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1. Injury

When an injury occurs, there are changes in vascular, neural, structural, contractile, and
connective tissues, both grossly and at a cellular level. Initially, the inflammatory,
neurochemical, and immune responses lead to degeneration of involved tissues. A secondary
response to injury occurs via the immune system, with subsequent degeneration,
demyelination, apoptosis (or cell death), and atrophy.

Injury, whether neurological or musculoskeletal, results in an alteration in sensory input to
the cerebral cortex, a process called cortical silencing. This, in turn, causes an altered motor
response, altered sensory feedback, and cortical smudging. This entire process might lead to
further injury and/or chronic changes in the nervous system.

2. Functional Recovery
Functional recovery can occur via regeneration, compensation and/or neuroplasticity.

Regeneration or neurogenesis is the healing of nervous tissue through formation of new
neurons and neural connections. Regeneration is a delicate process and requires:

e The right thing (eg., stimulus, stress, reason, goal),

e At the right time,

¢ In the right place, and

¢ In the right environment.

Neurochemicals released at the time of neurological injury result in changes in the cellular
environment and promote regeneration by preventing cell death and inducing axonal growth.
These include cytokines, growth factors, and neurotrophic factors. Cytokines are signaling
peptides or proteins which mediate and regulate immunity, inflammation, and hematopoiesis.
Growth factors include proteins and hormones which stimulate cell proliferation, wound
healing and cellular differentiation. Neurotrophic factors are peptides or proteins which
support growth, survival, and differentiation of developing and mature neurons. Examples of
these include insulin, interleukins, and brain derived neurotrophic factor (BDNF)). All are
integral to the process of regeneration following neurological injury.

Compensation or substitution is the completion of a functional task via alternative
behavioral strategies and utilization of stronger or uninvolved limbs or body parts. These
strategies do not utilize the original processes or connections. The goal of compensation is
return to prior level of function (PLOF) as soon as possible, with less emphasis on quality of
postures and control of movements. Undesirable results of compensation include weakness
and atrophy, contracture, asymmetry and deformity, pain and dysfunction, neglect, and
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secondary injury. This is because of the secondary stresses of the substitutive, inefficient, and
abnormal movement strategies and postures.

Hubel and Wiesel demonstrated the challenges due to compensation for altered visual input
in kittens and adult cats. In kittens, the investigators sutured one eyelid closed, which resulted
in the neurons of the visual cortex responding only to the open eye and long term effects on
vision (even when the sutured eyelid was opened later). This demonstrated evidence of a
“critical period” in the development of vision. Alternatively, in an seeing adult cat who had
an eyelid sutured closed, there were no changes in cortical distribution after visual input
deprivation.

3. Neuroplasticity: When Things Go Right

Neuroplasticity is “the ability of the nervous system to respond to intrinsic or extrinsic stimuli
(or experiences) by reorganizing its structure, function, and connections.” Neuroplasticity can
be adaptive (or positive) or maladaptive (or negative).

The neuroplastic process results in the brain using latent capacities that have been present
since birth, not creating new functions in previously unrelated areas but “increasing the
volume” and “fine tuning” the area that was less involved prior to injury. This is similar to
trimming branches of a tree in order to strengthen the remaining branches.

4. Neuroplasticity: When Things Go Wrong

The cortical map or homunculus is a sensory and motor map or representation of body parts
“on” the brain. Neuroplasticity (and the alteration of the cortical map) is directed by multiple
factors, including:

¢ Injury characteristics (eg., location, size, function, time since injury/chronicity, post-

injury interventions)

e Microenvironment (eg., homeostasis in proteins, chemical signals, growth factors,

neurotransmitters, hormones)

e Structure of the neurological system, including availability, concentration, and
intensity of activation of sensory receptors. neural circuitry, and spared and redundant
connections
Stress
Gene expression
Modulation (inhibitory or facilitatory)

Age, experience, development, maturation, and age at the time of injury
Environment (whether sensory deprived or enriched)

Temperament

Activity and active use of a body part

Species- and breed-specific

Motor learning characteristics, including practice, repetition, reinforcement, prior
experience, skill acquisition, and motivation

Though we may be oversimplifying the definition, maladaptive neuroplasticity occurs when a
connection made in the brain produces aberrant or negative symptoms (Puderbaugh and
Emmady 2023). Maladaptive neuroplasticity is a result of cortical silencing and cortical
smudging.
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Cortical silencing occurs when the cortex is “silenced” in the areas previously activated by
neural input from the injured area due to absence or alteration of sensory input or feedback,
motor activation or output, or autonomic activity in or from the injured area. It is indicative of
pathology and is not exclusive to musculoskeletal injury but occurs following injury to the
central or peripheral nervous systems as well. The cortex is “silenced” in the areas previously
activated by neural input from that area. Cortical silencing can result in:

e Sensory dysfunction or paresthesia,

e Altered pain, temperature, two-point discrimination, vibration, and proprioception
sense,
Cortical smudging,
Alteration of the cortical map,
Motor dysfunction,
Weakness, immobility, and/or neglect, and/or
Arthrogenic muscle inhibition (AMI).

Arthrogenic muscle inhibition (AMI) is the disruption of neurological function following a
musculoskeletal injury. This “protective mechanism” limits the patient’s ability and capacity
to contract a muscle or muscle group through full range of motion (ROM), interfering with
recovery of strength, but protecting healing tissues. Unfortunately, AMI results in further
changes to the sensory cortex via cortical silencing.

Cortical smudging is the reduced awareness of a body part with a faulty, fragmented, blurry,
or less accurate representation of that body part on the homunculus. Intact areas (of the body)
provide (abnormal) input to the area that SHOULD be activated by the target area (to fill in
for absent sensory input). The brain fills in with “pain” for the absent sensory input. The
abnormal primary sensory cortex changes in association with negative, stressful, or painful
experiences or application of post-injury interventions in a suboptimal way. Cortical
smudging can result in:
e Immobility
Complex regional pain syndrome (CRPS)
Sensory integration disorder or dysfunction (SID)
Sensory defensiveness
Spasticity
Use-dependent dystonia (writer’s cramp)
Paralysis
Hypo- or paresthesia
Hyperalgesia (increased pain/tenderness/sensitivity)
Cold sensitivity
Chronic neurogenic or neuropathic pain
Phantom limb pain/sensation
Drug addiction
Obsessive-compulsive disorder
Inflexibility/tightness
Weakness
Avoidance or neglect: a general inattention to the side of the body contralateral to the
lesion of the brain
e Difficulty in functional use
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To better describe cortical smudging, “if your pain is spreading from your lower back to your
neck, it’s very unlikely that you have a back problem that’s spreading up. It is more likely
that your brain is losing the precision in localising body parts.”
(https://medicalrepublic.com.au/smudging-when-pain-moves-and-grows/51772)

Kakavas et al (2020) suggested that cortical smudging might occur in ACL injury. When the
ACL is ruptured, the CNS relies on alternative sensory inputs (for example, visual feedback)
rather than proprioception. The study found brain activation differences between ACL-
deficient subjects who did not return to previous levels of physical activity and a healthy
control group. ACL-deficient subjects exhibited increased activation in:

e Posterior inferior temporal gyrus (visual processing)

e Pre-supplementary motor area (motor planning)

e Secondary somatosensory area (pain and sensory processing)

Some research regarding musculoskeletal injury has focused on the influence of
neuroplasticity on recovery and pain management. Brumagne et al (2019) noted that in
chronic low back pain there is a change in the processing of nociception and pain and a
change in the structure and function of the sensorimotor regions of the cortex because of
maladaptive neuroplasticity. Stanton et al (2013) found disruptions in the representation in
primary sensory cortex related to knee pain or low back pain and contributing to the
chronicity of such painful conditions. Wand et al (2010) reported that tactile acuity and
voluntary lumbopelvic control was reduced in patients with low back pain. The researchers
concluded that there is a cortical rather than peripheral sensory dysfunction associated with
these conditions.

Persistent and permanent functional deficits can result from inadequate regeneration. For
example, CNS neurons might lack the capacity for axonal regeneration due to injury intensity
or location. Direct trauma to the spinal cord might result in glial scar formation. As well, an
inhibitory or toxic microenvironment can prevent regeneration from occurring. Alzheimers,
Huntingtons, and Parkinsons diseases, and dementia are neurological disorders that are likely
affected by the microenvironment in which toxicity inhibits the brain’s ability for
regeneration or compensation.

Research suggests, however, that environmental enrichment with intense physical activity
and cognitive stimulation can delay the onset of and slow the progression of Huntingtons.
Another study (Palasz et al 2019) used a mouse model of Parkinsons and demonstrated the
ability for physical training, especially early onset, to protect and prevent degeneration of
dopaminergic neurons and increase the release of BDNF and GDNF which are
neuroprotective and promote neuroplasticity.

At times, even without treatment or with a toxic environment, compensation and
neuroplasticity can be successful in functional recovery, for example, in 40% of SCI patients
and in SCI animal models.

“People keep chasing that pain (with medications, injections, etc.) As if it was an ongoing
injury... It’s the brain amplification, not the injury that’s causing the problem.”
(https://medicalrepublic.com.au/smudging-when-pain-moves-and-grows/51772)

Jones et al (2007) suggested that laminitis in horses resembles neuropathic pain as it results in

an altered EMG (afferent changes) and behavioral changes.
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Complex regional pain syndrome (CRPS) is the presence of chronic pain, out of proportion to
the severity of injury or illness. There are two types: Type 1: reflex sympathetic dystrophy
(RSD) and Type 2: causalgia, which is uncommon with a poorly understood cause. In all
CRPS conditions, treatment is most effective when initiated early, potentially with
improvement, and possibly with remission. Symptoms of CRPS include:

e Continuous burning or throbbing pain (usually in arm, leg, hand or foot)
Sensitivity to touch or cold
Swelling of the painful area
Changes in skin temperature, color, and texture
Changes in hair and nail growth
Joint stiffness, swelling and damage
Muscle spasms, tremors and weakness (atrophy)
Decreased ability to move the affected body part

Peripheral nerve injuries (PNI), for example, to the brachial or sacral plexus or more distal
peripheral nerves, due to trauma, fracture, and surgery, result in sensory and motor
dysfunction. The sensory impact of these injuries can be quite challenging to manage, with
anesthesia, paresthesia, or dysesthesia and resulting in pain behaviors, obsessive grooming,
licking, and/or self-mutilation. Patients with PNI are likely to have neuromuscular
impairments and gait deviations with weakness, flaccidity, neurogenic atrophy, and/or
resulting secondary trauma to the distal limb.

Phantom limb pain/sensation (PLP) is the perception of pain or discomfort “in” an absent or
lost body part after traumatic injury. It is not “residual limb pain” (or "stump pain”), which is
pain that originates from the actual amputation site and which tends to resolve with wound
healing. The theory is that PLP results when cortical neurons are abnormally activated by
input from intact parts of the body (to fill in for the absent sensory input from the absent
limb. The brain “creates” pain as a substitute for this absent sensory input.

Kaas et al (2008) suggested that the sensory cortex associated with a deafferented hand can
be reactivation by inputs from the face. Unfortunately, this is more likely to result in phantom
limb sensations than functional recovery.

5. Neuroplasticity and Rehabilitation

Rehabilitation is the action, process, or result of restoring, recovering, or returning to as close
as possible to the patient’s prior level of function (PLOF) from impairment, functional
limitation (dysfunction), or disability due to onset of injury, illness, or disorder, whether
acute, chronic, or progressive, via physical therapy and rehabilitation.

Therapeutic and adaptive neuroplasticity is more likely when rehabilitation includes cognitive
exercise (learning), physical exercise, and aggressive/intensive rehabilitation. “Exercising the
brain” has been demonstrated to delay onset, slow progression and/or reverse symptoms of a
disease. “Post-juvenile neuroplastic changes (are) associated both with learning and with
drastic changes in sensory and motor experience.” (Lillard and Erisir 2011)

References

ANZCVS Science Week 2025 Proceedings



10.

11.

Chipchase LS, Schabrun SM, Hodges PW. Peripheral electrical stimulation to induce
cortical plasticity: a systematic review of stimulus parameters. Clin Neurophysiol. 2011
Mar;122(3):456-463. Doi: 10.1016/j.clinph.2010.07.025. Epub 2010 Aug 23. PMID:
20739217.

Ding Y, Kastin AJ, Pan W. Neural plasticity after SCI. Curr Pharm Des.
2005;11(11):1441-1450. Doi1:10.2174/1381612053507855

Hornby TG, Zemon DH, Campbell D. Robotic-assisted, body-weight-supported treadmill
training in individuals following motor incomplete spinal cord injury. Phys Ther.
2005;85:52-66.

Kakavas G, Malliaropoulos N, Pruna R, Traster D, Bikos G, Maffulli N. Neuroplasticity
and anterior cruciate ligament injury. Indian J Orthop. 2020;54(3):275-280.
Doi:10.1007/s43465-020-00045-2

Kao T, Shumsky JS, Knudsen EB, Murray M, Moxon KA. Functional role of exercise-
induced cortical organization of sensorimotor cortex after spinal transection. J
Neurophysiol. 2011 Nov;106(5):2662-74. Doi: 10.1152/jn.01017.2010. Epub 2011 Aug
24. PMID: 21865438; PMCID: PM(C3214119.

Kobravi HR, Moghimi A, Khodadadi Z. Effect of Treadmill Training Protocols on
Locomotion Recovery in Spinalized Rats. ] Med Signals Sens. 2017 Jan-Mar;7(1):53-57.
PMID: 28487834; PMCID: PMC5394807.

Loy K, Bareyre FM. Rehabilitation following spinal cord injury: how animal models can
help our understabnding of exercise induced neuroplasticity. Neural Regen Res. 2019
Mar:14(3):405-412.

Moxon KA, Oliviero A, Aguilar J, et al. Cortical reorganization after SCI: always for
good? Neuroscience. 2014;283:78-94. Doi:10.1016/j.neuroscience.2014.06.056
https://www.miota.org/docs/Home Desensitization Program.pdf

Palasz E, Niewiadomski W, Gasiorowska A, Mietelska-Porowska A, Niewiadomska G.
Neuroplasticity and Neuroprotective Effect of Treadmill Training in the Chronic Mouse
Model of Parkinson's Disease. Neural Plast. 2019 Apr 3;2019:8215017. Doi:
10.1155/2019/8215017. PMID: 31073303; PMCID: PMC6470436.

Rodriguez-Moreno A. The impact of studying 1Mateos-Apariciobrain plasticity. Front
Cell Neurosci. 27 February 2019 https://doi.org/10.3389/fncel.2019.00066

Wand BM, Di Pietro F, George P, O'Connell NE. Tactile thresholds are preserved yet
complex sensory function is impaired over the lumbar spine of chronic non-specific low
back pain patients: a preliminary investigation. Physiotherapy. 2010;96(4):317-323.
Doi:10.1016/j.physi0.2010.02.005

ANZCVS Science Week 2025 Proceedings



