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Brain-Computer Interfaces

www.theverge.com/2014/6/12/5804708/world-cup-first-kick-paralyzed-man-in-mind-controlled-exoskeleton

World Cup 2014 kicked off by paralyzed man in mind-
controlled robot suit
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Overview

Clinical problems
e 1.7 million amputees in US,

70% suffer from phantom limb pain
* 6.8 million stroke survivors in US

Interhemispheric Pathway

* Corpus callosum connects right and left hemispheres

* Repetitive intracortical microstimulation affects
homotopic site in opposite hemisphere:

o Increases neuronal firing rates

o Leads to functional changes (new inputs/outputs)

Schmahmann J D et al. Brain 2007;130:630-653

Telemetry-controlled
simultaneous stimulation-and-
recording device (SRD)

Electrode Lead

Repetitive intracortical microstimulation may

e prevent maladaptive cortical
reorganization following limb amputation

* induce cortical remodeling in patients
suffering from stroke

Electromagnetic coil

Magnetic field

Transcranial Magnetic
Stimulation

www.mayoclinic.org
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Clinical problems--Many amputees often suffer from phantom limb pain.  Many stroke survivors suffer from loss of motor control or sensory input.  These injuries cause maladaptive reorganization and changes in neuronal pathways and connectivity in the brain.  Can we treat these problems by using brain-computer interface devices to detect brain activity and provide stimulation to the brain?

We have shown that electrically stimulating the brain in one hemisphere can lead to reorganization of neuronal pathways in other hemisphere.  For example, after stimulating part of left cortex that responds to touch on right hand, the neurons in left cortex now also respond to touch on left hand!  (brain does not normally do this, left cortex responds to right side of body; right cortex responds to left side body)

How do we test our ideas? Use animal models (rat), build a device to interface with the brain (SRD), test ideas in freely moving, behaving animals (animals performing tasks, animal models of stroke or amputation) 

http://www.mayoclinic.org/tests-procedures/transcranial-magnetic-stimulation/home/ovc-20163795

Purple Prosthetics. (2020, January 25). Phantom limb pain
management - purple prosthetics. Phantom Limb Pain Management,

https://purpleprosthetics.com/phantom-limb-pain-management/ ‘i‘;ﬂ:
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Treatments and Aids for Phantom Limb Pain

Pharmaceuticals

U.S. Department of
Health and Human
Services. (2022, July 18).
Opioids. National
Institutes of Health.
https://nida.nih.gov/resea
rch-topics/opioids

Deep Brain

Stimulation
(DBS)

Deep Brain Stimulation
(DBS)

Implantable pulse
enerator (IPG}
?under skin)

Raju, S. E., & Boehm, N. L. (2022,
February 6). Deep Brain
stimulation. The Defeating
Epilepsy Foundation,
https://www.defeatingepilepsy.o
rg/treatment-for-epilepsy/deep-
brain-stimulation/

Repetitive
transcranial

magnetic
stimulation (rTMS)

-+ Magnetic field

Motor cortex
TMS focus
point

Left dorsolateral
prefrontal
cortex

Fitzgerald, P., Cassidy, T., & Rege, S.
(2022, June 30). Transcranial magnetic
stimulation for Depression - review of the
evidence. Psych Scene Hub.

https://psychscenehub.com/psychinsights

/transcranial-magnetic-stimulation-for-
depression/

Transcranial direct
current
stimulation (tDCS)

WIRES
Twio electrodes can provide
different types of stimulation,

depending on where they are
placed. Together, they make

acomplete circut.

e

“The anode, or positively charged
clectrode, can stimulate neuronal
actiity in different parts ofthe
brain.

DEVICE

Abattery-powered device

delivers a constant
CATHODE electrcalcurrentof pto
The cathode, or negatively charged 2m (millamperes).

electrode, can inhibit brain-cell
actiity.

Researchers have
demonstrated that t's
safe to apply this much
current for upto 30
‘minutes a day. DIY brain

stimulators frequently use
a9.voltbatteryas a power
source.

Souroa Wrght Stete Research Insttute, Johs Hopkine Maticina

Loria, K. (2014, August 5). Brain hacking
is having incredible effects and it's just
getting started. Business Insider.
https://www.businessinsider.com/brain-
hacking-will-make-us-smarter-and-more-
productive-2014-7

Prosthetics

BUSINESS INSIDER
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Blatchford. (2019, October 10).
Standard Features of a Below
Knee Prosthesis
https://www.blatchford.co.uk/
prosthetics/information-for-
amputees/understanding-
prosthetics/below-knee-
prosthesis/

Behavioral

LIEETIES

Baun, K. (2020, September
14). Graded motor imagery:
Mirror therapy explanation
and steps. Redefining
Possibility
https://www.armdynamics.co
m/upper-limb-library/mirror-
therapy-explanation-steps



Neuroanatomy Basics

Functional Areas of
the Cerebral Cortex

Visual Area:
Sight
Image recognition
Image perceplion
Association Area
Short-term memory
Equilibrium
Emaotion

Motor Function Area
Initiation of voluntary muscles

Broca's Area
Muscles of speech
Emotional Area
Pain
Hunger

“Fight ar flight” response

Sensory Association Area

o Qlfactory Area
Smelling

Sensory Area

Sensation from muscles and skin

s y A
o Evaluation of weight, texture,
temperature, etc. for object recognition

Wernicke's Area

Written and spoken language comprehension

Motor Function Area

Eye movement and onentation

Higher Mental Functions
Caoncentration
Planning

Judgment
Emational expression
Creativity
Inhibition

Functional Areas of
the Cerebellum

Motor Functions
Coordination of movement
Balance and equilibrium
Posture

Occipital lobe

Temporal lobe

i
Brain stom Cerebellum Respiratory centers Cerebellum
v Brain stem //\'
Lateral View Sagittal View

Frontal lobe

Parietal lobe

Qccipital lobe Cerebellum

Superior View Inferior View

https://dana.org/article/neuroanatomy-the-basics/

The Nervous System

Brain

Central
Nervous
System
Spinal cord
Ganglion
Peripheral
Nervous



Cortical Reorganization that follows amputation is a leading
theory underlying Phantom Limb Pain and non-painful Sensation

Cortical
reorganization
Primary  Primary 9
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cortex cortex '
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Primary SOmatosenory Cortex Collins, K.L., Russell, H.G., Schumacher, P.J., Robinson-Freeman, K/E., O-Conor, E.C., Gibney, K.D., Yambem, O., Dykes, R.W., Waters, R. S.,
& Tsao, J. W. (2018). A review of current theories and treatments for phantom limb pain. Journal of Clinical Investigation. 128:6, 2168—
(Red) 2176. https://doi.org/10.1172/JCI94003.



Why are rats a useful model?

Primary Somatosensory Cortex (S1)

* Processes sensory input

* Contains a somatotopic map of the body
surface

* Barrel cortex (rodent, layer V)
* Forepaw barrel subfield (FBS)

e Laminar

* Cortical column - basic functional unit

Primary somatosensory

<— Medial Lateral —>

Primary somatosensory cortex

https://www.studyblue.com/notes/note/n/brain--cranial-nerves/deck/1242177



Why are rats a useful model?

Primary Somatosensory Cortex (S1)

* Processes sensory input

* Contains a somatotopic map of the body
surface

* Barrel cortex (rodent, layer V)
* Forepaw barrel subfield (FBS)

e Laminar

* Cortical column - basic functional unit

Human

Vestibular
cortex

Somatosensory

Gustatory
cortex (taste)

Visual
cortex

Auditory cortex

2011 Pearson Education:
https://fuzzyscience.wikispaces.com/Somatosensory+Cortex



Why are rats a useful model?

Primary Somatosensory Cortex (S1)

* Processes sensory input

* Contains a somatotopic map of the body
surface

* Barrel cortex (rodent, layer V)
* Forepaw barrel subfield (FBS)

e Laminar

* Cortical column - basic functional unit
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Why are rats a useful model?

Primary Somatosensory Cortex (S1)

* Processes sensory input

* Contains a somatotopic map of the body
surface

* Barrel cortex (rodent, layer IV)
* Forepaw barrel subfield (FBS)

e Laminar

* Cortical column - basic functional unit




Why are rats a useful model?

Primary Somatosensory Cortex (S1)

* Processes sensory input

* Contains a somatotopic map of the body
surface

* Barrel cortex (rodent, layer IV)
* Forepaw barrel subfield (FBS)

e Laminar

* Cortical column - basic functional unit

Cell-type-specific 3D reconstruction of five
neighboring barrel columns in rat vibrissal
cortex, Marcel Oberlaender et al.




Forepaw and Lower Jaw Barrel Subfields are Adjacent in Rat

FBS = forepaw barrel subfield
LIBSF = lower jaw barrel subfield
HBS = hindpaw barrel subfield

Upper Lip

Mystar:tal
Vibrissae

Trunk

? m‘ Hindpaw

Pearson, P., Li, C. & Waters, R. Exp Brain Res, 128, 315-331 (1999). https://doi.org/10.1007/s002210050852
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https://doi.org/10.1007/s002210050852

Cortical Reorganization Follows Forelimb Amputation in Rat

2 weeks

Delayed Reorganization
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Pearson, P., Li, C. & Waters, R. Effects of large-scale limb deafferentation on the morphological and physiological organization of the forepaw barrel subfield (FBS) in somatosensory cortex (Sl) in adult and
neonatal rats. Exp Brain Res, 128, 315—-331 (1999). https://doi.org/10.1007/s002210050852
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Pearson, P., Li, C. & Waters, R. Effects of large-scale limb deafferentation on the morphological and physiological organization of the forepaw barrel subfield (FBS) in somatosensory cortex (SI) in adult and neonatal rats. Exp Brain Res, 128, 315–331 (1999). https://doi.org/10.1007/s002210050852

Cusick C.G., Wall J.T., Whiting J.H. Jr., Wiley R.G., (1990) Temporal progression of cortical reorganization following nerve injury. Brain Res 537:355–358


https://doi.org/10.1007/s002210050852

Cortical Reorganization Follows Forelimb Amputation in Rat

Rapid Reorganization

Occurs immediately following
deafferentation by

- Forelimb amputation
- Brachial plexus nerve cut

- Brachial plexus anesthesia

| @ [[eLsrFBS|[ @HL ||@ NR |

L) = lower jaw

LJ-FBS = lower jaw - forepaw barrel subfield
HL = hindlimb

NR = no response




Cortical Reorganization Follows Forelimb Amputation in Rat

rAMP.
BPnc
BPA
dAMP.

Rapid Reorganization

is confined to anterior FBS

- Forelimb amputation (rAMP)

- Brachial plexus nerve cut (BPnc)

- Brachial plexus anesthesia (BPA)

Delayed Reorganization spans entire FBS
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FBS = forepaw barrel subfield




Anatomical connections and GABAergic mechanisms
may explain Rapid and Delayed reorganization

Cortical-Cortical Projections = Rapid Reorganization
Sub-cortical Projections = Delayed Reorganization

Preliminary findings in intact rat
* LJBSF projects to anterior FBS

* Removal of GABAergic inhibition (GABA,)
unmasks previously unexpressed lower
jaw input in anterior FBS

e Ventral posteromedial (VPM) nucleus of
thalamus projects to lower jaw

FBS = forepaw barrel subfield
LIBSF = lower jaw barrel subfield
HBS = hindpaw barrel subfield




Clinical problems
e 1.7 million amputees in US,

70% suffer from phantom limb pain
* 6.8 million stroke survivors in US

Interhemispheric Pathway

* Corpus callosum connects right and left hemispheres

* Repetitive intracortical microstimulation affects
homotopic site in opposite hemisphere:

o Increases neuronal firing rates

o Leads to functional changes (new inputs/outputs)

Schmahmann J D et al. Brain 2007;130:630-653

Telemetry-controlled
simultaneous stimulation-and-
recording device (SRD)

Electrode Lead

Repetitive intracortical microstimulation may

e prevent maladaptive cortical
reorganization following limb amputation

* induce cortical remodeling in patients
suffering from stroke

Electromagnetic coil

Magnetic field

Transcranial Magnetic
Stimulation

www.mayoclinic.org
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Clinical problems--Many amputees often suffer from phantom limb pain.  Many stroke survivors suffer from loss of motor control or sensory input.  These injuries cause maladaptive reorganization and changes in neuronal pathways and connectivity in the brain.  Can we treat these problems by using brain-computer interface devices to detect brain activity and provide stimulation to the brain?

We have shown that electrically stimulating the brain in one hemisphere can lead to reorganization of neuronal pathways in other hemisphere.  For example, after stimulating part of left cortex that responds to touch on right hand, the neurons in left cortex now also respond to touch on left hand!  (brain does not normally do this, left cortex responds to right side of body; right cortex responds to left side body)

How do we test our ideas? Use animal models (rat), build a device to interface with the brain (SRD), test ideas in freely moving, behaving animals (animals performing tasks, animal models of stroke or amputation) 

http://www.mayoclinic.org/tests-procedures/transcranial-magnetic-stimulation/home/ovc-20163795

Repetitive Intracortical Microstimulation Induces lpsilateral Response

CoLis
:“\‘:"\.‘ v)'/ Corpus Callasum
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* Repetitive intracortical
microstimulation
* Increases neuronal firing rates
* Leads to functional changes (new inputs)

DeCosta-Fortune TM, Ramshur JT, Li CX, de Jongh Curry A, Pellicer-Morata V, Wang L, Waters RS.
Repetitive microstimulation in rat primary somatosensory cortex (Sl) strengthens the connection
between homotopic sites in the opposite Sl and leads to expression of previously ineffective input
from the ipsilateral forelimb. Brain Res. 2020

Post-stimulation (~¥30 min)

Pre-stimulation

Following repetitive intracortical microstimulation
in one hemisphere, response is evoked in both
hemispheres
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Duration is longer
Stronger response


Stimulation and Recording Device for Rat
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- Open-source code
- Off-the-shelf components

Brain-Computer Interface
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Ramshur JT, Morshed BI, de Jongh Curry AL, Waters RS. Telemetry-controlled simultaneous stimulation-and-
recording device (SRD) to study interhemispheric cortical circuits in rat primary somatosensory (Sl) cortex.




Sensory pathway

Right Hemisphere Left Hemisphere

Recording

Recording
Electrode

Electrode

Sl
Thalamus
Brainstem
* Pulse transit time to right
hemisphere = 8-10 ms
CTX: cortex * No response in left hemisphere
VPL: ventral posterolateral nucleus Left Wrist
CN: cuneate nucleus Receptor

W: wrist


Presenter Notes
Presentation Notes






Sensory pathway

Right Hemisphere Left Hemisphere

Recording _ _ Recording
Electrode< ‘_. Sélg;ﬁ’(g;g >Electrode

SI —

Thalamus

Brainstem

Following repetitive stimulation in
right hemisphere, response is
also evoked in left hemisphere

CTX: cortex
VPL: ventral posterolateral nucleus Left Wrist
CN: cuneate nucleus Receptor
W: wrist

http://www.disneylandpostcards.com/images/Mickey-Mouse.png


Presenter Notes
Presentation Notes






Summary s @

l Telemetry-controlled
I, =i simultaneous stimulation-and-
7 recording device (SRD)

Clinical problems
e 1.7 million amputees in US,

70% suffer from phantom limb pain
* 6.8 million stroke survivors in US

Interhemispheric Pathway Repetitive intracortical microstimulation may

e prevent maladaptive cortical
reorganization following limb amputation

* induce cortical remodeling in patients
suffering from stroke

* Repetitive intracortical microstimulation affects
homotopic site in opposite hemisphere:

o Increases neuronal firing rates

o Leads to functional changes (new inputs/outputs)

Electromagnetic coil

Magnetic field

Transcranial Magnetic Stimulation

Konakanchi D, de Jongh Curry AL, Waters RS, Narayana S.
Focality of the Induced E-Field Is a Contributing Factor in
the Choice of TMS Parameters: Evidence from a 3D
Computational Model of the Human Brain. Brain Sci. 2020 www.mayoclinic.org
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Clinical problems--Many amputees often suffer from phantom limb pain.  Many stroke survivors suffer from loss of motor control or sensory input.  These injuries cause maladaptive reorganization and changes in neuronal pathways and connectivity in the brain.  Can we treat these problems by using brain-computer interface devices to detect brain activity and provide stimulation to the brain?

We have shown that electrically stimulating the brain in one hemisphere can lead to reorganization of neuronal pathways in other hemisphere.  For example, after stimulating part of left cortex that responds to touch on right hand, the neurons in left cortex now also respond to touch on left hand!  (brain does not normally do this, left cortex responds to right side of body; right cortex responds to left side body)

How do we test our ideas? Use animal models (rat), build a device to interface with the brain (SRD), test ideas in freely moving, behaving animals (animals performing tasks, animal models of stroke or amputation) 

http://www.mayoclinic.org/tests-procedures/transcranial-magnetic-stimulation/home/ovc-20163795

Transcranial Magnetic Stimulation
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https://neurology.ufl.edu/divisions/epilepsy/neurodiagnostic-services/transcranial-magnetic-stimulation/




Transcranial I\/Iagnetlc Stimulation
Simulations

electric field strength in [V/m]



Transcranial Magnetic Stimulation Simulations — Different Coil Types

Magstim 70mm Fig.8 MagVenture MC B70




Thank you!

Amy de Jongh Curry, PhD
University of Memphis

Shalini Narayana, PhD
Lie Wang, MD
Robert S. Waters, PhD

University of Tennessee Health Science Center, Memphis, TN

Jack W. Tsao, MD, PhD

New York University Langone, New York, NY

Bashir Morshed, PhD

Texas Teach University Langone, Lubbock, Texas

Students

Tina DeCosta Fortune, PhD
John Ramshur, PhD

Violeta Pellicer Morata, PhD
Nasreen Nemati, MS

Samiha Khan, MS

Solomon Mesfin, MS

Cesar Gutierrez Mendoza, BS
Lauren Carter



	Interrogating and Modulating Sensorimotor Circuits
	Brain-Computer Interfaces
	Overview
	Phantom Limb Pain
	Treatments and Aids for Phantom Limb Pain
	Neuroanatomy Basics
	Cortical Reorganization that follows amputation is a leading theory underlying Phantom Limb Pain and non-painful Sensation
	Why are rats a useful model? 
	Why are rats a useful model? 
	Why are rats a useful model? 
	Why are rats a useful model? 
	Why are rats a useful model? 
	Forepaw and Lower Jaw Barrel Subfields are Adjacent in Rat
	Cortical Reorganization Follows Forelimb Amputation in Rat
	Cortical Reorganization Follows Forelimb Amputation in Rat
	Cortical Reorganization Follows Forelimb Amputation in Rat
	Anatomical connections and GABAergic mechanisms may explain Rapid and Delayed reorganization
	Slide Number 18
	Repetitive Intracortical Microstimulation Induces Ipsilateral Response
	Stimulation and Recording Device for Rat
	Brain-Computer Interface
	Repetitive Intracortical Microstimulation Induces Ipsilateral Response
	Sensory pathway
	Sensory pathway
	Summary
	Transcranial Magnetic Stimulation
	Transcranial Magnetic Stimulation �Simulations
	Transcranial Magnetic Stimulation Simulations – Different Coil Types
	Thank you!

