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Abstract— Cortical mapping is widely employed to define the
sensorimotor area and delineate the central sulcus (CS) during
awake craniotomies. The approach involves the gold standard
somatosensory evoked potentials (SSEPs) recorded with
electrocorticogram (ECoG) strip electrodes. However, the
evoked response can be misconstrued from the manual peak
interpretation due to the poor spatial resolution of the strip
electrode or when the electrode does not precisely cover the
desired cortical area. This can lead to unintentional damage to
the eloquent cortex. We present a soft real-time computer based
visualization system that uses recorded SSEPs with a subdural
grid to aid in cortical mapping. The neural data during electrical
stimulation of the median nerve at 0.6Hz are picked up with a
bio-amplifier at 2.4kHz. The stimulation artifact recorded from
the bipolar electromyogram (EMG) is used as the stimulation
onset. The ECoG data are assessed online with MATLAB
Simulink to process and visualize the SSEPs waveform. The
visualization system is programmed to display the SSEPs peak
activation as a heat map on a 2D grid and projected onto a
screen, showcasing the nature of the cortical activities over the
contact surface area. Since the grid occupies a large cortical
surface, the heatmap is able to delineate the central sulcus. The
map can be viewed at any time point along the SSEP trace
without the need for peak interpretation. With the goal to
provide additional information during cortical mapping and
facilitate interpretation of ECoG grid data, we believe that this
visualization system will aid in rapid definition of the
sensorimotor area during surgical planning.

Clinical Relevance—This real-time visualization system can
be used to delineate the central sulcus in a short time during
awake craniotomies.

I. INTRODUCTION

Intraoperative cortical mapping has long been used to spare
the eloquent cortex during resection surgeries [1]. One of the
techniques used to identify the sensorimotor cortex involves
the gold standard median nerve somatosensory evoked
potential phase reversal technique (MSSEP-PRT)[2]. The
approach comprises the phase reversal termed N20/P20 seen
between two adjacent electrodes, 20ms after stimulation onset
recorded generally with strip electrodes (such as the 1 x 8 and
1 x 4 array with 5-10 mm electrode spacing) [2]. However,
the evoked response can become ambiguous and challenging
to interpret either due to the poor spatial resolution of the strip
electrode, the anatomical variability of the hand area position,
or the complexity of the exposed brain during surgery [3].
When there is unsolvable doubt, the strip electrode is
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relocated, or direct cortical stimulation (DCS) is employed [4].
Although DCS ensures a thorough investigation of the cortical
function, it prolongs the surgical planning and poses an
increased risk for induced pathological brain activity such as
after-discharges or seizures [5].

Other visualization techniques have been employed to aid
the neurosurgeons during surgical planning to prevent
increasing neurological deficits from extended resections. One
of which is the functional neuronavigation which displays the
position of the eloquent areas of the brain in the operative field.
Another is intraoperative magnetic resonance imaging (iMRI)
which assists in evaluating the extent of resection. However,
neuronavigation approach is time-consuming and inevitably
affected by brain drift [6]. Whilst the intraoperative MRI
substentially lengthens the operation time [7]. Therefore,
tumor boundary identification is not enough; accurate brain
mapping is highly recommended. Passive cortical mapping
with ECoG activities is shown to provide information on the
cortical activations in the areas considered for preservation [8].
Studies have shown that passive functional mapping with
ECoG signals in the broadband gamma range can safely and
rapidly localize the eloquent cortex in only a few minutes
during repeated hand movements [9]. However, this approach
relies heavily on patient participation and cooperation.

We present a triggered visualization system that delineates
the sensorimotor areas based on SSEP responses using a high-
density ECoG grid without the need for patient involvement.
The system is designed in Simulink/ MATLAB (MathWorks,
Inc. USA) to assess the distinct waveforms of the ECoG SSEP
trace at any desired time point and project its distribution over
a 2D grid. By visualizing the cortical SSEPs response as a heat
map in 2D plane, we were able to delineate the CS vividly with
a high spatial resolution. We anticipate that this approach will
provide objective feedback to the neurosurgeon in a short time
and in real-time for surgical planning. We used the
visualization system in three patients’ awake craniotomies. We
compared the heat map with the OR images and sensorimotor
delineation by the neurosurgeons. Below, we present a
schematic diagram and discuss the application of the system.

II. MATERIALS AND METHODS

A. The behavioral and data collection

Three patients (P1-3) with an average age of 47.54+2.1
years old with brain tumors adjacent to the peri Rolandic area
consented to participate in this study. The study was approved
by the Institutional Review Boards (IRB) of the University of
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Figure. 1: Pipeline of real-time visualization system: (A)-The electrical stimulus pathway from the periphery. The electrical stimulation is applied to the
median nerve at 0.6 Hz and recorded the EMG from the flexor and extensor muscles. (B)The 3D cortical rendering from the preoperative MRI shows the
electrode coregistration on the brain. The location of the CS is shown with a red line. (P) Posterior, (A) anterior, (M) medial, (L) lateral. The pink area is the
image of the craniotomy. (C) The recording system consists of the bio-amplifier and headbox receiving the touch-proof ends of the electrodes. The amplifier
is connected to the computer via USB. (D) Schematic of the visualization system for SSEP temporal amplitude map. The CS is shown as the black line of the
2D grid. (E) The Simulink GUI of the controller that sets and adjusts the parameters for visualization.

Texas MD Anderson Cancer Center and the University of
Houston. From P1, we recorded the neural data with a 64-
channel high-density grid with 5 mm spacing and 2.3 mm
contact exposure (Ad-Tech, Michigan, MI), Fig. 1B. From P2
and P3, we recorded with a 25-53-channel hybrid grid (CorTec
GmbH, Freiburg Germany) with 10 mm spacing and 1-2.7
mm contact exposure. A pre-op thin slice MRI scan of the
patient with an average repetition time of 6.8s, echo time of
101.6ms, slice thickness of Imm with 262,144 pixels was used
to create a 3D cortical rendering of the brain in MATLAB
(MathWorks, Natick, MA, USA) using [9]. Based on the
craniotomy images with electrode placements, we co-
registered the electrodes on the 3D cortical mesh and
iteratively interpolated contacts not visually exposed from the
neighboring contacts offline using an in-house developed
electrode registration software [10] as shown in Fig. 1B. The
CS and sensorimotor borders were defined on the 3D
rendering by the neurosurgeon, blinded to electrophysiology.
We recorded a bipolar surface EMG from the patient’s
forearm, Fig. 1A. We applied electrical stimulations of 0.6 Hz
frequency, 200 pus pulse width, and a current intensity up to 15
mA to the patient’s median nerve, Fig. 1A The stimulation
onset was captured as a spike artifact from the EMG and was
used as the stimulation trigger onset in Fig. 1D(top).

B. Hardware Interface Module

We used a multichannel bio amplifier (gHlamp: 256
channels, g.tec medical engineering GmbH, Graz Austria) at a
sampling frequency of 2.4 kHz with a 24bit A/D resolution as
shown in Fig. 1C. A 2 x 4 clinical grid (10 mm spacing),
flipped, and placed under the dura, was used as the reference
and ground. We used a clinical two or four-channel EMG/EP
Measuring System (Neuropack S1 MEB-9400) to provide the
electrical stimulations to the median nerve.

C. Simulink Online Processing Module

The ECoG data were recorded and processed online in
Simulink/ MATLAB (MathWorks, Inc. USA). For the
visualization of the raw ECoG trace and generation of
stimulation onset aligned data, g.Hisys Simulink Highspeed
Library (v3.16.01, gTec, Graz, Austria) was used, Fig. 2A. In
particular, Simulink is a graphical programming environment
comprising a rich set of signal processing and visualization
libraries for modeling, simulating, and analyzing dynamic
systems. The raw neural data was streamed through USB into
the Simulink environment (gHIamp driver block of gHIsys
library Fig.1 C) and visualized dynamically. Additionally,
high-speed Simulink online library blocks, ‘Trigger’ and
‘Online Averaging’ was applied to compute the overlap plot
of the average SSEPs trace online, Fig 1D (middle). The
incoming ECoG data is high pass filtered at a cut-off frequency
of 30 Hz as recommended by the ACNS (2015)[11] using 2nd
order Butterworth filter. The Trigger block receives the
incoming ECoG data and trigger onset from the EMG channel.
The controller graphic user interface (GUI), Fig. 1E, allows us
to determine the level of the trigger. There it creates an epoch
of the data with a 50ms time window and then transmits the
epoch to the Online Averaging block. The Online Averaging
block receives and stacks the epoch data and applies Steiner’s
algebraic law to continuously calculate the average SSEPs
(g.tec Simulink Highspeed Library user manual v3.16.01),
thus creating the SSEPs waveform, Fig. 1D (middle). A
MATLAB system function (S-function) was programmed to
pick up the SSEPs as it updates from the online averaging. The
S-function is a computer language written in MATLAB that
enables the interaction with the Simulink engine. In the S-
function, at a particular time point along the SSEP trace, the
peaks of the SSEP are projected onto a 2D grid as a heat map,



Fig. 1D(bottom). The controller GUI allows input commands
to change the time point along the SSEPs at which to view the
heat map and the amplitude level of the map.

III. RESULTS

SSEPs were recorded in the OR during the awake
craniotomy of three male patients (P1, P2 and P3). About
100£20 electrical stimulations were delivered to the median
nerve for the SSEP waveform to be observed. Using the real-
time visualization system, we generated the 2D heat map using
the MATLAB Simulink from the recorded data. We compared
the results with the OR image and electrode co-registered 3D
rendering of the brain. Fig. 2 shows the instance of the
recorded SSEP of P2. The controller GUI is used to set the
time point where the most negative peak is noted (N20). In Fig.
2A, the Simulink model generates the SSEP waveform (Fig.
2B) from the recorded data(Fig. 2C) and computes the heat
map shown in Fig. 2D. The red patches showed the P20, and
the blue patches showed the N20. Fig. 2C shows the
stimulation spikes (bottom) synchronized with the raw ECoG
data (top). The raw data alone was not enough to assess the
ECoG activities. With the visualization system, the 2D heat
map at the N20/P20 in Figure 2D showed a clear delineation
of the CS, which correlated with the 3D rendering and OR
image in fig 2E. Using the color-coding of the heat map to pick
up the anterior and posterior channels at N20, we quantified
the separation accuracy by calculating the area under the
receiver operative charismatics curve (AUC). There we noted
a consistently high accuracy of separation (mean + SD:
99.740.25) in each patient, Fig 2F. We observed the SSEPs
amplitude heat map for each patient at different time points
along the SSEP trace in Fig. 3. In Fig. 3A, the time update is
shown as the brown bar over the SSEP waveform. The heat
map also showed the temporal cortical activities of the SSEPs
in Fig. 3B as the time changed across the SSEP trace. The time
update of the heat map in each patient showed the dipole
propagation of the SSEPs from anterior to posterior regions
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Figure. 2: A screenshot of the running instance of the Simulink real-time
system that collects ECoG, ECG, and EMG data simultaneously. (A) The
Simulink model was used to create the heatmap. (B) The SSEP waveform
shows the nature of the phase reversal. (C) The raw map shows the nature
of the ECoG activities, ECG, and EMG in real-time (D) The 2D heat map
shows the spatial activities of the SSEP and CS delineation at the N20 time
point. (E) The 3D rendering was used to compare the orientation of the
SSEPs. (F) The ROC curves for each patient at N20.
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Figure. 3: SSEPs spatial heat map at multiple time points: (A) The temporal propagation of the SSEPs is shown with the brown bar unique to each patient. (B)
Updated heat map showing the cortical activity at each time point observed from the brown bar in (A). (C) The cortical orientation of the SSEP on the 3D
rendering of the brain where the maximum (peak) N20 is shown with the black dot about the hand knob (dotted circle).



[12]. We noted the peak activities at the N20/P20 time point
showed a lateral orientation to the hand knob in each patient,
Fig. 3C.

IV. DISCUSSION

In this study, we present the use of a visualization system
to assess SSEPs. The system was designed in MATLAB
Simulink. MATLAB Simulink is a simple, user-friendly
software tool used to develop, simulate, analyze, and
graphically study any system. The library allows us to drag and
drop blocks to represent any system instead of writing tedious
code from scratch. We used g.tec library blocks (g.tec medical
engineering GmbH, Graz Austria) and Simulink blocks to
develop our visualization system shown in Fig. 1 and Fig 2A.
There, we captured the ECoG data in real-time and processed
them online. We recorded ECoG data from three patients’
awake craniotomies. With the visualization system, we
recorded SSEPs. SSEPs are generated from the bombardments
of the cerebral impulse responses to the electrical stimulation
at the median nerve [3]. These responses create the complex
waveform whose peaks represent the incoming afferent
volley[2]. Cortical distribution of the SSEPs was first
demonstrated by [13] who showed the temporal propagation
of the SSEPs from 18ms to 30ms as a heatmap on a 2D grid,
based on his model of electrogenesis. This approach of 2D
visualization of the SSEP was also employed by [14] who
showed that the N20 was distributed diffusely around the
primary hand sensorimotor area. We provided -cortical
distribution of the SSEPs in real-time using the visualization
system. The system generates and updates the waveform as the
number of electrical stimulations given increases, which
becomes more apparent and reveals a distinct negative
deflection, N20, at the 20ms time point. At this point, the
system showcases the SSEPs peak activities on the 2D grid as
a heat map.

Neurosurgeons have also used intraoperative navigation
and intraoperative MRI to define the sensorimotor area in the
OR. While intraoperative navigation presents real-time
intuitive tumor detection, it is time-consuming and inevitably
affected by brain drift [7]. iMRI may be good at detecting
tumor boundaries and avoiding brain shifts. However, it
substantially lengthens operation time [7]. With ECoG SSEPs,
the neurosurgeon relies on the phase reversal of the SSEPs to
locate the somatosensory and motor area on the cortical
surface using electrode strips. However, the strip electrodes
have poor spatial resolution and usually require multiple
electrode placements or relocation [3]. This study used a high-
density grid that occupied a larger surface area with high
spatial resolution. With a single placement of the ECoG grid,
we can identify the different parts of the craniotomy with the
animated heat map to target the active areas with ease and use
the spatial orientation to assess the anterior and posterior
regions and delineate the CS. Based on the color contrast of
the map, we saw a lateral direction of the peak N20 to the hand
knob [12], and a clear definition of the sensorimotor area. We
believe that our proposed approach of an unambiguous
delineation of the CS with the heat map can be easily executed
intraoperatively and in a short time using the visualization
system.

CONCLUSION

This real-time visualization system can provide objective
feedback to the neurosurgeon during sensorimotor delineation.
The system shows the SSEPs amplitude alterations over the
cortical surface as a heat map which clearly delineates the CS.
We believe the clinical application of this system will improve
the cortical mapping in awake craniotomies.
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