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Abstract: Spinal cord injury (SCI) is a traumatic, life-disrupting event with an annual incidence 

of 17,000 cases in the US. SCI is characterized by progressive physical deconditioning due to 

limited mobility and lack of modalities to allow safe physical activity that may partially offset 

these deleterious physical changes. Approximately, 50% of patients with SCI report no leisure-

time physical activity and 15% report leisure-time physical activity below the threshold where 

meaningful health benefits could be realized. Collectively, about 363,000 patients with SCI, 

or 65% of the entire spinal cord injured population in the US, engages in insufficient physical 

activity and represents a target population that could derive considerable health benefits from 

even modest physical activity levels. Currently, the annual direct costs related to SCI exceed 

US$45 billion in the US. Rehabilitation protocols and technologies aimed to improve functional 

mobility have potential to significantly reduce the risk of medical complications and cost associ-

ated with SCI. Patients who commence routine physical activity in the first post-injury year and 

experience typical motor function improvements would realize US$290,000 to US$435,000 in 

lifetime cost savings, primarily due to fewer hospitalizations and less reliance on assistive care. 

New assistive technologies that allow patients with SCI to safely engage in routine physical 

activity are desperately needed.

Keywords: ambulation, cost, exercise, exoskeleton, paraplegia, physical activity, spinal cord 

injury

Introduction
Spinal cord injury (SCI) is a traumatic, life-disrupting event with an annual incidence 

of 17,000 cases in the US.1 Despite concerted efforts to develop medical and surgical 

interventions intended to improve perioperative survival and minimize chronic neu-

rological deficit associated with acute SCI, prognosis for full recovery is poor in most 

of the cases. In-hospital mortality rates following traumatic SCI range from 3% to 

13%, most commonly due to polytrauma.2 Further, less than 1% of patients experience 

complete neurological recovery by hospital discharge.3 Once patients complete acute 

rehabilitation and are discharged home, most will begin a chronic period of progres-

sive physical deconditioning due to limited mobility and lack of modalities to allow 

safe physical activity that may partially offset these deleterious physical changes. This 

period is characterized by lifelong physical deterioration in the functioning of major 

body systems such that the life span of spinal cord-injured patients is 18 years shorter 

than age- and sex-matched healthy individuals.3,4 Further, these patients will endure 

severe long-term medical, functional, and psychological complications following the 

injury, thus increasing their risk for loss of employment or employability, decreasing 
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quality of life, and resulting in tremendous societal cost.5,6 

Overall, the clinical and economic burden of SCI is substan-

tial and, given that the condition is currently irreversible, it 

will likely remain a major societal issue for decades to come.  

Chronic deconditioning in SCI 
patients
Emerging therapies intended to reverse SCI and restore neural 

and motor pathways are on the horizon, although a definite 

cure remains elusive. Experimental studies have shown 

that stem cell injections may regrow glial cells and restore 

partial function in some patients, but exorbitant costs and 

inconsistent clinical benefit limit the utility of this therapy.7,8 

Thus, except in rare cases, a patient will live with the physi-

cal, psychological, and economic burdens imposed by SCI 

for the remainder of life. SCI is responsible for a cascade 

of physiological decline, which collectively contributes to 

secondary complications, frequent hospitalizations, high 

cost, and shorter life expectancy. While SCI itself cannot 

be currently reversed, the associated physical deterioration 

may be partially offset by engaging in even modest levels of 

physical activity on a routine basis. However, for a variety of 

different reasons, exercise participation levels are extremely 

low in patients with SCI.9 Thus, from the time of injury 

through the remainder of life, the typical patient experiences 

declining physical health, reduced quality of life, and a sig-

nificant financial burden. The reasons for the treatment gap 

for patients with SCI are several, including fear of causing 

additional bodily harm, inability to access exercise facilities, 

and lack of modalities to accommodate patient needs. There 

is a clear need to develop new and accessible technologies 

that may safely foster independent physical activity in spinal 

cord-injured patients.

How many spinal cord-injured 
patients are affected by chronic 
deconditioning?
The number of chronically sedentary patients with SCI 

has not been well characterized, but may be reasonably 

estimated from previous studies. The annual incidence of 

SCI is reported to be 54 per million.3 Given the current US 

population of 323 million and a median life expectancy of 

32 years post-injury, the most recent estimate of SCI preva-

lence is 558,000 cases.1 Approximately, 50% of patients with 

SCI report no leisure-time physical activity and 15% report 

leisure-time physical activity below the threshold required 

for meaningful health benefits (<1 hour/week).9 This suggests 

that there are approximately 279,000 completely sedentary 

patients with SCI in the US and 84,000 more patients who 

participate in leisure-time activities inadequate to positively 

impact health. Collectively, about 363,000 patients with SCI, 

or 65% of the entire spinal cord-injured population, engage 

in insufficient volumes of physical activity and represent a 

target population that could derive considerable health ben-

efits from even modest activity levels. 

What is the duration of chronic 
deconditioning after SCI?
The median age at time of SCI is 30 years.3 While life 

expectancy following SCI is dependent on factors such as 

age, sex, cause of injury, and injury level, the median life 

expectancy following injury across all patients with SCI is 

32 years, about 18 years less than age- and sex-matched non-

disabled individuals.3,4 Annual mortality rates for those who 

survive the first post-injury year average 2.5% and increase 

as patients age.3 Therefore, unlike common chronic diseases 

that predominantly affect the elderly, such as coronary heart 

disease or chronic obstructive pulmonary disease, the typical 

SCI patient is faced with significant disability throughout the 

majority of their adult life.

Physical consequences of SCI
As individuals with SCI age, they experience the same 

chronic health risks that arise in the general population. The 

goals of an aging SCI patient remain largely the same as 

those of a nondisabled person – to maintain overall health, 

independence, and life satisfaction. However, aging with the 

additional challenge of a significant disability makes it expo-

nentially more difficult for the SCI patient to maintain health 

status. At the time of injury, there is immediate and severe 

loss of sensory and motor function that triggers an extreme 

catabolic reaction due to loss of normal physiological stresses 

to tissue10 and neurohumoral responses.11 Protein degrada-

tion by-products lead to chronic increases in renal demand. 

Bones undergo extreme demineralization due to reduction or 

loss in muscle contraction forces. Spinal cord-injured patients 

have increased risks of osteoporosis, cardiovascular disease, 

respiratory problems, and muscular spasticity and contrac-

tures compared to the general population.12,13 Obesity risk 

increases in patients with SCI due to hypercaloric diet, lack of 

physical activity, and a reduction in metabolic rate, the latter 

a result of declines in fat-free mass and sympathetic nervous 

system activity. Severe immunosuppression leads to systemic 

inflammation and weakened immunity.14 Associated second-

ary complications such as fractures, falls, pressure ulcers, 

and systemic infections result in costly hospitalizations.  
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Most secondary complications resulting from SCI are thought 

to be the direct result of immobility.  

The typical SCI patient engages in only 40% of the 

activity levels of nondisabled peers.15  Given that the typical 

nondisabled adult is largely inactive highlights the extremely 

sedentary existence of patients with SCI. The percentage of 

patients with SCI able to walk at least 1 street block with or 

without assistive devices is only 32% at 1 year post-injury and 

declines as patients age, with 25% at 10 years and 15–20% 

between 20 and 30 years post-injury able to ambulate 1 block. 

Concomitantly, wheelchair dependence rises, from 59% at 

1 year, to 70% at 10 years post-injury, and between 75% 

and 80% thereafter.3 The combination of sedentary lifestyle 

combined with increased secondary complication risk expo-

nentially increases the risk of expensive hospitalizations. In 

the year following SCI, 36% of patients will be hospitalized 

at least once and 13% will be hospitalized at least twice, with 

an average length of stay of 16 to 24 days per episode.3,16 

Even beyond the first year of injury, 30% of patients will 

be hospitalized in any given year, with average stays of 22 

days.3 Primary causes of hospitalization are genitourinary 

complications and, to a lesser extent, complications related 

to skin, respiratory, digestive, circulatory, and musculoskel-

etal diseases.3,16 Notably, pressure sores accounted for 7% 

of readmissions, but 28% of total bed-days, with a median 

length of stay per episode of 7 weeks.17  

Economic burden of SCI
Starting at the time of initial injury, there is tremendous 

lifelong utilization of health care resources. The typical life 

span following SCI is 32 years, with considerable variation 

depending on the level of injury.18 Costs are highest during the 

first year following injury, but remain substantial each subse-

quent year. Average direct costs are US$523,000 in the first 

year and US$80,000 in each subsequent year, accounting for 

over US$3 million in costs over a typical patient life span.19  

In the first year after injury, private payers are responsible 

for the greatest percentage of SCI-related costs. Thereafter 

and throughout the typical post-injury life span of a spinal 

cord-injured patient, the Centers for Medicare & Medicaid 

Services (CMS) pays the greatest portion of costs (Figure 1). 

Over the life span of a typical patient, the cumulative direct 

costs to primary payers will total US$1.6 million for CMS, 

US$1.1 million for private payers, and US$400,000 for other 

payers (e.g. worker’s compensation, Veteran’s Administra-

tion) (Figure 2). Currently, the annual direct costs related to 

SCI exceed US$45 billion annually in the US. Assuming that 

the incidence of SCI stays constant at 54 cases per million, 

median post-injury life expectancy remains 32 years, and 

given the US population projections,4 the cumulative direct 

costs to the health care system will exceed US$1.4 trillion 

over the next 30 years, with CMS responsible for over US$750 

million (Figure 3). Moreover, given that the median survival 

rates following SCI have been increasing over time3 and with 

increasing health care costs, the costs of care for an SCI may be 

expected to increase beyond these conservative assumptions.

In addition to the direct costs of SCI, indirect costs related 

to lost wages, productivity, and fringe benefits are respon-

sible for an additional burden of US$72,000 per year.3 The 

health-related burden of disability due to SCI is among the 

Figure 1 Percentage of lifetime medical costs by primary payer in a typical spinal cord-injured patient in the US. 
Notes: Model assumes 32-year survival after spinal cord injury. Medicare/Medicaid pays the majority of costs from year 2 and thereafter, plateauing at ~55% of overall costs 
from year 5 and thereafter.
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highest of any known disease or disability.20 Prior to injury, 

83% of individuals were employed whereas only 25% were 

employed at 4 years.18 When considering the lifetime direct 

costs of US$3 million and US$2.3 million in indirect costs, 

the total economic burden attributable to SCI is US$5.3 

million per patient.

Health benefits of physical activity 
in spinal cord-injured patients
Recovery of locomotion is one of the main priorities for 

spinal cord-injured patients.21,22 In addition to overcoming 

the obvious mobility and social issues related to the inability 

to stand or walk, regular ambulation may profoundly combat 

secondary medical problems associated with lack of weight-

bearing activity.23 There are a number of well-documented 

health benefits from even modest physical activity, such 

as improved lipid profile, lower diabetes risk, greater lean 

muscle mass, and greater quality of life. Physical activity at 

an intensity equivalent to a nondisabled person walking at 3 

mph maintained for 1 hour per day, 3 days per week, is associ-

ated with preventive health benefits including cardiovascular 

and all-cause mortality risk reduction of 20% in the general 

Figure 2 Cumulative lifetime primary payer costs in a typical spinal cord-injured patient in the US.  
Notes: Model assumes 32-year survival after spinal cord injury. Over a typical post-injury life span, cumulative primary payer costs will total US$3.0 million, with Medicare/
Medicaid paying US$1.6 million (52%), private payers paying US$1.1 million (35%), and others (e.g. worker’s compensation, Veteran’s Administration) paying US$400,000 
(13%) of medical costs.
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adult population.23 For patients with SCI, those same health 

benefits should be a reasonable expectation. In addition, 

intermittent standing and habitual ambulation are known to 

improve upper body muscular fitness,24 slow decline in bone 

mineral by exposure to gravitational and muscular loading 

forces,25 improve circulatory responses,26 and reverse health 

risks associated with prolonged sitting.27  

As with nondisabled individuals, the American College 

of Sports Medicine’s28 exercise recommendations for patients 

with SCI include moderate-intensity exercise three to five 

times per week for 20 to 60 minutes per session. Appropriate 

modalities of cardiopulmonary exercise include arm crank 

ergometry, wheelchair propulsion, swimming, seated aero-

bics, functional electrical stimulation, and ambulation with 

assistive devices. Appropriately prescribed exercise programs 

are needed to improve health status and overall quality of life 

in patients with SCI. Although moderate physical activity is 

well tolerated by most patients, many patients are discouraged 

from participation due to incorrect perceptions about their 

functional capacity and exaggerated concern about causing 

harm. Many perceived barriers to participation in an exercise 

program have since been refuted, such as the notion of exer-

cise leading to exacerbated contractures and increased risk 

of falling.29–31 The far greater risk to the spinal cord-injured 

patient is maintaining a chronically sedentary lifestyle, which 

leads to a progressive and predictable decline in physical 

deconditioning. At 1-year post-injury, 48% of patients with 

SCI are ambulatory, most with the assistance of a mobility 

aid.3 However, as patients age, the ability declines to 37% at 

10 years, 26% at 20 years, and 22% at 30 years post-injury.3 

Clearly, there is great need for novel modalities to maintain 

or improve ambulatory ability and to facilitate safe exercise 

at sufficient intensity known to elicit health benefits.

Cost benefits of physical activity in 
spinal cord-injured patients
Rehabilitation protocols and technologies aimed to improve 

functional mobility have potential to significantly reduce the 

risk of medical complications and cost associated with SCI. 

Following discharge from inpatient rehabilitation, physical 

activity levels dramatically decline32 such that the great majority 

of patients remain sedentary for the remainder of life. How-

ever, patients who are able to participate in physical activity 

enjoy tremendous health benefits and health care cost savings. 

Patients who exercise at least twice per week have a 50% 

lower risk of hospitalization in the first year versus sedentary 

patients.16 Furthermore, for every 5-point increase in Functional 

Independence Measure (FIM) motor score, the number of 

hospitalizations each year is reduced by 0.022 and percentage 

of patients requiring assistive care decreases by 3.6%.33 Given 

that hospitalizations and assistive care represent almost 90% of 

the direct costs attributable to SCI,19 the potential cost benefits 

of improved motor function can be approximated. 

For every 5-point increase in FIM motor score, annual 

direct costs decrease by about US$25,000 in the first year 

and US$4,000 annually thereafter. Based on previous studies 

of outpatient physical activity programs, FIM motor score 

improvements of 5 to 20 points can be reasonably expected 

with chronic exercise.34,35 Therefore, in a patient who com-

mences routine physical activity in the first post-injury year 

and given a FIM motor score improvement of 10 to 15 points, 

cumulative direct cost savings would total US$81,000 to 

US$122,000 at 5 years and US$290,000 to US$435,000 over 

a lifetime, primarily due to fewer hospitalizations and less 

reliance on assistive care (Figure 4).

Further, it is reasonable to assume that mobility improve-

ment may comparably reduce indirect costs. Riggins et al 

reported that patients who transitioned from walking at 

rehabilitation discharge to wheelchair use at 1 year had the 

lowest quality of life, whereas those who transitioned from 

wheelchair to walking reported the highest quality of life.36 

Also, higher motor function 5 years after injury is associated 

with higher employment rates.37 Although no known data are 

available to accurately estimate the reduction in indirect costs 

due to improved functional ability, given that direct costs of 

SCI approximate the indirect costs, a parallel reduction in 

indirect costs over a patient’s lifetime is plausible.

Discussion
Despite the fact that SCI affects only 1 in 18,000 people,1 

this disability is responsible for a disproportionately exces-

sive physical, psychological, and economic burden. Reha-

bilitative therapies intended to facilitate physical activity 

in patients with SCI suffer from poor adoption due to high 

expense, safety concerns, lack of availability, or inability to 

tailor exercise intensity to current fitness levels. This paper 

highlights a treatment gap for patients with SCI whereby new 

technologies that facilitate physical activity should be devel-

oped and incorporated into treatment protocols for patients 

with SCI. Availability of such modalities and given modest 

improvements in motor function ability has the potential to 

reduce the lifetime economic burden of SCI by 10–15%. 

This is in stark contrast to the current paradigm whereby the 

typical SCI patient endures chronic deconditioning such that 

medical complications greatly exceed that of age-matched 

healthy individuals, life expectancy is greatly reduced, and 
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substantial economic resources are depleted, totaling over 

US$3 million in direct costs over a lifetime.

Orthotic technologies such as hip-knee-ankle-foot ortho-

ses and reciprocating gait orthoses have been employed 

with mixed success as a means of addressing this critical 

unmet health care need in the SCI population. The main 

limitation of these devices is a high metabolic demand such 

that most patients eventually discontinue use.38–41 Since the 

health benefits of physical activity are largely dependent on 

exercise frequency and duration,42 these traditional orthotic 

technologies likely have limited utility in ameliorating the 

chronic effects of inactivity due to SCI. Functional electric 

stimulation-assisted exercise is a treatment modality in which 

electrical impulses are applied to intact peripheral nerves 

supplying paralyzed muscles in order to produce functional 

movement and stimulate contractions of those muscles to 

promote recovery of motor function. Although improvements 

in cardiovascular function may be realized with routine use, 

these devices are primarily limited to arm cranking and cycle 

ergometry and do not facilitate weight-bearing ambulation. 

Despite the significant technical progress achieved in the last 

10 to 15 years in this field, there is a general consensus that 

these systems are not sufficiently advanced and that they need 

further development.43,44 Powered exoskeletons are prescrip-

tion devices composed of an external, powered, motorized 

orthosis that is placed over a person’s paralyzed or weakened 

limbs for the purpose of facilitating standing, walking, climb-

ing stairs, and performing activities of daily living. A recent 

meta-analysis concluded that powered exoskeletons allow 

patients with SCI to safely ambulate in real-world settings at 

a physical activity intensity conducive to prolonged use and 

known to yield health benefits.45 Specifically, the physiologic 

demand of exoskeleton-assisted ambulation was comparable 

to that of a nondisabled person walking at 3 mph. Further, 76% 

of patients were able to ambulate with no physical assistance. 

Improvements in bowel regularity and spasticity were reported 

in 61% and 38% of patients, respectively. Importantly, in this 

review, most patients presented with complete SCI. Generally, 

less than 5% of such patients have the ability to ambulate 

without physical assistance. The fact that 67% of patients 

in this review were able to engage in exoskeleton-assisted 

ambulation without physical assistance is very promising.

Limitations
There are several limitations of the methodology used in the 

current review. For simplicity, cost projections were predicted 

on assumptions applicable to a “typical” spinal cord-injured 

patient. This profile included median age of 30 years, median 

post-injury survival of 32 years, and averaged direct costs 

with no discount applied. Factors such as actual age of injury, 

neurological level of injury, sex, and baseline motor function 

scores will introduce variability when estimating costs for a 

single patient. Cost savings estimates with motor function 

improvement may be impacted by factors unrelated to physical 

activity, such as patient education and increased proficiency 

in activities of daily living. Additionally, we did not consider 

factors such as potential increases in longevity after SCI, 

increases in SCI incidence, or future increases in health care 

Figure 4 Cumulative lifetime cost savings with motor function improvements in a typical spinal cord-injured patient in the US.  
Notes: Model assumes 32-year survival after spinal cord injury. Each line represents a different magnitude of improvement in FIM motor score due to chronic physical 
activity. Given typical improvements in FIM motor score (10- to 15-point increase), cumulative cost savings are US$81,000 to US$122,000 at 5 years and US$290,000 to 
US$435,000 over a typical lifetime.
Abbreviation: FIM, Functional Independence Measure.
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costs. To the extent that these factors might increase in the 

future, our cost projections may be underestimated. However, 

when considering all patients with SCI (as a group) within the 

population, we believe that the cost estimates are reasonable 

and should be considered as hypothesis generating and a basis 

to argue for more rigorous prospective studies. 

Conclusion
SCI is responsible for significant lifelong loss of functional 

ability, frequent secondary complications, and tremendous 

costs to the health care system. Routine physical activity 

reduces the physical and economic burden of SCI. Therefore, 

widespread clinical adoption of new technologies that safely 

facilitate routine physical activity for patients with SCI in the 

home setting would result in significant cost savings.

Disclosure
This study was supported by ReWalk Robotics (Marlborough, 

MA, USA). The authors report no other conflicts of interest 
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