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Physical Training and Activity in
People With Diabetic Peripheral
Neuropathy: Paradigm Shift
Patricia M. Kluding, Sonja K. Bareiss, Mary Hastings, Robin L. Marcus,
David R. Sinacore, Michael J. Mueller

Diabetic peripheral neuropathy (DPN) occurs in more than 50% of people with diabetes and
is an important risk factor for skin breakdown, amputation, and reduced physical mobility (ie,
walking and stair climbing). Although many beneficial effects of exercise for people with
diabetes have been well established, few studies have examined whether exercise provides
comparable benefits to people with DPN. Until recently, DPN was considered to be a
contraindication for walking or any weight-bearing exercise because of concerns about injur-
ing a person’s insensitive feet. These guidelines were recently adjusted, however, after
research demonstrated that weight-bearing activities do not increase the risk of foot ulcers in
people who have DPN but do not have severe foot deformity. Emerging research has revealed
positive adaptations in response to overload stress in these people, including evidence for
peripheral neuroplasticity in animal models and early clinical trials. This perspective article
reviews the evidence for peripheral neuroplasticity in animal models and early clinical trials,
as well as adaptations of the integumentary system and the musculoskeletal system in response
to overload stress. These positive adaptations are proposed to promote improved function in
people with DPN and to foster the paradigm shift to including weight-bearing exercise for
people with DPN. This perspective article also provides specific assessment and treatment
recommendations for this important, high-risk group.
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Peripheral neuropathy, one of the
most common complications of
diabetes mellitus,1 typically is char-

acterized as a symmetrical distal degen-
eration of peripheral nerves and
impaired nerve regeneration. Diabetic
peripheral neuropathy (DPN) can cause
impairments in tactile sensitivity, vibra-
tion sense, lower limb proprioception,
and kinesthesia. The loss of sensation
associated with the neuropathy is
thought to contribute to impaired bal-
ance, altered gait patterns, and increased
risk of falling.2,3 The presence of DPN in
older adults has been found to be
strongly associated with decreased activ-
ity levels, as measured by steps per
day.4,5 Moreover, the associated sensory
impairments, along with accelerated
arterial disease, result in an increased sus-
ceptibility of lower extremities to injury
and infection, which can result in dia-
betic amputations.6

The fact that diabetes and associated
complications can be prevented by
tightly regulating blood glucose through
diet, exercise, or medication has been
well established.7–9 More recently,
several large randomized controlled trials
established that aerobic exercise
improves physical fitness, glycemic con-
trol, and insulin sensitivity in people
with diabetes.10 Therefore, exercise is
recommended as a way for people with
diabetes to improve glycemic control
and minimize diabetic complications.
However, people with DPN have histor-
ically been advised to be cautious about
increasing their activity level.

Before 2009, the Standards of Medical
Care in Diabetes position statement pub-
lished by the American Diabetes Associ-
ation (ADA) included the recommenda-
tion that “in the presence of severe
peripheral neuropathy, it may be best to
encourage non–weight-bearing activities
such as swimming, bicycling, or arm
exercises” because of the increased risk
of skin breakdown, infection, and Char-
cot joint destruction.11,12(p S23) However,
a randomized controlled trial published
in Physical Therapy13 was instrumental
in leading to a substantial change in these
guidelines. LeMaster et al13 compared
the incidence of foot ulcers in people
who had DPN and were assigned to a

walking exercise group with that in a
control group. They concluded that
assignment to the weight-bearing activity
group did not increase the rate of foot
ulcers.13

The study by LeMaster et al13 has been
cited as evidence to support the latest
ADA guideline statement, which does
not preclude weight-bearing activity in
people with DPN.14 The guidelines do
include a cautionary statement: “All indi-
viduals with peripheral neuropathy
should wear proper footwear and exam-
ine their feet daily to detect lesions early.
Anyone with a foot injury or open sore
should be restricted to non–weight-
bearing activities.”14(p S29) Physical ther-
apists need to be aware of these guide-
lines and understand how to implement
them in clinical practice and health pro-
motion or wellness settings.

In addition to these recent changes in
exercise guidelines for people with DPN,
an emerging body of research has found
positive adaptations to exercise and
physical activity (referred to here as
“overload stress”) in people with DPN.
In this perspective article, we review the
evidence for peripheral neuroplasticity
in animal models and early clinical trials,
as well as adaptations of the integumen-
tary system and the musculoskeletal sys-
tem in response to overload stress. We
propose that these positive adaptations
promote improved function in people
with DPN and foster the paradigm shift

of including weight-bearing exercise for
people with DPN. We also provide spe-
cific assessment and treatment recom-
mendations for this important, high-risk
group.

Physical Stress Theory
(PST) as a Framework to
Support a Paradigm Shift
Prescribing physical activity for people
with DPN can be challenging because
they often have multiple comorbidities
in addition to their peripheral insensitiv-
ity and they may be easily injured by high
levels of physical stress. The PST can
provide a conceptual framework to help
guide and interpret research and inter-
vention in this area.15 The basic premise
of the PST is that changes in the relative
level of physical stress cause a predict-
able response in all biological tissues
(Fig. 1), even those affected by diabetes
and peripheral neuropathy. For the pur-
poses of this perspective article, we
focus on the following characteristic
responses to physical stress: injury,
resulting from excessively high levels of
physical stress; decreased stress toler-
ance, resulting from low physical stress
levels; and increased stress tolerance,
resulting from physical stress at a level
between the maintenance and injury
thresholds.

Somewhat justifiably, the concern for
avoiding the “injury” threshold has been
the main focus of care for people with

Figure 1.
Tissue adaptation to physical stress. Reprinted with permission from Mueller MJ, Maluf KS.
Tissue adaptation to physical stress: a proposed “physical stress theory” to guide physical
therapist practice, education, and research. Phys Ther. 2002;82:383–403.
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DPN. Excessive physical stress on the
insensitive feet of people with DPN
clearly has been associated with neuro-
pathic ulcers and subsequent skin break-
down.16,17 A large body of evidence has
indicated that high levels of localized
stress, often encountered during walk-
ing, can result in skin breakdown, usually
under the metatarsal heads, where plan-
tar pressure (stress) is highest.6 Along
with the understanding that high levels
of stress can cause skin breakdown came
the understanding that protection from
such stress can allow the skin to heal.
Some randomized controlled trials18,19

have demonstrated that unloading plan-
tar ulcers through total contact casting or
protective walking boots allows most
neuropathic ulcers (without vascular
compromise) to heal in 6 to 8 weeks.

Previous guidelines primarily focused on
protecting the insensitive foot from
physical stress. Unloading was recom-
mended to heal wounds, protective
footwear was prescribed to help prevent
skin breakdown of insensitive feet,
and people with neuropathy were
advised to avoid weight-bearing exer-
cise.11 Although unloading injured tis-
sues clearly can help them heal, accord-
ing to the PST, prolonged levels of low
stress will lead to subsequent decreased
tolerance of the tissues for stress and an
even lower threshold for injury. The the-
ory predicts that although unloading in
the short term will help tissues to heal,
long-term stress protection will lead to
an ever-decreasing tolerance for stress
and for activity in general.

Contrary to traditional clinical ap-
proaches and even to most current clin-
ical approaches, the PST hypothesizes
that people with DPN may benefit from
overload stress to become more tolerant
of subsequent stress. Despite the very
real concerns for safety and the potential
for adaptation, the PST offers hypotheses
and expectations for improvements in
each of the major physiological systems
comprising the movement system,
namely, the peripheral nervous system,
the integumentary system, and the mus-
culoskeletal system. Although no one
would argue against a clear “injury” win-
dow that occurs because of excessive
stress, the PST postulates that there is a

window of “increased tolerance” that is
just below the injury threshold but above
a “maintenance” level of stress (Fig. 1).
The level of overload stress would need
to be high enough to allow stress above
the typical stress experienced by the tis-
sues but not high enough to cause dam-
age or injury.15

Various diabetic complications and
pathologies likely make this window of
adaptation to stress narrower and more
difficult to identify in a person with DPN
than in a person without DPN. Periph-
eral neuropathy often robs a person of
the ability to detect potentially harmful
high pressure and pain. Diabetes results
in the accumulation of advanced glyca-
tion end products that make tissues
thicker, stiffer, and more susceptible to
injury20; peripheral vascular disease,
which may delay healing; and foot defor-
mity, which places excess stress on the
foot.6 These considerations and risk fac-
tors are specifically addressed in subse-
quent sections.

DPN Pathology,
Progression, and Plasticity:
Evidence From Animal
Models
Diabetic peripheral neuropathy is a
neurodegenerative disease that targets
the peripheral nervous system. It is now
recognized that hyperglycemia or insulin
resistance associated with prediabetes is
sufficient to cause damage to distal
nerves, suggestive of early nerve target-
ing in DPN.21 Knowledge of the molec-
ular pathways implicated in the patho-
genesis of DPN has grown considerably
and is briefly summarized in Figure 2.22

The initiating events of hyperglycemia,
obesity, and dyslipidemia trigger in-
creases in advanced glycation end prod-
ucts, chronic inflammation, oxidative
stress, and mitochondrial dysfunction,
which contribute to metabolic dysregu-
lation.22–25 Changes in any of these con-
tributors to metabolic dysregulation are
believed to alter neurotrophin expres-
sion and cause growth factor deficiency
(including that of insulin) to influence
nerve growth or regeneration, protec-
tion, and survival.24 The cascade of
events and associated microvascular
complications result in the structural and
physiological features of DPN: distal

degeneration of peripheral axons, which
leads to cutaneous denervation of the
skin; diminished axonal regeneration;
axonal atrophy; and myelin thinning,
with slowed conduction velocity.24

The predominant early clinical manifes-
tations of DPN are sensory in nature,21

suggesting that primary afferent neurons
are uniquely sensitive to damage. The
anatomical structure of the sensory
axons and the location of cell bodies out-
side the protection of the blood-brain
barrier put them at risk for the negative
effects of altered glucose metabolism.26

Moreover, the high metabolic demands
of long sensory afferent neurons coupled
with exposure to a hyperglycemic envi-
ronment result in direct axonal damage
in parallel with the microvascular
complications.24

Insights into potential mechanisms of
recovery from DPN have been obtained
with diabetic animal models. In a type 1
diabetic model, mice that showed spon-
taneous recovery of beta-cell function
and restoration of glucose levels showed
improvements in all aspects of neuropa-
thy (electrophysiological improvements,
myelin thickness) and marked reinnerva-
tion of the epidermis but did not show
recovery from the loss of sensory neu-
rons reported in this model.27 These find-
ings indicate that plasticity or growth of
preserved sensory fibers is an important
feature of recovery from neuropathy and
that therapies targeting neuron growth
may lead to successful clinical strategies.

Beneficial effects of exercise on nerve
function have been reported in both pre-
diabetic and diabetic animal models;
these effects include decreased pain,28,29

normalized epidermal innervation,29

enhanced nerve regeneration,30 and
restored electrophysiological function.31

Notably, human studies and animal mod-
els have shown that marked improve-
ments in metabolic syndrome features do
not necessarily include rescue of nerve
regeneration and prevention of early
painful symptoms.29,32,33 These findings
support the notion that exercise medi-
ates peripheral nerve plasticity in part
through mechanisms independent of
metabolic status.
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The precise mechanisms of exercise-
induced nerve protection or recovery are
unknown, but evidence from animal
models has shown that exercise is effec-
tive at restoring neurotrophin levels,

reducing oxidative stress, and reducing
inflammation.29,34,35 Exercise also can
prevent myelin damage36 and reduce
Ca2� channel dysfunction to improve
electrophysiological function.37 A grow-

ing body of evidence has suggested that
restoring neurotrophic growth factor
support serves as a key mediator of these
effects.38 Collectively, there is compel-
ling evidence from animal studies that
exercise has a distinct advantage over a
single-factor approach by influencing
multiple pathways to restore peripheral
nerve milieus and enhance nerve
regeneration.

Exercise and Peripheral
Nerve Plasticity in DPN:
Emerging Clinical Trials
Despite the identification of numerous
molecular pathways involved in DPN
pathogenesis, clinical trials targeting spe-
cific molecules have demonstrated only
modest benefits in slowing disease pro-
gression and have been largely ineffec-
tive at reducing pain22,39; these results
suggest that pharmacological therapies
may not be sufficient to reverse or slow
DPN. Exercise is known to improve mul-
tiple metabolic factors that may affect
nerve health40,41 and microvascular func-
tion, which may indirectly protect
against peripheral nerve damage.42 How-
ever, the effect of exercise on the pre-
vention of neuropathy is not well under-
stood. In a longitudinal study,43 nearly 80
people with diabetes (no signs or symp-
toms of DPN) were monitored for 4
years. Compared with a control group,
people who participated in supervised
brisk walking for 4 h/wk had a lower
frequency of motor or sensory neuropa-
thy at the end of the study. Further sup-
port for a potentially protective effect of
exercise came from a study of lifestyle
intervention in 29 people who had pre-
diabetes, impaired glucose tolerance,
and clinical signs of neuropathy; diet
modification and exercise in this cohort
resulted in partial cutaneous reinnerva-
tion that was associated with decreased
neuropathic pain severity.33

As reported by Smith et al,33 changes in
cutaneous innervation can be measured
with epidermal (skin) biopsies, which
serve as a reliable and sensitive index of
small-fiber degeneration in people with
DPN.44 A skin biopsy and immunohisto-
chemical staining of nerve fibers are
shown in Figure 3. This standardized
technique for assessing intraepidermal
nerve fiber density has been used to

Figure 2.
Signaling events involved in diabetic peripheral neuropathy pathogenesis. Initiating events
(insulin resistance, hyperglycemia, and dyslipidemia) contribute to metabolic pathway dys-
regulation events that are interactive and collectively result in cellular damage and nerve
dysfunction.

Figure 3.
Determination of intraepidermal nerve fiber density from punch skin biopsy. (Left) A 3-mm
skin biopsy was removed and processed for protein gene product 9.5 (PGP 9.5) immuno-
cytochemistry. (A and B) Arrows indicate PGP 9.5–positive fibers in the epidermis of a person
without diabetes (A) and in that of a person with diabetes (B). Scale bar�50 �m. Photo-
graphs courtesy of Douglas E. Wright, PhD.
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show that prediabetic neuropathy and
DPN are associated with the loss of small
epidermal axons and impaired regenera-
tion capacity.44,45 As a validated tech-
nique for assessing structural nerve plas-
ticity, intraepidermal nerve fiber density
is an objective end point measure for
assessing the efficacy of neuropathy ther-
apies, including exercise,32,46,47 and may
be more sensitive than nerve conduction
studies for detecting early damage in
nerve fibers.48

Exercise training is a unique therapeutic
strategy for improving metabolic dys-
regulation11,49 (diabetic risk factors) and,
in parallel, may directly promote nerve
regeneration and function.50 Emerging
evidence from human40,41 and ani-
mal28–31 research is expanding knowl-
edge about the molecular transducers
that promote positive nerve adaptations
(morphological and physiological) in
response to exercise.

Providing Positive Overload
for the Integumentary
System Without Causing
Injury
Intuitively, people understand and
appreciate that skin can adapt to changes
in physical stress. The glabrous skin on
the palms of people’s hands and the bot-
toms of their feet—skin that includes a
weight-bearing or stress transfer func-
tion—is thicker than other skin and
appears to be adaptable to increasing
physical stress.51 A gradual increase in
new physical stress to the skin is impor-
tant in several areas of physical therapist
practice; for example, a wearing sched-
ule is used to gradually increase the
wearing time for a new orthotic or pros-
thetic device. This slow progression is
necessary for the skin to adapt to the
change in weight-bearing stress and to
avoid the negative consequences of pain
or skin breakdown.

Very little quantitative or basic research
on the adaptive changes that occur
within skin to make it more tolerant of
physical stress has been completed. In an
early study, Brand16 described the results
of applying various levels of repetitive
stress to the anesthetized footpads of rats
over 6 weeks. Brand16 noticed hyperpla-
sia of the epithelium in the rat footpad

that was overstressed, resulting in
“strong, well-conditioned feet.” Other
authors demonstrated that collagen
fibrils have increased diameter after
exposure to compressive and shear
stresses52 and are organized and packed
into structures that appear to adapt
to their mechanical environment.53

Research has suggested that control of
this epigenetic adaptation of connective
tissue extracellular matrix is provided
primarily by fibroblasts that sense and
communicate mechanical loads to effect
an optimized remodeling response.

The above-described observations about
and experiments with nonpathologic
skin suggest the ability of skin to adapt
positively to overload stress. Less is
known about the adaptive capabilities of
neuropathic skin. However, the para-
digm shift described in this perspective
article proposes that, consistent with the
PST, neuropathic skin—like all skin—
can adapt to increasing levels of stress
but that the window of adaptation bor-
dered by stress that is too high (that
causes injury) and stress that is too low
(that causes atrophy or reduced stress
tolerance) is fairly narrow and needs to
be monitored carefully, especially in the
presence of comorbidities (eg, periph-
eral artery disease and foot deformity).
This paradigm shift represents a true
change from traditional thinking, with
the new perspective that people with
DPN should be encouraged to maintain
and even increase weight-bearing activi-
ties, rather than avoid them.

A growing body of evidence supports
this theoretical perspective. For exam-
ple, evidence has indicated that people
who have DPN and are less active are
more at risk for skin breakdown than
those who are more active.4,15,54,55 We
also have documented that a subset of
people who had DPN (5/22; mean
age�65 years, SD�13; mean body mass
index�33 kg/m2, SD�6), were living in
the community, and were screened to
participate in an exercise program (ie,
excluded if they had any comorbidity or
medications that would interfere with
exercise) were walking 10,000 to 20,000
steps per day without a history of skin
breakdown.56 Finally, preliminary ran-
domized controlled trials have shown

that people with DPN can increase their
weight-bearing activities without an
increased incidence of injury.13,57,58

Although these improvements may be
modest, they are in contrast to the
expected and observed declines in this
population with chronic disease.

Musculoskeletal
Impairments in DPN
Although impairments in the peripheral
nerves and the integumentary system
may be more widely recognized, several
musculoskeletal impairments accom-
pany or result from chronic diabetes.
The fact that these impairments may be
appropriately treated with exercise pro-
vides additional support for the para-
digm shift toward exercise as a primary
treatment approach for people with
DPN. Although some musculoskeletal
impairments can be attributed in part to
the primary disturbances of carbohy-
drate, fat, and protein metabolism asso-
ciated with insulin resistance,59 other
musculoskeletal impairments can arise
from accompanying complications, such
as DPN, diabetic nephropathy, systemic
inflammation, and cardiovascular and
peripheral vascular diseases. Musculosk-
eletal impairments may also include sar-
copenia with excessive intermuscular
adipose tissue (IMAT), decreased muscle
performance (strength, power, and
fatigue), and limited joint mobility.56,60,61

People with diabetes may experience
premature and progressive sarcopenia
with low muscle quality because of
excessive IMAT accumulation in ectopic
sites, including key skeletal muscles.56,60

Several studies61–64 have shown that
lower extremity skeletal muscles of peo-
ple with DPN accumulate excessive
volumes of IMAT, with concomitant
decreases in muscle volume in the intrin-
sic and extrinsic muscles of the foot. The
observation that intrinsic muscle volume
loss and replacement of intrinsic muscle
volume with IMAT in the foot61 may
exceed the percentage of IMAT volume
observed in the leg60,64 and thigh65 mus-
cles supports the belief that DPN is the
contributing cause because a distal-to-
proximal, symmetrical progression is
characteristic of DPN. Two studies60,64

have shown that people who have DPN
have excessive IMAT volumes in the leg
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Table 1.
Recent Evidence of Impact of Exercise in People With Diabetic Peripheral Neuropathya

Type of Trial Study
Group (No. of
Participants) Intervention

Duration and
Frequency

(Follow-up) Key Outcomes

Single group Yoo et al80 Diabetes (14) Supervised aerobic exercise 16 wk, 3�/wk 2 pain interference, 3 pain intensity

Kluding et al81 Diabetes (18) Supervised aerobic exercise 16 wk, 3�/wk 2 general fatigue, 2 physical fatigue, 1
peak V̇O2

Fisher et al82 Diabetes (5) Supervised aerobic exercise
and HEP

24 wk total, 8 wk
supervised, 16 wk
HEP

1 motor and sensory conduction velocities,
1 motor conduction amplitudes,
1 F-wave latencies

Nonrandomized
controlled

Akbari et al75 Intervention for
diabetes (10);
control
(healthy) (10)

Balance, Biodex (Biodex
Medical Systems, Shirley,
NY) stability

20 wk, 10
sessions

1 stability indexes

Ahn and Song85 Intervention
(20); control
(19)

Tai chi 12 wk, 2�/wk 1 balance, 1 quality of life, 1 total
neuropathic symptom score

Hung et al84 Intervention for
diabetes (28);
control
(healthy) (32)

Tai chi chuan 12 wk, 3�/wk 1 median and tibial nerve conduction
velocities, 3 amplitudes

Richardson et al78 Intervention
(10); control
(10)

Balance 3 wk, daily 1 balance, 3 ABC, 3 motor response
amplitudes

Randomized
controlled

Dixit et al83 Intervention
(40); control
(47)

Aerobic exercise 8 wk, 3–6�/wk 1 distal peroneal nerve conduction velocity;
1 sural sensory nerve conduction velocity;
1 MDNS; 3 latency, duration, and
amplitude

Lee et al74 WBV�balance
(19); balance
(18); control
(18)

WBV and balance exercise;
balance exercise only

WBV�balance:
6 wk, 3�/wk
(WBV) and
2�/wk (balance);
balance only:
6 wk, 2�/wk

WBV�balance group compared with balance
and control groups: 1 postural sway, 1
HbA1C; WBV�balance and balance groups
compared with control group: 1 OLS;
WBV�balance group compared with balance
group: 1 OLS; WBV�balance group and
balance group: 1 postural sway, 1 BBS,
1 TUG,15 times sit-to-stand test,1OLS,1FRT

Mueller et al58 WB (15); NWB
(14)

WB: balance, flexibility,
strength, aerobic walking
exercise; NWB: balance,
flexibility, strength, aerobic
stationary cycling exercise

12 wk, 3�/wk WB group: 1 6MWD, 1 average daily step
count;
NWB group: 1 HbA1c

Song et al76 Intervention
(19); control
(19)

Balance exercise; both
groups received education

8 wk, 2�/wk 1 balance and trunk proprioception:
decreased sway paths; 1 OLS, BBS, FRT,
TUG;
1 10-m walk; 2 trunk repositioning errors

Allet et al77 Intervention
(35); control
(36)

Balance, gait, function-
oriented strength

12 wk, 2�/wk
(6-mo follow-up)

1 gait speed, 1 dynamic balance (time to
walk over beam, balance index), 1 POMA,
1 FES, 1 hip flexion mobility, 1 hip
strength

Kruse et al79 Intervention
(41); control
(38)

Intervention: leg strength,
balance, self-monitored
walking with pedometer,
motivational telephone
calls; control: self-care
instruction, telephone calls
for activity reporting

Part I: 12 wk,
8 individual
sessions, HEP;
part II: 13–52 wk,
HEP, bimonthly
telephone calls
(12-mo
follow-up)

3 ankle dorsiflexion strength;
3 OLS with eyes open, BBS, TUG; 3 FFIDS,
FES; 1 OLS with eyes closed; 3 falls
reported by participants

a2�decrease, 3�no change, 1�increase (improvement), V̇O2�oxygen consumption, HEP�home exercise program, ABC�Activities-specific Balance
Confidence Scale score, MDNS�Michigan Diabetic Neuropathy Score, WBV�whole-body vibration, HbA1c�hemoglobin A1c, BBS�Berg Balance Scale score,
TUG�Timed Up “&” Go Test score, FRT�Functional Reach Test score, OLS�one-leg stance test score, WB�weight bearing, 6MWD�6-minute walk
distance, NWB�non–weight bearing, POMA�Performance-Oriented Mobility Assessment score, FES�Falls Efficacy Scale score, FFIDS�Foot Function Index
Disability Scale score.
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muscles compared with people who
have diabetes but do not have DPN.
Interestingly, the larger percentage of
IMAT volume in people with DPN was
inversely correlated with gastrocnemius-
soleus lean muscle volume, plantar-
flexor muscle power, vertical stair
power, 6-minute walk distance, and
Physical Performance Test scores.64 Bit-
tel et al64 demonstrated, using dual-
energy x-ray absorptiometry, that people
who have DPN are more likely to be
classified as having sarcopenia than peo-
ple who have diabetes but do not have
DPN. Of importance to physical thera-
pists is the fact that sarcopenia in people
with DPN typically occurs at a much
younger age, 50 to 60 years old,64 than
age-related sarcopenia in people who do
not have diabetes; the latter typically
occurs in people 65 years old or older.66

It has been well documented that people
who have DPN have reduced foot and
leg muscle strength and power com-
pared with those in people who do not
have DPN.60,64 Decreased ankle strength
and power accounted for lower 6-minute
walk distances, Physical Performance
Test scores, and power generated while
ascending stairs.60 Recently, it was rec-
ognized that DPN is a major determinant
for premature declines in functional
activities leading to the early onset of
physical frailty in people with diabetes.64

Limited joint mobility, another prevalent
musculoskeletal impairment in people
with diabetes, affects both large and
small joints of the spine and the upper
and lower extremities. Because limited
joint mobility is a systemic impairment
that progresses with the severity and
duration of diabetes, it is largely attrib-
uted to persistent hyperglycemia.67 Per-
sistent hyperglycemia increases the lev-
els of advanced glycation end products
and receptors for advanced glycation
end products on most body organs and
connective tissues (bone, tendon, liga-
ment, and cartilage).20,67 Advanced gly-
cation end products and receptors for
advanced glycation end products have
been shown to be directly related to
shoulder impairments in people with dia-
betes, contributing to pain and disabil-
ity.20 Limited joint mobility is readily
observable in the wrists and hands of

people with DPN, and limited joint
mobility combined with DPN in the leg
may contribute to acquired deformities
of the forefoot61,62 and the midfoot and
hindfoot,63,68 abnormally high vertical
and shear pressures, and plantar
ulceration.69,70

Musculoskeletal impairments may be
overlooked in people with DPN because
of the complex interactions of underly-
ing metabolic and neurological dysfunc-
tions. These effects may be even more
pronounced in older adults, as poor
peripheral nerve function appears to be
associated with a more rapid decline in
muscle strength.71 The effect of aging on
the paradigm shift toward the use of
exercise to address DPN-induced muscu-
loskeletal impairments and related move-
ment dysfunctions opens up a new per-
spective for physical therapist practice.

Effect of Exercise on
Function in DPN
Evidence of the effect of exercise train-
ing on impairments and patient-centered
functional outcomes in people with DPN
can be found in recently published trials
on this topic. A systematic review sug-
gested a lack of high-quality evidence for
evaluating the effect of exercise on func-
tional ability in people with peripheral
neuropathy.72 According to that review,
the inclusion of participants with differ-
ent types and severity of neuropathy; the
types, intensity, and duration of exercise
interventions; and a lack of consensus in
reporting outcome measures strongly
suggested the need to develop high-
quality, sufficiently powered trials. More
recently, however, Streckmann et al73

identified 10 exercise intervention stud-
ies, 9 of which have been published
since 2009, that included adults with
DPN. As shown in Table 1, the interven-
tions provided varied widely. In general,
balance, gait, and mobility outcomes
were all shown to improve with individ-
ual74–78 or multimodal58,79 exercise inter-
ventions. Additionally, recent single-
group trials with an aerobic exercise
intervention demonstrated decreased
pain interference as well as decreased
general and physical fatigue.80–82 In a
randomized controlled trial, Dixit et al83

also found that aerobic exercise had a
positive effect on nerve conduction

velocity. Whole-body vibration (WBV)
training used to supplement balance
exercise was also recently shown to ben-
efit people with DPN,74 and 12 weeks of
tai chi has resulted in improved median
and tibial nerve conduction velocities84

and improved quality of life, balance, and
neuropathic symptoms.85 Although the
intensity of exercise is a key variable for
the interpretation of positive tissue adap-
tations, we did not include intensity in
Table 1 because many of the studies used
exercises (eg, tai chi) that are difficult to
quantify and compare.

In summary, on the basis of the increas-
ing amount of literature on the impact of
exercise training on physical activity and
physical function in people with diabe-
tes and DPN, it appears that with appro-
priate monitoring, weight-bearing exer-
cise is safe and feasible for this
population and leads to positive out-
comes. Modest improvements in gait
speed and habitual physical activity can
be expected. Exercise for this population
should be multicomponent, including
aerobic, resistance, and balance interven-
tions. Exercise programs that meet or
exceed the US Department of Health and
Human Services physical activity guide-
lines for Americans,86 with sufficient
intensity, frequency, and duration to
result in positive tissue adaptations and
gains in physical function, are recom-
mended. Because exercise training in
people with DPN may also result in
higher risk and occurrence of adverse
events, there is also a need to closely
monitor people who have DPN and
are initiating exercise programs, as
described in the next section.

New Directions for
Clinical Practice
There is no question that exercise has
numerous potential advantages for peo-
ple with DPN and that physical thera-
pists have an important role in imple-
menting ADA guidelines for activity.14

The PST15 and individual factors that
moderate the risks and benefits of exer-
cise participation can be used to form a
framework for physical therapist prac-
tice and the development of an exercise
program. The goal of the exercise pre-
scription is to increase the tissue level
stress to allow positive adaptations with-
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Table 1.
Recent Evidence of Impact of Exercise in People With Diabetic Peripheral Neuropathya

Type of Trial Study
Group (No. of
Participants) Intervention

Duration and
Frequency

(Follow-up) Key Outcomes

Single group Yoo et al80 Diabetes (14) Supervised aerobic exercise 16 wk, 3�/wk 2 pain interference, 3 pain intensity

Kluding et al81 Diabetes (18) Supervised aerobic exercise 16 wk, 3�/wk 2 general fatigue, 2 physical fatigue, 1
peak V̇O2

Fisher et al82 Diabetes (5) Supervised aerobic exercise
and HEP

24 wk total, 8 wk
supervised, 16 wk
HEP

1 motor and sensory conduction velocities,
1 motor conduction amplitudes,
1 F-wave latencies

Nonrandomized
controlled

Akbari et al75 Intervention for
diabetes (10);
control
(healthy) (10)

Balance, Biodex (Biodex
Medical Systems, Shirley,
NY) stability

20 wk, 10
sessions

1 stability indexes

Ahn and Song85 Intervention
(20); control
(19)

Tai chi 12 wk, 2�/wk 1 balance, 1 quality of life, 1 total
neuropathic symptom score

Hung et al84 Intervention for
diabetes (28);
control
(healthy) (32)

Tai chi chuan 12 wk, 3�/wk 1 median and tibial nerve conduction
velocities, 3 amplitudes

Richardson et al78 Intervention
(10); control
(10)

Balance 3 wk, daily 1 balance, 3 ABC, 3 motor response
amplitudes

Randomized
controlled

Dixit et al83 Intervention
(40); control
(47)

Aerobic exercise 8 wk, 3–6�/wk 1 distal peroneal nerve conduction velocity;
1 sural sensory nerve conduction velocity;
1 MDNS; 3 latency, duration, and
amplitude

Lee et al74 WBV�balance
(19); balance
(18); control
(18)

WBV and balance exercise;
balance exercise only

WBV�balance:
6 wk, 3�/wk
(WBV) and
2�/wk (balance);
balance only:
6 wk, 2�/wk

WBV�balance group compared with balance
and control groups: 1 postural sway, 1
HbA1C; WBV�balance and balance groups
compared with control group: 1 OLS;
WBV�balance group compared with balance
group: 1 OLS; WBV�balance group and
balance group: 1 postural sway, 1 BBS,
1 TUG,15 times sit-to-stand test,1OLS,1FRT

Mueller et al58 WB (15); NWB
(14)

WB: balance, flexibility,
strength, aerobic walking
exercise; NWB: balance,
flexibility, strength, aerobic
stationary cycling exercise

12 wk, 3�/wk WB group: 1 6MWD, 1 average daily step
count;
NWB group: 1 HbA1c

Song et al76 Intervention
(19); control
(19)

Balance exercise; both
groups received education

8 wk, 2�/wk 1 balance and trunk proprioception:
decreased sway paths; 1 OLS, BBS, FRT,
TUG;
1 10-m walk; 2 trunk repositioning errors

Allet et al77 Intervention
(35); control
(36)

Balance, gait, function-
oriented strength

12 wk, 2�/wk
(6-mo follow-up)

1 gait speed, 1 dynamic balance (time to
walk over beam, balance index), 1 POMA,
1 FES, 1 hip flexion mobility, 1 hip
strength

Kruse et al79 Intervention
(41); control
(38)

Intervention: leg strength,
balance, self-monitored
walking with pedometer,
motivational telephone
calls; control: self-care
instruction, telephone calls
for activity reporting

Part I: 12 wk,
8 individual
sessions, HEP;
part II: 13–52 wk,
HEP, bimonthly
telephone calls
(12-mo
follow-up)

3 ankle dorsiflexion strength;
3 OLS with eyes open, BBS, TUG; 3 FFIDS,
FES; 1 OLS with eyes closed; 3 falls
reported by participants

a2�decrease, 3�no change, 1�increase (improvement), V̇O2�oxygen consumption, HEP�home exercise program, ABC�Activities-specific Balance
Confidence Scale score, MDNS�Michigan Diabetic Neuropathy Score, WBV�whole-body vibration, HbA1c�hemoglobin A1c, BBS�Berg Balance Scale score,
TUG�Timed Up “&” Go Test score, FRT�Functional Reach Test score, OLS�one-leg stance test score, WB�weight bearing, 6MWD�6-minute walk
distance, NWB�non–weight bearing, POMA�Performance-Oriented Mobility Assessment score, FES�Falls Efficacy Scale score, FFIDS�Foot Function Index
Disability Scale score.
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out exceeding the window of adaptabil-
ity and causing tissue injury. This goal
can be particularly challenging in people
with DPN because they have loss of pro-
tective sensation in the involved tissues,
typically the skin, joints, and muscles of
the foot and leg.

Recommendations for
Assessment
The stress threshold for exercise pre-
scription in people with DPN is moder-
ated by several individual factors that
may increase or decrease the risks asso-
ciated with exercise. A preexercise
screening examination should include an
assessment of all of the risk factors
shown in Table 2.6,13,14,58

Integumentary System
Assessment
Foot skin health is a particularly impor-
tant moderator of risk for skin break-
down. A thorough visual inspection will
help assess the adaptability of the skin
to increased stress through a weight-
bearing exercise program. Screening of
the integumentary system involves the
following components6:

1. Skin breakdown or amputations (cur-
rent or past) are strong predictors of
future skin breakdown.87

2. The presence of callus, blisters, or
redness is an indicator of friction,
high pressure, or both and is a com-
mon precursor to skin breakdown.

3. Dry skin and distal hair loss on the
feet and legs may indicate autonomic
neuropathy. Dry skin is less resilient,
tolerating less stress before break-
down. Cool, pale skin can indicate
vascular compromise, whereas red,
warm skin can indicate a potential
infection or skin irritation.

4. Overgrown and thickened nails can
cause injury during exercise but can
also result in self-inflicted injuries dur-
ing routine nail care. In the presence
of sensory neuropathy, callus, nail,
and wound care should be provided
by a professional to prevent inadver-
tent injury from self-care.

Nervous System Assessment
Loss of protective sensation limits feed-
back (pain or discomfort) from the lower
extremity to ensure that skin, muscles,
tendons, and bones of the leg and foot
remain healthy and intact during the
increase in activity. If there is loss of
protective sensation, then participants in
exercise must be taught to use other
senses (touch and vision) to regularly
inspect their feet before, during, and
after an exercise bout for signs of high
stress (redness, warmth, bruising, swell-
ing, and callus formation). The periph-
eral sensory system is easily assessed
with the following tools and methods:

1. Light touch sensation is assessed with
the 5.07 (10-g) Semmes-Weinstein
monofilament. It is applied to the skin

with brief, even pressure until the fil-
ament bends. Locations at high risk
for skin breakdown (metatarsal heads,
heel, and pad of the great toe and
any plantar bony prominence) are
assessed.88 Additional sites can be
tested if the examiner has any con-
cerns. A person is determined to have
loss of protective sensation if he or
she is unable to consistently (�80%)
sense the 5.07 monofilament on even
one weight-bearing site.89

2. Large afferent nerve fiber function is
assessed with the Achilles tendon
reflex6 and the ability to detect onset
and damping of vibration with a
128-Hz tuning fork.88

Musculoskeletal System
Assessment
Assessment of the alignment and func-
tion of the foot and ankle is important
in relation to the risk of skin break-
down. Metatarsophalangeal hyperexten-
sion and midfoot deformities result in
bony prominences that are potential
sites for high pressure and friction90,91

and that are associated with an increase
in the risk of ulcers. The presence of
midfoot deformity is also often accompa-
nied by joint instability and the potential
for extensive multijoint deterioration. In
all types of deformity, bony prominences
can become sites of high stress and skin
breakdown but can also be sites for bony
fractures and additional joint subluxation
and dislocation.6 Weakness of the lower
extremity muscles can contribute to
poor movement patterns that increase
foot joint stress and risk of injury at the
ankle and foot during weight-bearing
activities.92 Limited mobility of the ankle
and metatarsal joints has been associated
with forefoot deformity, an increase in
plantar pressure, and forefoot ulcers in
people with DPN.62,70 Footwear should
maximize force distribution and mini-
mize rubbing6 and should fit the length
of foot, and the toe box must be the
width and depth necessary to accommo-
date any forefoot deformities. Shoes with
laces can prevent slipping without being
overly tight, and enclosed footwear
offers greater protection from foreign
objects entering the shoe. All types of
activities that a person performs should
be considered, and suggestions for

Table 2.
Risk Factors for Foot Skin Breakdown6

Variable Risk Factor

Skin History of ulcer87

Presence of callus, blister, or reddened areas
Dry or cracked skin
Distal hair loss
Overgrown and thickened toenails

Nervous system89 Loss of protective sensation (inability to feel
5.07 monofilament, absent Achilles tendon
reflex, inability to perceive vibration)

Musculoskeletal system Foot deformity90,91

Muscle weakness92

Limited ankle mobility (�10°) and toe joint
mobility (�50°)70

Inappropriate footwear (incorrect size,
insufficient protection of the foot)

Vascular system Impaired distal blood flow (absent distal pulses)
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appropriate footwear (eg, beach, pool,
and shower shoes) should be provided.
The insoles should be examined for wear
and appropriateness. A total-contact
insert is often indicated for people with
DPN, particularly when there is a history
of an ulcer or when there are prominent
deformities that need to be unloaded. A
well-made insole is one with materials
that will not be easily compressed, that
helps to disperse forces, and that
reduces areas of high stress.6

Vascular System Assessment
Peripheral artery disease, another impor-
tant risk factor for skin breakdown, is a
component cause in approximately one-
third of foot ulcers.6 A vascular examina-
tion should include palpation of the
dorsalis pedis and tibialis posterior arter-
ies93; capillary refill of 4.5 seconds or
longer at the nail bed can indicate com-
promised circulation and tissue perfu-
sion.94 Peripheral artery disease is com-
mon in people with diabetes and can
limit the ability of foot tissues to adapt to
stress and heal when wounds occur. If a
physical therapist suspects insufficient
vascular perfusion, then referral to a vas-
cular specialist is recommended.

Endocrine System Assessment
Participants in exercise should be able to
verbalize their blood glucose manage-
ment plan. They should know their
hemoglobin A1c value (the ADA recom-
mends �7.0%),14 what their blood glu-
cose level was when they last checked it,
and what they should do in response to
a hypoglycemic or a hyperglycemic
measurement.

Cardiovascular System
Assessment
Prescribing exercise for people with
DPN is further complicated by the
frequent occurrence of cardiovascular
comorbidities (hypertension and cardio-
vascular disease). It is important to
gather information about a history of
hypertension and a person’s knowledge
about his or her blood pressure treat-
ment plan. American Heart Association
and ADA recommendations state that a
systolic blood pressure of greater than
140 mm Hg, a diastolic blood pressure of
greater than 90 mm Hg, or both, require
medical attention.14,95

A medical history, blood pressure mea-
surement, and physical therapist screen-
ing as described above will assist in
determining a person’s risk factors for
injury and whether additional medical
screening is necessary before participa-
tion in an exercise program (preexercise
considerations are shown in the Appen-
dix). In a joint position statement from
the American College of Sports Medicine
and the ADA,49 exercise stress tests and
physician clearance are not considered
necessary before exercise that is no more
strenuous than a brisk walking program
in people who have diabetes and are
sedentary. If there is significant concern
regarding cardiovascular disease and risk
associated with starting an exercise pro-
gram or a more intense program is being
considered, then evaluation by a physi-
cian should be done before exercise par-
ticipation. The physician should deter-
mine the risk of cardiovascular disease
and whether additional testing (exercise
stress test or electrocardiogram) is of
benefit.49

Recommendations for
Treatment
The safety and feasibility of exercise in
people with DPN were addressed in
recent studies in which participants
were given the option of selecting
weight-bearing or non–weight-bearing
exercises.81 Lower extremity strengthen-
ing, balance, and walking exercises did
not increase the incidence of falls in peo-
ple with DPN,79 and aerobic and resis-
tance exercises did not increase pain or
neuropathic symptoms.81 Monitoring of
neuropathic symptoms and physiological
parameters, including glucose, heart
rate, and blood pressure, is critically
important in people who have diabetes
and are participating in exercise training.
Although major adverse responses are
rare, the occurrence of minor adverse
events, including joint and muscle pain,
hypoglycemia, angina, or skin irritation,
is to be expected.81 Importantly and
consistent with other recent stud-
ies,13,46,58,96 participants who did not
have severe foot deformity or open foot
ulcers had only minimal intervention-
related adverse events.

Once a full assessment is completed and
the risk of skin breakdown is under-

stood, an informed decision can be made
regarding the exercise mode, intensity,
duration, and frequency (exercise goals
are shown in the Appendix). The aim is
to complete 150 minutes of aerobic exer-
cise per week, spread over 3 days, with
no more than 2 consecutive days
between exercise bouts. To achieve this
aim, the physical therapist should assess
the baseline activity level with a quanti-
tative device such as a step monitor.
Mueller et al58 showed that increasing
the step count by 10% every 2 weeks was
a safe and gradual method for increasing
the activity level without increasing
skin breakdown. Additional research is
needed to determine the value and safety
of various exercises for people with a
history of ulcers and people with severe
foot deformity. The current ADA guide-
lines recommend a non–weight-bearing
exercise program (eg, upper body
ergometer or stationary bicycle, depend-
ing on the location of the wound) for a
person who has DPN and a current ulcer,
a severe plantar deformity that cannot be
unloaded by footwear, or an unstable
lower extremity joint.14 A history of
ulcers or the presence of mild foot defor-
mities does not automatically preclude
participation in weight-bearing activities
but should prompt consideration of com-
pensations that may be required to main-
tain the physical stress level below the
injury threshold.

In addition to aerobic conditioning, the
joint statement of the American College
of Sports Medicine and the ADA recom-
mends 2 or 3 days of large-muscle-group
resistance training per week. This train-
ing should include a minimum of 1 set of
5 or more resistance exercises.49 Flexi-
bility exercises should also be included
because they address joint range-of-
motion limitations, particularly in the
ankle, hip, and shoulder. Finally, a thor-
ough musculoskeletal examination by a
physical therapist can identify individual
needs that should be addressed to maxi-
mize joint alignment and minimize
movement-related injuries.

Changes in footwear may be needed to
optimize fit and force distribution; alter-
natively, people may just need to be
reminded to wear appropriate footwear.
In addition, regular and frequent moni-
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toring of the skin and footwear will assist
in the early detection of problems so that
they can be corrected quickly, thereby
avoiding serious complications from
the exercise program. Regardless of the
type of exercise chosen, a slow, progres-
sive weight-bearing program will allow
the time required to assess the tissue
response after exercise and to modify the
prescription to ensure that the exercise
program is safe and beneficial.58

In general, these recommendations
should be applied to older adults with
DPN, with special consideration of coex-
isting medical conditions, including not
only cardiovascular and microvascular
diseases but also functional impairments.
Aging and diabetes are both risk factors
for functional impairments,97,98 in part
because of the interactions of coexisting
medical conditions, DPN, and hearing,
vision, gait, and balance problems.99 Dia-
betic peripheral neuropathy, in particu-
lar, increases the risks of postural insta-
bility, impaired balance, muscle loss, and
falls in older adults.100–103 However,
physical activity should be encouraged in
older adults with DPN, with necessary
modifications for optimal frequency,
duration, and volume and with careful
consideration of safety.

Conclusion
Historically, many patients and health
care providers have viewed DPN-
associated nerve, skin, and musculoskel-
etal impairments as nonadaptable and
even refractory to exercise or other inter-
ventions. In this perspective article, we
summarized available evidence to the
contrary and proposed that many DPN-
induced impairments and related move-
ment dysfunctions are amenable to exer-
cise or movement-based interventions.
We agree with traditional thinking that
people with DPN should be monitored
closely for comorbidities (eg, peripheral
artery disease and foot deformity) that
may contribute to injury or skin break-
down but also advocate a paradigm shift
to maintain and even increase weight-
bearing activities rather than avoid them.
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Appendix.
Preexercise Considerations and Exercise Goals14,49

Preexercise Considerations

Blood glucose

Low blood glucose (�100 mg/dL): ingest glucose before exercise

High blood glucose (�250 mg/dL): exercise is allowed unless ketones are in the blood or urine

Blood pressure

Seek medical consultation if blood pressure is �140/�90 mm Hg

Physician clearance

Physician clearance is recommended when exercise intensity is greater than a brisk walking program in sedentary people

Exercise Goals

Aerobic

150 min/wk at 50%–70% of maximum heart rate initially, spread over 3 days, with no more than 2 consecutive days between
bouts. Increase intensity as tolerated.a

Weight-bearing or non–weight-bearing activities are safe for people with diabetes and peripheral neuropathy. However, if there
is a history of or current foot ulcer or significant foot deformity, then non–weight-bearing activity (eg, stationary bike, rowing
ergometer, or swimming) is recommended.

Resistance training

Moderate to vigorous resistance training at least 2 or 3 d/wk

Should include a minimum of one set of 5 resistance exercises involving large muscle groups (quadriceps, back, chest,
hamstring)

Flexibility

Design flexibility program to address joint range-of-motion limitations, with a special focus on ankle, hip, and shoulder joints

Individual needs

A physical therapist examination may reveal additional exercises needed to address specific concerns or to prevent movement-
related injury

a The initial exercise prescription should be determined by taking into account the current exercise level and an assessment of risk of injury with exercise
participation. The speed at which the intensity and duration of the exercise program are increased and the monitoring required during these changes should
reflect the level of concern about exercise-related injury. People with significant risk factors (eg, peripheral neuropathy and cardiovascular disease) should start
with short bouts of low-intensity exercise and gradually increase duration and intensity.
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