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Cross-cutting effect of type 2
diabetes on the sensorimotor
control of balance
Trevor Lopatin, Ben Borngesser and Joshua Haworth*

Department of Human Movement Science, Oakland University, Rochester, MI, United States
Type 2 Diabetes is a highly prevalent chronic disorder that affects multiple

systems through microvascular complications. Complications such as diabetic

peripheral neuropathy, diabetic retinopathy, and diabetic vestibular dysfunction

(vestibulopathy) all directly interfere with the sensory components of balance

and postural stability. The resulting impairments cause increased falls risk and

instability, making it difficult to perform daily task or exercise. This commentary

will provide clarity on the causes and relationship between the sensory

complications of T2D, balance, and excise, while also providing

recommendations and precautions for exercising with one of these

sensory complications.
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1 Introduction

Type 2 Diabetes (T2D) is a systemic disease that can have a far-reaching effect on daily

life. The microvascular complications associated with T2D directly interfere with the

sensory components of balance, increasing the risk for falls and injury. Exercise is very

important for the management of T2D and can even help improve the symptoms of these

microvascular complications, but precautions should be taken for those with complications

to ensure their safety. This work will review the current literature to compile what is known

about 1. The pathomechanics of T2D and the sensory complications caused by it, 2. How

the sensorimotor control of balance is affected, 3. Proper exercise prescription and

treatment options available for those with these sensory complications of T2D.
1.1 Sensorimotor control of balance

In a physical fitness-related setting, the ability to maintain, gain, or regain balance is

crucial to completing tasks safely and effectively. This can also be defined as postural

control (1). Postural control incorporates 3 different types of sensory information,

including proprioception, vision, and vestibular (2). These sensory systems work
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together to provide postural feedback in order for the body to

constantly reorganize and maintain balance (3). Each of these

sensory components act as a fail safe for one another, but with

the loss of each system an individual’s stability suffers. While

balance loss is primarily seen as a physical impairment, it has also

been shown to significantly affect psychological factors as well, such

as increased fear of falling, denying independence as well as

confidence in one’s ability to perform certain tasks (4).
1.2 Proprioception

Proprioception is important in serving as an afferent-efferent

neurological pathway to maintain body stability and orientation (5).

Within the muscles, tendons, and skin are receptors such as muscle

spindles and cutaneous receptors that when stretched or forced

upon are stimulated, providing positional information of the

affected area (6, 7). The nervous system is responsible for relaying

this information to the brain, any damage to these components may

cause these signals to be altered and lead to injury through

insufficient positional adjustments. During exercise the systems

responsible for proprioception experience an increased demand as

well as fatigue requiring accurate signaling to perform safely.

Without proprioceptive neuromuscular function, the body

struggles to “feel” destructive postural habits, as well as positional

awareness of the affected limb (6, 8). This may lead to unsteady

balance or overexertion of the muscle/limb, which may have

significant consequences during exercise. Research within

proprioception still needs more development in regard to

mending proprioceptive deficits to improve function and overall

balance (5).
1.3 Vision

The visual component of balance relays information about the

ever-changing surrounding environment checking for accuracy of

the movement and possible readjustments that need to be made (9).

Studies have shown that when visual information is available the

visual sense dominates the control of balance specifically during

movement planning (10, 11). When visual information is not

available other systems compensate for this loss of information

causing decreased stability (12). Impairments to the visual system

have a detrimental effect on postural stability, impacting the

sensorimotor and vestibular-ocular reflex (13). When the

vestibular-ocular reflex is damaged maintaining eye positioning

during movement becomes disturbed, resulting in disorientation

(14). As vision deteriorates a person’s field of vision may become

blurred, distorted, or absent affecting their ability to see their

surroundings and adapt to them.
1.4 Vestibular

The vestibular system works differently compared to the two

prior senses, as its response is unaffected by the knowledge of the
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source and acts automatically through reflex (15). The vestibular

system responds to acceleration of the head in space and therefore

automatically signals self-motion. The three main structures related

to balance are the semicircular canals, utricle, and saccule. All three

of these are filled with fluid and contain small hairs that bend when

the fluid shifts due to linear or rotational accelerations. These

structures then send the information, via the vestibular nerve, to

the brain (13). When any of these components become damaged,

vestibular dysfunction is likely to appear resulting in damage to the

vestibular-ocular reflex as well and instability (16).
2 Balance and exercise

Exercise relies heavily on the ability to maintain postural

control, with the central nervous system playing a crucial role of

integrating the sensory information for proprioceptive, visual, and

vestibular senses (17). Through the utilization of these systems

during exercise postural stability can also be enhanced through

strengthening, adaptations, and compensations of these senses (18).

Exercises such as Tai Chi, resistance/power training, three

dimensional training, general physical activity, or computer based

balance training have all been shown to improve postural stability

(19). These improvements have been shown as a promising way of

recovering lost sensation, reduced risk of falling, and increased

physical function (19).
3 Balance and diabetes

The sensorimotor component consists of the proprioception,

vision, and vestibular senses (2, 20). When any of the 3 sensory

components become impaired, the persons balance capabilities are

reduced, leading to an increase in falls risk. While age is known as a

large contributing factor to balance loss, studies have shown that

person’s with T2D have increased balance impairment independent

of age (21). The sensory complications of T2D (Figure 1), have the

potential to affect all 3 of the sensorimotor components of balance.

Neuropathy impacts proprioception (22), retinopathy impacts

vision (23), and vestibular dysfunction impacts the vestibular

system (24), making diabetics highly susceptible to balance

impairments and falls (25, 26). This, alongside diabetics impaired

ability to heal, makes minor injuries from falls much more

dangerous for those with DM (27).
3.1 Diabetic peripheral neuropathy

Diabetic peripheral neuropathy (DPN) is one of the hall mark

complications of T2D. Progression of DPN is often slow, with

symptoms starting in the distal extremities first, where damage to

the nerves of the feet and or hands cause increased sensitivity to

pain, temperature, and eventually numbness (28). When left

unmanaged or treated it can progress to more medial nerves,

including those of the heart, resulting in cardiac autonomic

neuropathy (CAN), which caused alterations to heart rate, blood
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pressure, and cardiac output (29). Screening for DPN is usually

done using the monofilament test, sensory function tests, or

symptomology of the peripheral extremities and Achilles tendon

reflex (30). Further testing may be done to confirm diagnosis using

a nerve conduction test to assesses electrical abnormalities in the

nerve or a corneal confocal microscope to image the morphology of

the nerve, though is not commonly used (31).

3.1.1 Pathology of DPN
DPN is a slow progressive disease that is thought to be caused

by the microvascular occlusion and hyperglycemia found in T2D

(32). While the exact mechanism causing DPN is not yet well

understood, there are several theories that provide some insight into

the onset and progression of DPN. Aldose reductase (AR) is a

regulatory enzyme found in the polyol pathway that is upregulated

in ischemic hyperglycemic conditions (33). This pathway is

responsible for converting glucose into fructose and produces

advanced glycation end products (AGE) and sorbitol which are

known to cause oxidative stress (34–36). This oxidative stress in

turn causes structural changes in the peripheral nerve and to the

dorsal root ganglion (33). It has been proposed that these structural

changes are due to glycation, where AGE and sorbitol molecules are

deposited into these nervous structures. AGE molecules induce

oxidative stress and inflammation, which can directly harm nerve

cells. Sorbitol, meanwhile, accumulates due to impaired glucose

metabolism, leading to osmotic stress within Schwann cells. These

factors contribute to toxicity, triggering apoptosis Schwann cells,

demyelination, distal fiber degeneration, and impaired nerve

regeneration (33, 35). The result of these changes can be seen in

the nerves reduced conductive ability, resulting in altered or absence

of signaling, where the affected limb may go completely numb.

3.1.2 Relation to balance
The presence and severity of DPN have been shown to increase

postural instability (37). Measures of balance in patients with DPN

are limited to postural sway during quiet standing, resulting in

increased postural sway (38). Postural movements during both

quiet standing and walking have demonstrated greater variability

in patients with DPN, which suggests an increased difficulty in
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regulating movement, destabilizing the body even more in itself

(39). DPN most commonly leads to a decay in the lower extremities

and nervous system, not allowing the important sensory systems to

function properly (40). This creates a dearth of proprioceptive

information coming from the lower extremities, resulting

in postural instability during static on non-static situations (41).

In the late stages with the development of CAN, patients may

develop orthostatic hypotension, where sudden changes in body

positioning lead to a drop in blood pressure and result in severe

instability (29).

3.1.3 Treatment for DPN
The treatments for DPN primarily focuses around reducing

pain, where a wide variety of drugs may be prescribed. The

anticonvulsant drug pregabalin is recommended by the American

Academy of Neurology as first-line therapy, which inhibits

neurotransmitters in the CNS helping to block pain (32).

Antidepressants, analgesic, and opioids may also be used when

necessary to help reduce pain (32). However, a downside of these

pharmacological options is further reduction of proprioception,

which exacerbates problems with sensorimotor control. Additional

treatment options include BG, blood pressure, lipid and weight loss

medications to help manage the symptoms and progression of the

overarching disease, T2D.

3.1.4 Exercise prescription
Recent studies suggested that aerobic physical activity, alone or in

combination with resistance exercise, may be an effective therapeutic

modality for Type 2 diabetes through revascularization and increased

blood supply (42–44). It was found that a prescribed aerobic exercise

regimen of mild intensity can positively influence both motor and

sensory neuromuscular parameters (45). Diabetes patients are

encouraged to do 30 minutes to an hour of aerobic activity most

days of the week, as well as resistance training performed twice a week

(46). More specific exercise programs such as sensory motor training

or Tai Chi have been shown to improve neuromuscular structures

and improve the symptoms of DPN (47). Specifically Tai chi has been

found to increase vascular function and improve blood flow to the

peripheral limbs (48). There is also a risk of those with DPN being
FIGURE 1

Diabetes sensory complications crosscut the sensorimotor control of balance by impacting proprioception, vision, and vestibular functions, the main
sensory contributors to postural control and stability.
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unable to feel possible foot injuries and should take special care if one

is present by only performing non weight bearing exercises such as

swimming or biking (49).
3.2 Diabetic retinopathy

Diabetic Retinopathy (DR) is a prevalent complication of T2D

that results in the loss of vision. DR is a progressive disease that

stems from the microvascular damage and vascular occlusion in the

retinas and is considered to have two clinical stages. The first stage,

non-proliferative diabetic retinopathy (NPDR), occurs when

vascular permeability, microaneurysms, and capillary occlusion

are observable in the retinal vasculature (23, 50). The second

stage, proliferative diabetic retinopathy (PDR), is more advanced

stage that occurs with neovascularization, vitreous hemorrhage, or

tractional retinal detachment (23, 50). During either of these stages

diabetic macular edema (DME) may present and is “the most

common cause of vision loss in patients with DR” (50). DR is

diagnoses by a retinal eye exam, where an ophthalmologist will

visually inspect the retina for lesions, vascular abnormalities, and

edema in the retina (51).

3.2.1 Pathology of DR
Hyperglycemia is responsible for the initial onset of NPDR,

where elevated blood glucose levels cause retinal blood vessel

dilation, pericyte apoptosis (cells providing structural support for

capillaries), and endothelial cell apoptosis (52). With the loss of these

pericyte cells, vascular permeability increases, microaneurysms

formation, and breakdown of the blood-retinal barrier (BRB) in the

capillaries of the retina. The onset of the second stage, PDR, is seen

once progression pericyte and endothelial cell death leads to retinal

ischemia (from capillary occlusion) and upregulation of vascular

endothelial growth factor (VEGF) (53). VEGF is a strong angiogenic

factor that causes increased vascular permeability and

neovascularization (clinical feature of PDR) (54).

During these events, the increased permeability and breakdown

of the BRB in the retinal capillaries causes fluid to accumulate in the

macula (center of the retina), causing it to swell and thicken and

eventually lead to DME and vision loss (50).
3.2.2 Relation to balance
Retinopathy is well understood as contributing to gait instability

and falls (13, 55). DR causes significant losses to a person’s visual

sense, causing individuals (especially in the later stages) to not be

able to accurately perceive and adjust to their environment (23).

These losses can either be due to a person’s inability to receive the

information (retinal damage) or accurately relay the information

(ocular nerve damage) (56). With damage to the retina and the loss

of visual information, greater reliance is put upon the other systems

causing reduced postural stability. Loss of the peripheral visual field

is another consequence of DR, that appears to cause a large effect on

instability, specifically in side to side and forwards backwards

movements (57). With damage to the ocular nerve the vestibular-
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ocular reflex becomes impaired, reducing eye tracking ability and

ocular focusing, putting greater stress on the proprioception

sense (14).

3.2.3 Treatment of DR
There are several forms of treatment available for those with

DR. The most promising are the anti-VEGF medications that have

been found to reduce and even reverse DR (58, 59). This medication

is injected monthly or bimonthly to help reduce VEGF levels in

patients with DR. Intravitreal corticosteroids is a potent anti-

inflammatory drug that is used to treat the early stages of DR

(NPDR) and DME when patients do not respond to the anti-VEGF

(50). Alongside medications, laser treatment is another option for

treating DR. Laser photocoagulation has been found to reduce

DME, prevent vision loss, and regress neovascularization, even

though it is still unclear the exact mechanism behind this (50, 60).

3.2.4 Exercise prescription
Exercise prescription for visually impaired patients can be

difficult to provide due to situations where complications can

outweigh expected benefit, especially in subjects with diabetes.

Although exercise is beneficial in diabetes, previous studies have

shown contradictory and inconclusive results on how it affects DR

(61). Some studies have found that physical activity has been shown

to slow the progression (62). Aerobic exercise has been shown to do

this through reduced inflammation and oxidative stress in the eye

(63). Careful monitoring of the intensity of the exercise is very

important for those with DR. More vigorous forms of exercise, such

as sprinting or heavy resistance training, may induce greater

hemodynamic pressure and cause more ocular hemorrhaging, and

thus should be avoided (64).
3.3 Vestibular apathy/dysfunction

Diabetic Vestibular dysfunction (DVD) is a prevalent complication

of T2D that is not as well known (25). Studies have found that those

with T2D are significantly more likely to have DVD compared to those

without T2D (65). The vestibular system is a small complex of organs

located in the inner ear that are responsible for relaying information

about head orientation, accelerations, neural reflexes (66). When any of

these organs or the vestibular nerve become damaged these senses and

reflexes become impaired. There are several symptoms associated with

DVD, such as vertigo, nausea, intolerance to head movement, and

postural instability (67). Testing for DVD can be difficult due to the

number of organs involved, with each requiring a different method to

assess. The vestibulo-ocular reflex and the semicircular canals are

assessed using a caloric test or video head impulse test, the vestibulo-

spinal reflex and saccule can be assessed using a cVEMP, and the urticle

is assessed using an ocular VEMP (24).

3.3.1 Pathology of DVD
The exact pathology of T2D causing DVD is not yet well

understood, but evidence from animal studies provides some
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insight into the possible mechanisms behind it. It is theorized that

DVD can develop through hyperglycemias cascading effect on

either the organs of the vestibular system or the vestibulocochlear

nerve. The oxidative stress caused by chronic hyperglycemia was

found to increase the extracellular matrix, lysosomes, and lipid

droplets in the connective tissue of the saccule and utricle damaging

the membrane and leading to impaired diffusion capabilities and

ischemia (13, 68). This then leads to type 1 hair cell (cells involved

in large head acceleration) degeneration in the saccule and utricle.

With The vestibulocochlear nerve, elevated AGEs from chronic

hyperglycemia induce demyelination and lysosomal digestion of the

nerve, resulting in myelin sheath thinning and reduced axonal fiber

diameters (13). Both of these pathways lead to dysfunction of the

vestibular sense shown by “longer latency and reduced amplitude of

vestibular evoked potentials” (13).

3.3.2 Relation to balance
Postural control relies on many sensory cues from the vestibular

system, specifically with accelerations and head positioning. This

information is something that the other senses are not able to easily

compensate for, causing heavy reliance on the proprioceptive and

visual information available (69). DVD can either be unilateral or

bilateral, without the presence of other sensory impairments, these

two types of DVD have similar effects on a person’s postural

stability, but once another sensory impairment is present, bilateral

DVD becomes significantly more impactful (70). DVD has also

been shown to have a multi-sense effect, with impairment of the

vestibulo-ocular reflex also impacting a person’s ability to control

eye movements and tracking (71, 72).

3.3.3 Treatment of DVD
Currently there are no effective pharmacological or surgical

treatment options available for those suffering with DVD. The only

form of treatment that has shown some DVD related improvements

is vestibular rehabilitation therapy (73). This exercise-based

treatment program focuses on retraining aspects of a person’s

motor control to compensate for the lack of vestibular input.

Vestibular rehabilitation therapy has been shown to help alleviate

symptoms such as dizziness and postural instability using specific

balance exercises daily (73).

3.3.4 Exercise prescription
As with the other sensory complications physical activity can

act as a preventative measure to DVD but with its onset and its

symptomatology, continuing exercise may become difficult and

more dangerous (74). Vestibular rehabilitation exercises have

been developed and can be utilized to train and compensate the

vestibular sense with those experiencing DVD safely (75). Balance

retaining and goal-directed eye-head exercises have been found to

significantly improve postural stability in those with DVD (76, 77).

Head movements exercises such as head turns, head-trunk turns,

and head walking turns have all been shown to help recalibrate the

vestibulo-ocular reflex (78, 79). Active body movements such as

walking with sharp turns and sit-to-stand has been shown to help

with vestibulospinal regulation (75, 78, 79).
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4 Conclusion

This work summarized the pathomechanics of T2D and its

sensory complications, their impact on the sensorimotor control of

balance and exercise, and treatment options based on the current

literature. DPN, DR, and DVD directly impair proprioception,

vision and the vestibular sense leading to a significantly higher

risk of falls and loss of stability. While exercise is a key component

to the management of T2D, special considerations must be taken to

ensure patient safety when exercising with these complications.

Improper exercise programming may lead to worsening of the

conditions or injury. As such routine screening practices are needed

for these complications to ensure proper treatment and exercise

programing is prescribed. Development of better screening

methods to improve adherence and detection of T2D

complications will ensure that individuals with T2D are able to

receive the care and treatments they need.
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