial reliability and we find that 

from all possible HC-to-PCC connections across subjects, a large percentage of connections 

are significant (87%, range 60-100%, t-tests, pFDRcorrected<0.05). We find that from all possible 
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HC-to-ACC connections across subjects, fewer connections are significant (46%, range 17 -

100%, t-tests, pFDRcorrected<0.05) [Figure 4B]. Amygdala-to-PCC connections are also less reliably 

observed across subjects (60%, range 8-100%, t-tests, pFDRcorrected<0.05) [Figure 4D] (voltage IS 

normalized in Figure 4, Supplemental Figure 4-1 shows the CCEPs in V). These calculations 

confirm the strong connectivity between HC and PCC in each individual subject.  

 

 

Figure 3. PCC shows a reliable late and complex waveform when stimulated along the 

hippocampus (limbic H-wave). A) Brain schematic with representative recording and stimulation sites, 

with PCC in blue and areas surrounding hippocampus in orange since hippocampus is located 

underneath the cortical surface.  B) CCEPs (V) from a single contact in PCC from subject one. Each 

panel shows CCEP trials (gray lines) after stimulating a different pair of hippocampal electrodes. 

Stimulation onset at time 0 and the average response is shown in black.  
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Figure 4. CCEPs measured from PCC and ACC after hippocampal and amygdala stimulation.  

A) Brain schematic with representative recording and stimulation sites. Gray matter labeled as PCC 

(blue) and ACC (beige) contain an example of a recording site. (A) = Amygdala and (H) = Hippocampal 

complex sites representing the location of the stimulating electrodes. Significant average responses (t-

tests, pFDRcorrected<0.05, L2-normalized) are represented by each black line under three different 

conditions, denoted in B), C) and D).  B) ACC under hippocampal stimulation, C) PCC under 

hippocampal stimulation, and D) PCC under amygdala stimulation. 

While all shown waveforms are reliable across trials, these reliable waveforms show some 

variability between connections (Figure 4B). A common feature observed in most HC-to-PCC 

connections is a sharp peak around 200 ms, except for subject 7 (we note that stimulation 

amplitude was reduced in subject 7). Evoked waveforms are often positive in polarity with a total 
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duration of around 500 ms. Differences in polarity and latency will be addressed in subsequent 

Figures 5 and 6. Importantly, these responses show more complex features than previously 

described in studies focusing on the early N1/N2 components.  

Polarity of limbic H-wave reverses at PCC endpoints 

Polarity reversals between contacts recording from a superficial and a deep source across the 

cortical surface indicate that there is a signals source between the contacts (Mitzdorf, 1985). We 

observe that HC-to-PCC connections often elicited a limbic H-wave with a sharp peak around 

200 ms and an overall latency of around 500 ms. However, the peak could be either positive or 

negative (Figure 4C). We hypothesize that the variability in polarity is a result of sEEG 

electrodes recording from different cortical depths. Therefore, we inspect the signals from 

subjects 1, 3, and 5 where both polarities are present. Figure 5A shows limbic H-wave from 

different measurement electrodes in the PCC. Differences in polarity are observed in signals 

recorded from superficial sites [Figure 5, dark and light blue traces in A; blue circles 

representing electrodes in B] compared to signals depicted deeper in the gray matter (around 

3.5 mm center to center) [Figure 5, dark and bright yellow traces in A; yellow circles 

representing electrodes in B]. The superficial recordings show a peak with negative polarity 

around 200 ms, whereas the deeper recordings show a peak with positive polarity. These visual 

inspections show that the position of the electrodes relative to the gray matter determines the 

polarity of the limbic H-wave, indicating a local signal source and sink in the PCC. 
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Figure 5 Electrodes positioned in different depths of the PCC and variability in morphology.  

A) Normalized limbic H-waves (L2-normalized) in the PCC from hippocampal stimulation plotted as a 

function of time. Limbic H-waves from a superficial electrode (blue traces), limbic H-waves from the deep 

electrode (yellow traces). B) Coronal view (left panel) and sagittal view (right panel) showing an 

estimation of the electrodes (blue, superficial; yellow, deep) for subject one, three, and five. 

Variability in latency of responses  

To further understand whether the waveform is related to the HC-PCC subsystem of the limbic 

network, we test whether stimulation at posterior sites along the HC elicits earlier evoked 

responses in the PCC. We observe that hippocampus to PCC connections often elicited a limbic 

H-wave with a sharp peak around 200 ms, but the timing could differ between stimulation and 

recording pairs. We hypothesize that the variability in timing is a result of sEEG electrodes 

positioned at different distances, as some signals travel further than others. In subject 4, we 

group together limbic H-waves elicited by single sEEG probes within the HC, ending up with a 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 29, 2022. ; https://doi.org/10.1101/2022.11.23.517746doi: bioRxiv preprint 

https://doi.org/10.1101/2022.11.23.517746
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

posterior (Probe I) [Figure 6B, green circles] and an anterior group (Probe II) [Figure 6B, red 

circles], and visualize the limbic H-waves in different colors (green for posterior stimulation, red 

for anterior stimulation) [Figure 6A]. Stimulation in more posterior HC sites elicits earlier peaks 

(green traces) than stimulation of more anterior HC sites (red traces).  

 

 

Figure 6. Location of stimulation sites and PCC response. A) Normalized limbic H-waves (L2-

normalized) measured in PCC after hippocampal stimulation are plotted as function of time for subject 

4. Significant limbic H-waves upon stimulation of Probe I (in green) and Probe II (in red). B) Axial (left) 

and sagittal view (right) with an estimation of the stimulating electrodes (contacts in Probe I in green; 

contacts in Probe II in red).  

We note that responses from stimulation of more posterior HC sites are about 25 ms earlier 

compared to sites that are 1 or 2 cm more anterior. This difference in latency is unlikely to be 

related only to the distance along the fornix, given that typical white matter transmission speeds 

are much faster than 40 cm/sec (Innocenti et al., 2014). However, the longitudinal axis of the 

hippocampus contains different sub-fields (Strange et al., 2014) which may play a role as well. 

This variability in latencies suggests that signals from the HC-to-PCC spread in an anterior-to-

posterior direction along the HC. 

ANT stimulation elicits similar PCC waveforms, with reduced 

latencies  

Diffusion MRI (dMRI) imaging has delineated several subsegments of the cingulum bundle. 

There are two possible pathways from the HC to the PCC, the posterior and the anterior. The 

posterior, connecting through the parahippocampal cingulum bundle (phcin) [Figure 7A, orange 

tract] (Jones et al., 2013; Wu et al., 2016); and the anterior, connecting through the thalamic 

portion of the limbic system, where hippocampus projects through the fornix (fx), to the 

mammillary bodies (MB), which project through the mammillothalamic tract (Grewal et al., 2018) 
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to the ANT, that further projects to the PCC through the parolfactory cingulum (pocin) bundle 

(Mufson and Pandya, 1984; Jones et al., 2013; Wu et al., 2016; Wang et al., 2020; Gregg et al., 

2021; Aggleton et al., 2022). DSI studio software tool can separately estimate different 

subsegments of the cingulum bundle (Wu et al., 2016). Figure 7A shows two subjects with the 

estimates of the fornix, as well as different cingulum subsegments: the frontoparietal (fpcin) 

[yellow tract], phcin [orange tract], and pocin ,[blue tract], as shown in previous anatomical studies 

(Jones et al., 2013; Wu et al., 2016; Bubb et al., 2018). In addition, estimates of the electrode 

sites [Figure 7, white circles] in the HC, the ANT, and the PCC.  

We analyzed CCEP data from subjects 2 and 7 with electrodes implanted in the ANT trying to 

differentiate the pathway potentially involved in the propagation of the limbic H-wave. From all 

possible ANT-to-PCC connections, a large proportion are significant (84%, range 67-100%), 

where the presence of limbic H-waves is observed with the characteristic 200 ms peak [Figure 

7B, green traces - Figure S2C]. To quantify the delay between the limbic H-waves measured in 

the PCC after ANT and HC stimulation, we calculated the cross-correlation between the 

average of the HC-to-PCC and ANT-to-PCC limbic H-waves [Figure 7C]. The ANT-to-PCC 

connections are significantly faster compared to the HC-to-PCC limbic H-waves (confidence 

intervals calculated by bootstrapping with 10,000 resamples), with an average shift of 34 ms in 

subject 2 and 245 ms in subject 7. The 34 ms observed in subject 2 is a typical delay between 

distant regions (Keller et al., 2014), the 245 ms in subject 7 also has a larger confidence interval 

give that the hippocampal stimulations at 4mA are less robust. The decreased latency of the 

limbic H-wave after ANT stimulation suggests an anterior route of propagation, potentially 

traveling from HC, through the fornix to the ANT, and later through the parolfactory cingulum 

bundle to the PCC, (Wu et al., 2016; Wang et al., 2020). 
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Figure 7. Limbic H-waves under ANT stimulation with reduced latencies reveal an anterior 

propagation route. A) dMRI estimates of the fornix (fx, red tract), parahippocampal (phcin, orange tract), 

frontoparietal (fpcin, yellow), parolfactory (pocin, blue) cingulum, and estimated location of the recording 

and stimulation sites in the PCC, HC and ANT (white circles). Additionally, the representative MTT 

(dotted red line) connecting the mammillary body (MB) and the ANT. B) L2-normalized PCC CCEPs 

under ANT (green) and Hippocampal (orange) stimulation, plotted over time. C) Normalized cross-

correlations over time-shift in seconds. Single cross-correlations (gray) and their average (black, 95% 

confidence interval, transparent gray). CCEPs in the PCC time-shift after ANT stimulation compared to 

HC stimulation (95% confidence interval, transparent red). 
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By looking at the visual match between the electrode positions, estimated bundles and their 

endpoints, in addition to the presence of the limbic H-wave after ANT stimulation, we 

hypothesize that the limbic H-wave is generated by the circuit between the hippocampus, ANT, 

and the PCC, consistent with the previous reports on the hippocampal limbic system (Rolls, 

2015; Wang et al., 2020; Aggleton et al., 2022). Interestingly, limbic H-waves in the PCC are not 

as clearly observed in subject 7 under HC stimulation (Figure 7A, orange traces), whereas ANT 

stimulation evoked clear limbic H-waves. We note that the stimulation amplitude in subject 7 

was lower compared to the other subjects (4mA compared to 6mA). Thus, a lower amplitude 

results in a smaller volume of tissue activation, perhaps not stimulating the hippocampus or 

fornix as strongly as in other cases.  

Limbic connections  

 

Figure 8. Similarity metric within tested limbic connections. A) Each significant limbic CCEP is L2-

normalized between 100 and 1000 ms post-stimulation and then subjected to a level-8 (maximum) 

discrete wavelet transform using the fourth Symlet wavelet. All wavelet coefficients below the 95% 

percentile were set to 0. B) Principal component analysis was performed on all thresholded and discrete 

wavelet-transformed CCEPs. (Left) percent variance explained by each of the first five principal 

components. (Right) Distribution of amygdala-to-ACC and hippocampus-to-PCC scores in each of the 

first five principal components. C) (Top) All limbic CCEPs were projected to the first and third principal 

components. Each color representing a different indirect limbic connection, and gray dots representing 

waveforms of other limbic connections (e.g., within regions, such as HC-to-HC [supplemental figure 2-3] 

or amg-to-amg [supplemental figure 2-4], and connections of adjacent regions, such as Amg-to-HC 

[supplemental figure 2-3]) Dashed line indicates decision boundary for linear discriminant analysis 

between amygdala-to-ACC and HC-to-PCC CCEPs. (Bottom) Leave-one-subject-out cross validation 

yields a mean accuracy of 79%. 
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We report the limbic H-wave, an electrophysiological signature in the PCC when stimulating in 

the HC. This limbic H-wave is visually distinct from other waveforms, including those with strong 

effective and functional connectivity, such as the amygdala-to-ACC (Beckmann et al., 2009; 

Rolls, 2015; Bubb et al., 2018; Oane et al., 2020). To quantify the distinction between these two 

functional networks: memory and spatial HC-to-PCC and the emotional amygdala-to-ACC 

connections, we performed a linear discriminant analysis on principal components of discrete 

wavelet-transformed CCEPs (see methods) [Figure 8]. The first and third principal components, 

which collectively explained 55% of total variance across CCEPs, were used for linear 

discriminant analysis as they independently showed good separation between HC-to-PCC and 

amygdala-to-ACC conditions [Figure 8B, right panel]. Figure 8C (top) shows that HC-to-PCC 

CCEPs (blue) cluster distinctly from amygdala-to-ACC (red) CCEPs. The mean leave-one-

subject-out cross validation accuracy of linear discriminant analysis between these two 

conditions is 79% (Figure 8C, bottom), much higher than the chance level of 50%. The other 

limbic conditions are more interspersed in this two-dimensional representation. 

Discussion 

In order to map network signatures in limbic subsystems, we measured single pulse stimulation-

evoked electrophysiological waveforms from the human limbic system across the full duration of 

the response (1 sec), well beyond previously characterized early responses (<100 ms). Our 

data showed different stimulation-driven waveforms when stimulating and recording from 

different limbic regions. We describe how the limbic H-wave, measured in PCC after 

hippocampal stimulation: 1) shows reliable timing and morphology across trials with a peak 

around 200 ms, 2) shares the same, decodable, features across subjects, 3) has reversed 

polarity across superficial and deeper cortical PCC recording sites, and 4) has a decrease in 

latency of the response at a recorded endpoint when stimulating further downstream in the 

hippocampus or in the ANT. Following these criteria, we characterize a distinctive limbic H-wave 

present in indirect HC-ANT-PCC connections that is likely related to the memory and spatial 

hippocampal subsystem of the limbic network. 

Responses in the memory and spatial limbic subsystem 

Using the limbic system as a canonical circuit for investigation demonstrates that CCEPs can 

map out network signatures in cognitive brain circuits, such as the hippocampal limbic 
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subsystem associated with memory and spatial processing. Our findings indicate that HC-to-

PCC connections have a distinct waveform with a sharp peak around 200 ms preceded and 

followed by slow waves. These late responses are likely generated through polysynaptic indirect 

cortico-subcortical connections (Child and Benarroch, 2013; Kubota et al., 2013; Kumaravelu et 

al., 2018). Brain structures involved in the propagation of the limbic H-wave, such as 

hippocampus, ANT and PCC, have been described as part of the Papez circuit (Papez, 1937), 

and later associated with a distinct functional role in memory and spatial processing within the 

limbic system (Rolls, 2015; Bubb et al., 2017).  

The dMRI data indicate the white matter tracts that potentially mediate the propagation of the 

limbic H-wave. The stimulated and recorded electrode sites matched the fornix and parolfactory 

cingulum bundle endpoints respectively. Diffusion MRI studies have started to delineate 

different parts of the cingulum bundle in humans (Beckmann et al., 2009; Jones et al., 2013; Wu 

et al., 2016). The parolfactory cingulum bundle connects subgenual regions to the PCC, 

consistent with what has been shown in animal studies (Mufson and Pandya, 1984; Carmichael 

and Price, 1996; Wu et al., 2016; Bubb et al., 2018). Given the endpoint location of our 

electrodes, the pocin segment of the cingulum is most likely involved in the limbic H-wave, in 

contrast with the fpcin and phcin segments of the cingulum, where the endpoints are located more 

posterior from the electrodes. Further animal, lesion, and stimulation studies may further explain 

the network involved in the limbic H-wave and how its later components are being generated.  

It is important to distinguish the connections from amygdala and ACC versus the hippocampus 

and PCC to understand limbic subsystems (Rolls, 2015). Recent functional studies further 

emphasize the subdivisions of the cingulate cortex and cytoarchitectural differences (Aponik-

Gremillion et al., 2022; Willbrand et al., 2022). We trained a model that showed a distinction 

between HC-to-PCC (related to the hippocampal limbic system) and amygdala-to-ACC 

connections (related to the emotion limbic system) based on its waveform. This indicates that 

electrical stimulation evoked waveforms are particular for different anatomical connections and 

may potentially serve as biomarkers of different anatomical and functional limbic subsystems, in 

a similar manner as other studies have done in the motor system.  

The limbic H-wave in our data is consistently observed across subjects. However, variability 

within subjects shows how unique electrophysiological responses vary in amplitude, polarity, 

and latency depending on the stimulated and measured electrode. The high temporal and 

spatial resolution of the sEEG recordings described here allow us to delineate how shifts in 
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polarity and latency can be explained by the cortical layer of the recording electrode and the 

distance between the recording and stimulated site.  

Previous CCEP studies have primarily described the early evoked responses by focusing on  

1) changes in strength (Root Mean Square, RMS), or on 2) the first negative (N1) or positive 

(P1) components (Kubota et al., 2013; Enatsu et al., 2015; Donos et al., 2016; Takeyama et al., 

2019; Oane et al., 2020). Kubota and Enatsu reported strong CCEPs in the PCC after both 

anterior and posterior hippocampal stimulation. While their results thus focus on the early 

responses, a review of their figures reveals a similar waveform within the first 300 ms that is 

similar to the limbic H-wave in our data. Another study similarly showed a peak in the PCC at 

187 ms after fornix stimulation (Koubeissi et al., 2013). While neither study elaborated upon this 

waveform, they provide independent confirmation of our measurements. Thus, the limbic H-

wave in our data is therefore reproducible across studies and emphasizes that different 

networks may show unique interactions. 

Stimulation driven signatures as biomarkers 

In motor systems, Patton and Amassian described D-waves as early or direct responses, in 

contrast with the later or indirect I-waves (Patton and Amassian, 1954). These well 

characterized waveforms are used as biomarkers for intraoperative monitoring, to understand 

and diagnose pathology in the motor functions (Boyd et al., 1986; Hicks et al., 1991; Quinones-

Hinojosa et al., 2005; Costa et al., 2013). In the limbic system, such waveforms thus far have 

not been characterized. The limbic H-wave we observed may characterize an indirect anterior 

route within the limbic network (Papez, 1937; Rolls, 2015), from hippocampus, through the 

fornix to the mamillary bodies, through the mammillothalamic tract to ANT, through the 

parolfactory segment of the cingulum bundle to the PCC [Figure 7].  

Epilepsy often involves the limbic system (Wyllie, 2012). In our study, only subject 6 had a 

limbic SOZ (see methods, subjects), and only subject 4 had reported interictal activity in the 

PCC [Table 1, inter-ictal notes]. However, all 7 subjects had reported interictal epileptiform 

activity involving the hippocampus or amygdala, which is typical for patients who have 

electrodes implanted in the limbic system. Interictal epileptiform spike-slow wave discharges 

have been reported in the cerebral cortex in animals behaving freely (Pearce et al., 2014), and 

is typically considered a hallmark of hyperexcitability associated with epilepsy (Williams, 1953; 
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Babb and Crandall, 1976; Valentin et al., 2002; Valentin et al., 2005). The limbic H wave 

morphology as presented in Figure 3 resembles to some extend an interictal spike-wave 

discharge, which is commonly seen in both scalp and invasive EEG monitoring. Spontaneous 

examples may occur as single examples or in trains. The observed limbic H-wave contains a 

single cycle, had reliable latency across trials and subjects and shows specificity to the PCC. 

While the epilepsy and a hyperexcitable limbic system may therefore facilitate this response, 

future research will have to determine to what extent it is only observed in patients with 

epilepsy. 

Conclusion 

Single pulse electrical stimulation reveals the limbic H-wave in the PCC after stimulating the 

hippocampus. Combined with diffusion imaging, and well established anatomical knowledge 

(Papez, 1937; Wang et al., 2020), it is likely that this response is generated by indirect 

projections through the hippocampal limbic system. Stimulation-generated waveforms have 

been used for many decades as electrophysiological biomarkers of motor system function. 

These data suggest that the limbic H-wave we describe can be used as such an 

electrophysiological biomarker of the memory-spatial part of the limbic system.  
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Supplementary Figures 

 

Figure 2-1. Anatomical estimation of cingulate cortex and HC electrode contacts in T1w brain 

slices across subjects. A) Sagittal (left panel) and axial (right panel) view of the electrode estimations 

implanted in the HC (in orange, circles for hippocampus and stars for parahippocampal gyrus), B) Sagittal 

(left panel) and axial (right panel) view of the electrode estimations implanted in the amygdala (purple 

circles), C) Sagittal (left panel) and axial (right panel) view of the electrode estimations implanted in the 

ANT (green circles). 
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Figure 2-2. Anatomical estimation of amygdala and ANT electrode contacts in T1w brain slices 

across subjects. A) Sagittal (left panel) and axial (right panel) view of the electrode estimations 

implanted in the amygdala, and B) in the ANT. 
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Figure 2-3. Measurements in the HC. Significant CCEPs in the HC (t-tests, pFDRcorrected<0.05, L2-
normalized) are represented by each black line after stimulation in two different regions denoted in A) 
and B). A) Recordings in the HC after stimulation within the HC with a mean of 97% of significant 
CCEPs across subjects. B) Recordings in the HC upon stimulation in the with a mean of 94% of 
significant CCEPs across subjects. 
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Figure 2-4. Measurements in the amygdala. Significant CCEPs in the amygdala (t-tests, 
pFDRcorrected<0.05, L2-normalized) are represented by each black line after stimulation in two different 

regions denoted in A) and B). A) Recordings in amygdala upon stimulation in the HC with a mean of 
95% of significant CCEPs across subjects. B) Recordings in amygdala after stimulation within the 

amygdala with a mean of 96% of significant CCEPs across subjects. 
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Figure 4-1. CCEPs measured from PCC and ACC after hippocampal and amygdala stimulation 

with voltage in V. Significant average responses (t-tests, pFDRcorrected<0.05) are represented by each 

black line under three different conditions, denoted inA), B), and C).  A) ACC under hippocampal 
stimulation, B) PCC under hippocampal stimulation, and C) PCC under amygdala stimulation. 
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