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Abstract

The safety and efficacy of pharmacological and cellular transplantation strategies are currently being evaluated in peo-

ple with spinal cord injury (SCI). In studies of people with chronic SCIs, it is thought that functional recovery will be best

achieved when drug or cell therapies are combined with rehabilitation protocols. However, any functional recovery

attributed to the therapy may be confounded by the conditioned state of the body and by training-induced effects on

neuroplasticity. For this reason, we sought to investigate the effects of a multi-modal training program on several body

systems. The training program included body-weight–supported treadmill training for locomotion, circuit resistance

training for upper body conditioning, functional electrical stimulation for activation of sublesional muscles, and wheelchair

skills training for overall mobility. Eight participants with chronic, thoracic-level, motor-complete SCI completed the

12-week training program. After 12 weeks, upper extremity muscular strength improved significantly for all participants,

and some participants experienced improvements in function, which may be explained by increased strength. Neurological

function did not change. Changes in pain and spasticity were highly variable between participants. This is the first

demonstration of the effect of this combination of four training modalities. However, balancing participant and study-site

burden with capturing meaningful outcome measures is also an important consideration.
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Introduction

Several clinical trials evaluating the safety of pharma-

cological and cellular transplantation strategies in peo-

ple with spinal cord injury (SCI) are ongoing (NCT02354625,

NCT02302157, NCT02524379, and NCT02096913), and efficacy

trials are on the horizon. In individuals with chronic SCI, however,

there is agreement that functional recovery achieved through the use

of drugs or cells will best be accomplished in concert with rehabil-

itation protocols.1 In fact, a recent systematic review of clinical trials

in SCI indicated that the strongest evidence for efficacy was asso-

ciated with trials including an exercise component.2 However, the

measurement of functional recovery attributed to repair strategies

may be confounded by the conditioned state of the body and by

training-induced effects on neuroplasticity. Therefore, it is impor-

tant to estimate the effects of exercise conditioning and potential

neuroplasticity-inducing therapies before administration of any

biological or pharmacological therapeutic.3 The present study

focuses on a combination of activities, including body-weight–

supported treadmill training (BWSTT) for locomotion, circuit

resistance training (CRT) for upper body conditioning, functional

electrical stimulation (FES) for activation of sublesional muscles,

and wheelchair skills training (WST) for overall mobility.

A large body of research supports that locomotor training can

influence motor recovery, particularly in individuals with incom-

plete SCI.4–6 (For review, see Harkema and colleagues.7) Although
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locomotor training by itself may have less of an influence on change

in neuromotor control in persons with chronic motor complete SCI

compared to those with motor incomplete SCI, small changes have

been documented. Robotic assist BWSTT has been demonstrated to

modulate electromyographic (EMG) muscle activity in a velocity-

dependent manner in individuals with motor complete SCI ranging

between cervical level 5 (C5) and lumbar level 1 (L1).8 In a single

case, there was a small effect reported on neurological lower ex-

tremity motor scores in an individual 2 years after a thoracic level 7

(T7) complete SCI.9 Manual-assist BWSTT has also been reported

to induce lower extremity muscle activation in an individual with a

chronic C6 motor complete SCI.10 Even when BWSTT has not

yielded functional motor improvements in individuals with motor

complete SCI, salutary changes have been measured in bone and fat

mass,10 quality of life, depression, metabolism,11 and cardiovas-

cular health. As such, BWSTT is a viable rehabilitation technique

for individuals with motor complete paraplegia.

Considerable evidence published by our investigative group, and

others, has documented a rapid decline in cardiorespiratory fitness

level post-SCI.12–17 This decline reduces functional capacity,18,19

and imposes early risks for all-cause cardiovascular20 and cardi-

oendocrine21 disease. Exercise studies using upper limb cardio-

respiratory activities (e.g., arm ergometry) have long been known

to improve fitness post-SCI22; more substantial fitness gains have

been reported when incorporating resistance exercises with car-

diorespiratory reconditioning.23 A CRT model using this design is

more effective for improving upper limb and trunk endurance than

endurance exercise alone and also improves strength and anaer-

obic power.24 In addition, the circuit resistance conditioning has

improved atherogenic lipid profiles25 and reduced pre-existing

shoulder pain in young and middle-aged persons with SCI.26

Therefore, CRT is a viable technique for upper body conditioning.

While CRT improves fitness in persons with SCI, its benefits

primarily impact the upper limb and overall conditioning, not con-

ditioning of the sublesional musculature and circulation no longer

under central autonomic control. To address conditioning of such

sublesional muscles, rhythmic contractions of lower extremity mus-

cles can be induced by sequential application of lower extremity

electrical current to selected skin surface sites (FES, cycling).27

Previous work has used FES conditioning of the lower limbs to im-

prove cardiorespiratory fitness and augment fitness acquired through

upper extremity work,27–32 increase muscle strength,33 and modulate

spasticity.34 As such, FES is a viable technique for lower body con-

ditioning.

Mobility skill capacity post-SCI is a significant predictor of

quality of life and participation,35,36 and mobility skill training has

been shown to improve participation.37 Mobility includes such ac-

tivities as the ability to transfer between the wheelchair and a bed/

shower/toilet/car, maneuver a chair in tight spaces, and navigate

features of the built environment, such as curbs and ramps. Under the

International Classification of Functioning, Disability and Health, a

biopsychosocial model of disability, mobility falls under the ‘‘ac-

tivities and participation’’ domain, representing function at the level

of the whole person.38 As a measure of ‘‘whole person’’ function,

mobility represents the net integration of all positive and negative

changes to body structures (spinal cord) and functions (motor control

and sensory feedback) that are the targets of therapeutic pharmaco-

logic and cellular transplantation strategies and the concomitant post-

treatment multi-modal rehabilitation programs. Therefore, mobility

assessment and training should be considered in any therapeutic trial

targeting functional recovery in persons with SCI, including non-

ambulatory individuals with motor complete impairments.

Clinical trials examining persons with SCI have traditionally

focused on outcomes based on motor and sensory function as the

primary criterion of intervention success, most specifically utilizing

the International Standards of Neurologic Classification of SCI

(ISNCSCI), developed by the American Spinal Injury Association

(ASIA).39 Neurological Level of Injury (NLI) and ASIA Impair-

ment Scale (AIS) grade, as defined by the ISNCSCI, are often used

as primary outcome measures. However, the ISNCSCI was never

designed to be an all-encompassing outcome measure. Individuals

living with SCI rank regaining sensory and autonomic function

and reducing neuropathic pain as high priorities, in addition to

improving motor control relevant to their injury level.40 Similarly,

people with SCI rank decreased ability to walk or move, decreased

control of bowel, decreased control of bladder, decreased sexual

function, and pain to be the consequences of injury most difficult to

deal with.41 In a Veterans Affairs database, spasticity was reported

as the most common problematic complication post-SCI (53%)

followed by pain (44%),42 or as the second-most reported com-

plication (40%) after urinary tract infections UTIs.43 These studies

highlight the importance of not only evaluating changes in neuro-

motor function, but also of examining the effects on autonomic and

sensory function, as well as chronic pain, spasticity, and mobility,

in clinical trials that test biological or pharmacological interven-

tions to repair damaged tissue.

The individual effects of BWSTT, CRT, FES, and WST on in-

dividuals living with chronic SCI have been described in the lit-

erature. Our objective was to comprehensively evaluate the effects

of a multi-modal training program on several body systems. The

training program incorporated both upper limb (voluntary) and

lower limb (electrically stimulated) conditioning in combination

with BWSTT and WST. Determining the extent of training effects

on different body systems will improve our understanding of the

specific contributions of neural repair strategies.

Methods

Study design

This was a prospective, pilot trial in which 8 participants serving
as their own controls received multi-modal exercise conditioning
and rehabilitation interventions. After screening, two baseline as-
sessments (B1 and B2, separated by 2 weeks) were performed to
examine day-to-day measurement variability. No interventions
occurred between B1 and B2. Participants then underwent three,
4-week-long multi-modal training programs, each separated by a
1-week period of multiple body systems assessments (E1, E2, E3;
for details, see Supplementary Table 1) (see online supplementary
material at http://www.liebertpub.com). This design was utilized
because the effect of 12-week training periods were previously
published for each training modality; however, little information
was available regarding the timing of changes within a 12-week
training period. Each participant was in the trial for 19 contiguous
weeks; it took 9 months to complete all 8 participants (grouped into
two cohorts).

Participants

Inclusion criteria were a trauma-induced SCI between T2 and
T12; AIS grade A or B; a minimum of 1 year post-injury; and age
18–60 years. Criteria for exclusion included progressive SCI; ab-
sent or intolerable painful response to electrical stimulation; history
of decubiti within the preceding 3 months; diagnosis of diabetes;
history of medication for diabetes, high blood pressure, or dyslipi-
demia within the preceding 6 months; current fracture of the lower
extremities, or stabilizing instruments in the legs that prevented full
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range of motion; hip, knee, and ankle joints unable to support weight
bearing or limited in range of motion; and history of dizziness when
upright. Written informed consent was obtained from all study par-
ticipants according to the protocol approved by the Human Subjects
Research Office at the University of Miami Miller School of Med-
icine (Miami, FL).

Interventions

BWSTT using a treadmill-based robotic gait orthosis (Lokomat;
Hocoma Inc, Zurich, Switzerland) was performed two times per
week on days opposing the upper extremity CRT and the lower
extremity FES cycle training. The robotic orthosis was used in
conjunction with a system that supports a portion of a participant’s
body weight, thereby reducing the load endured by the participant’s
legs. Training began with participants walking at a treadmill speed
of 1.2 km per hour. Body weight support was adjusted to allow as
much lower extremity loading as possible while maintaining nor-
mal walking kinematics (i.e., avoiding toe drag during swing or
excessive knee flexion during stance). The treadmill speed was
increased by 2.5% each week (provided the increased speed did not
elicit greater spasticity), and the most tolerable percentage of body
weight support was provided.

Upper extremity CRT sessions were performed three times per
week on nonconsecutive days for approximately 30–45 min per
session. The CRT protocol was modeled after a previously pub-
lished training paradigm,24 except participants completed two, not
three, cycles of the circuit during each training session. Participants
performed two sets of 10 repetitions of each weightlifting maneu-
ver, followed by 2 min of arm cranking on a stationary machine.
Weightlifting maneuvers included overhead press, horizontal row,
vertical butterfly, triceps dips, latissimus pulldowns, and bicep
curls.

FES cycle training on a cycle ergometer (Restorative Therapies
RT300; RTI, Inc., Baltimore, MD) was used for submaximal lower
extremity conditioning. Participants remained in their wheelchair
and had their feet secured in a fixed-angle pedal orthosis. Distance
from the ergometer was set to achieve a knee angle at 15 degrees
when in fullest extension. Participants cycled for 15 min three times
weekly on nonconsecutive days using computer-sequenced elec-
trical current having a frequency of 35 Hz, a current amplitude of
100–140 miliamperes (mA), and a pulse width of 350 lsec. Re-
sistance (torque) was initially set at 0.5 Newton-meters (Nm), but
was increased for succeeding sessions to 2.39 and 3.6 Nm when
the pedal cadence of 35 rpm could be independently maintained
by the participant without fatigue or assistance from a motor that
was interfaced with the pedal gear.32 Fatigue was defined by the
inability to maintain a pedal rate greater than 35 rpm during peak
current stimulation at 140 mA.32 Assistive pedaling was used for
participants unable to sustain 15 min of continuous cycling.

Participants were provided with the opportunity to participate in
spotter-assisted, self-driven wheelchair skills training sessions two
times a week. Each session included 20–40 min of self-guided
practice. Participants could opt out of WST as they desired. Spot-
ting was provided by nonclinically trained study staff who had been
trained on spotting techniques. Study staff were provided Dal-
housie University’s Wheelchair Skills Training Program (WSTP)�

manual44 for guidance on how to provide WST.

Assessments

Physical examination and medical history. At screening,
the ISNCSCI exam was performed and the NLI and AIS grade were
determined.39 A physical examination verified that participants
had full range of motion in the lower extremities, lacked unhealed
decubiti, and exhibited no evidence of bone or joint pathology
that would negatively influence participation in the interventions.
Radiographical images of the lower extremities were obtained to

confirm the absence of fractures, joint abnormalities, and instru-
mentation. Brief medical history and demographic data were col-
lected (Table 1).

Peak oxygen consumption. A multi-stage, intensity-graded
arm cycle ergometry test evaluated peak oxygen consumption
(VO2peak) by open circuit spirometry (VMax 2130 System, Sensor
Medics Model 922 Spirometer; Sensor Medics Corporation, Yorba
Linda, CA). Heart rate (HR) was measured by 12-lead electrocar-
diography using standard limb and precordial leads. Participants
performed an arm-cycling exercise test, which mirrored previously
published graded exercise tests (GXTs)24,45 with the exception of
the workload increasing by 30 watts for each subsequent 3-min
stage.24 Criteria for terminating the test corresponded with Amer-
ican College of Sports Medicine guidelines (10th ed.) and included
volitional fatigue or inability to maintain cadence at or above 55
revolutions per minute.46

Upper extremity muscle strength. Maximum upper extremity
dynamic strength was assessed using an Equalizer 7000 Multi-
Station Exercise System (Helm; Bozeman, MT) following a
previously published protocol for testing isoinertial strength.24

Six different weightlifting maneuvers (overhead press, horizontal
row, vertical butterfly, triceps dips, latissimus pulldowns, and bicep
curls) were tested once per assessment period. One repetition-
maximum (1-RM) for each maneuver was calculated using the
Mayhew regression equation.47

Wheelchair skills. The WST� for Manual Wheelchair users,
Version 4.2,48 was utilized to assess personal mobility skills.49,50

The 32 skills evaluated in the WST include indoor mobility skills
(e.g., forward propulsion, backward propulsion, and turning)
community mobility skills (taking wheelchair apart, level transfers,
and gentle slope ramps), and advanced skills (e.g., wheelies, steep
ramps, high curbs, and floor-to-chair transfers). According to
published guidelines, each skill was scored as 0 (Fail), 1 (Pass with
difficulty), or 2 (Pass) and a WST total score was calculated.50 For
reporting purposes, participants were classed as low (WST total
score £75%) or high skilled (WST total score >75%)35 and a change
in WST total score was considered meaningful at ‡7%.37 Changes
<7% were classed as ‘no change’’ (4).

Cardiovascular function. A progressive head-up tilt (HUT)
test assessed variability in blood pressure and HR in response to
changes in body position. Participants were transferred to a mo-
torized table, placed in the supine position, and secured with Velcro
straps. A manual blood pressure cuff was fitted on one arm, and a
heart monitor (Polar CS600X; Polar Electro Inc., Lake Success,
NY) was secured to the chest. The testing protocol used two,
10-min periods of supine rest, a 5-min period of 20-degree HUT, a
5-min period of 40-degree HUT, and a 10-min period of 60-degree
HUT. HR data were monitored continuously, and blood pressure
data were collected during the last 2 min of each tilt period.

Blood tests. Antecubital venipuncture was performed to ac-
quire fasting blood samples, followed by an oral glucose tolerance
test. Serum collection and analysis techniques mirrored a previ-
ously published protocol.51 lood sampling included an inflamma-
tory panel testing C-reactive protein (CRP) and interleukin-6, in
addition to lipid and glycemic panels.51 Low-density lipoprotein
was computed using the equation of Friedewald.52

Spasticity measures

Biomechanical/clinical. Clonus, flexor, and extensor spastic
reflex activity was measured clinically using the Spinal Cord As-
sessment Tool for Spastic reflexes (SCATS).53 Bilateral scores
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were summed (range, 0–18) and reported as a composite score.54

Stretch reflex responses of the hamstring and quadriceps muscles
was measured using the Modified Ashworth Scale (MAS).55,56

Scores were determined bilaterally, summed (range, 0–20) and
reported as a composite score.54

Spastic activity in the quadriceps muscles in response to rapid,
gravity-induced stretch was assessed using the pendulum test.57

Kinematic data related to the pendulum test were captured according
to previously published protocols58–60 using a 60-Hz, eight-camera,
three-dimensional motion capture system (Peak Motus� Software;
Peak Performance, Centennial, CO). The examination table was
positioned in the center of the capture area so that the length of the
table was in the x-direction, and the participant was positioned in
the supine position with the popliteal fossa 3 in beyond the end of the
table. Reflective markers were placed on the greater trochanter,
lateral knee, lateral malleolus, lateral calcaneus, and the metatarsal-
phalangeal joint of the fifth toe. The knee of the tested limb was
extended passively, and upon initiation of motion capture, the tested
limb was released. The knee angle related to the first swing ex-
cursion (FSE) was identified using a custom script (MATLAB�;
The MathWorks, Inc., Natick, MA). FSE for the more spastic leg was
averaged over three trials.

Electrophysiological. EMG activity was recorded from so-
leus (SL), tibialis anterior (TA), rectus femoris (RF), and the biceps
femoris (BF) muscle in the leg that participants reported was most
prone to muscle spasms using electrodes placed 5 cm apart (for
further details, see Mayo and colleagues61). The peak-to-peak
amplitude of the maximal compound action potential (M-wave)
was measured for SL, TA, and RF in response to supramaximal
stimulation (intensity *20% beyond that which evoked a maximal
response; 50- or 200-ls pulse width) of the tibial, common pero-
neal, and femoral nerves, respectively, as an indirect measure of
muscle strength.62 Values were normalized to uninjured data to
show the amount of muscle atrophy.61 Three physiological as-
sessments of spasticity were made: 1) the SL maximal H-reflex to
maximal M-wave ratio (H/M ratio), a measure of reflex excitability
of the motoneurons; 2) SL H-reflex depression in response to 1 Hz
compared to 0.125-Hz stimulation of the tibial nerve, an indication
of post-activation depression of the 1a-motoneuron synapse and
one measure of spinal inhibition63; and 3) SL and TA F-wave to
maximal M-wave area ratios (F/M area), a measure of motoneuron
excitability.64 Each participant was also asked to contract the SL,
TA, RF, and BF muscles voluntarily for 3–5 sec, in response to an
auditory cue from a computer. Three attempts were made, 1 min
apart. No voluntary EMG was generated in any of the muscles,
confirmation that all of these leg muscles were paralyzed completely
by the SCI.

Day-to-day variability was 8%, so differences that exceeded a
+10% or -10% change from the baseline (M-waves) or a given
scale (H/M ratio, H-reflex depression) were designated an increase
or decrease in response to exercise, respectively. For example, a
baseline H/M ratio of 0.5 had to reach ‡0.6 or £0.4 to indicate an
increase or decrease attributed to exercise, respectively. Given that
F/M area ratios rarely exceeded 0.10 but can reach 1.0, a 1% in-
crease or decrease was considered a change attributed to exercise.
Spearman rho correlations were analyzed for baseline physiologi-
cal parameters and the differences in physiological parameters,
clinical measures of spasticity (Pendulum, SCATS scores, and
MAS measures for the side we used), and the global impression of
change for spasticity at E3.

Pain and pain-related sensory function. Participants un-
derwent a structured pain history interview based on the Interna-
tional SCI Pain Basic Dataset,65 which contains core questions
for up to three separate pain problems (worst, second worst, and
third worst) specifically regarding the time frame ‘‘past week.’’

Additionally, the severity of neuropathic pain symptoms were also
assessed in face-to-face interviews using the Neuropathic Pain
Symptom Inventory.66 Participants were also asked: ‘‘Overall, how
hard is it for you to deal with your pain?’’ on a scale from 0 to 10
(0 = not hard at all; 10 = extremely hard). This question was in-
tended to give the participant the opportunity to rate his or her pain
in a ‘‘global’’ sense, that is, to incorporate practical and emotional
aspects of dealing with pain.41

The quantitative sensory testing assessment was designed to
assess the integrity of dorsal column-medial lemniscus (mechanical
stimuli) and anterolateral spinothalamic (noxious and thermal
stimuli)-mediated function/dysfunction. Consistent with our pre-
vious protocols,67 sensory thresholds were measured in painful and
nonpainful areas in dermatomes both at- and below-level of injury.
Dynamic mechanical allodynia, thermal allodynia, directional cu-
taneous kinesthesia, graphesthesia, and mechanical wind-up pain
were measured, if present.

Self-reported function. The Spinal Cord Independence
Measure (SCIM) Version III was used to measure functional mo-
bility and independence.68,69 Total scores at B1 and B2 were aver-
aged and reported as single baseline scores, which were compared to
scores obtained at E3. An improvement of 4 points in overall score
represented a ‘‘small significant improvement,’’ whereas an im-
provement of 10 points was required to obtain a ‘‘substantial im-
provement.’’70 The International Spinal Cord Injury (ISCI) Lower
Urinary Tract Function Basic Data Set was used to monitor bladder
function,71 and the ISCI Bowel Function Basic Data Set was used to
monitor bowel function and daily bowel habits.72 A 7-point Patient
Global Impression of Change (PGIC) scale was utilized at the
completion of the study to assess participants’ subjective perceptions
of overall change regarding strength, energy and endurance, spas-
ticity, pain, sensation, wheelchair mobility, mood, bowel function,
bladder function, and sleep.73

Statistical analyses

All data were analyzed initially. Interim data at E1 and E2 were
either unchanged and remained unchanged at E3 or were changing
at E1, E2, and E3. As a result, a decision was made to present the
data as the average of the two baselines (B1 and B2) compared to
E3. Because of a small number of participants and a great variety of
assessments, much of the data were only analyzed descriptively as
described in the individual sections above.

The combined baselines versus E3 for VO2peak and the blood
biomarkers were analyzed using a paired t-test. For the 1-RM
strength measures, we converted the resistance to a percent score
(relative to the combined baseline values), which was aggregated
across all exercises before running the t-test. In this way, we ne-
gated the issue of overweighting exercises for larger muscle groups.
For the blood pressure values during the HUT procedure, we ran a 2
(combined baselines vs. Evaluation 3) by 6 (tilt segments) analysis
of variance with repeated measures. The post-hoc individual con-
trasts are without adjustment. The Mann-Whitney U test was used
to compare differences between participants with chronic pain and
those with no chronic pain because the values were not normally
distributed. Associations between baseline physiological measures
of spasticity and the differences in these physiological parameters,
clinical measures of spasticity (pendulum, SCATS scores, and
MAS measures for the side we used), and the global impression of
change for spasticity at E3 were analyzed using Spearman rho
correlations.

Results

Participants were 6 males and 2 females 19–52 years of age with

motor complete SCIs (AIS A, B) between the levels of T2 and T10 for
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a minimum of 1 year post-injury. Detailed participant characteristics

and significant changes in outcomes are presented in Table 1.

Neurological motor and sensory impairment

All participants exhibited full motor strength in the upper ex-

tremities and no voluntary motor control over the muscles of the

lower extremities. Four were classified as AIS A and 4 as AIS B. No

changes in motor scores were observed in any participant throughout

the duration of the study. Some minor variations in sensory scores

were observed in 4 participants around the zone of injury. Overall,

there were no clinically significant neurological changes in any

participants.

Upper extremity muscle strength and peak oxygen
consumption

Muscular strength increased for all resistance maneuvers.

Comparison of averaged B1–B2 to E3 was statistically significant

for aggregated muscular strength scores expressed as a percentage

of baseline values (Table 2A). Peak fitness at averaged baseline was

within the ‘‘average’’ range for all participants when referenced to

sex and functional classification.74 Comparison of averaged base-

line to E3 was not statistically significant for VO2peak (Table 2B).

Wheelchair skills

At averaged baseline, 3 participants had WST scores <75%, the

threshold set as indicative of low wheelchair skill capacity.35 Of the

remaining 5 participants, 2 had baseline WST scores ‡82%, and 3

had baseline scores ‡90%, an indication of average and high

wheelchair skill capacity, respectively. At E3, after 12 weeks of

spotter-assisted, self-driven practice, only 1 participant (BC01) of

the 3 low wheelchair skill capacity participants had increased their

capacity above 75% (BC01).

Blood pressure

All participants were normotensive according to 2014 Evidence-

Based Guideline For The Management Of High Blood Pressure In

Adults.75 No significant changes in systolic blood pressure were

observed between assessment visits (omnibus analysis, p = 0.195).

Cholesterol, lipids, and biomarkers of glycemic
control and inflammation

Baseline lipids and biomarkers of glycemic control were within

normal range at averaged baseline and were unchanged following

training. CRP was elevated at averaged baseline (4.93 – 7.07 mg/L)

and lowered after training (2.34 – 2.24 mg/L), although this effect

was not statistically significant ( p = 0.194).

Clinical and electrophysiological spasticity measures

The composite MAS increased by a mean of 17% from averaged

baseline to E3 for the group, whereas SCATS composite scores

increased by a mean of 37%. FSE of pendulum testing for the most

spastic leg increased by 8% (Table 3).

The maximal M-waves increased more than 10% beyond the

baseline average for 6 SL, 7 TA, and 4 RF muscles at E3, although

all but one muscle still remained atrophied relative to uninjured

data (Fig. 1A). Reflex excitability, low-frequency depression of the

SL reflex, and motoneuron excitability all varied widely at baseline

(Fig. 1B–E, respectively). At E3, spasticity was reduced in 1 par-

ticipant as measured by the SL H/M ratio (Fig. 1B), 4 participants in

terms of low-frequency SL H-reflex depression (Fig. 1C), and in 3

and 5 participants for SL and TA F/M area ratios, respectively

(Fig. 1D,E). Other participants either showed no change or an in-

crease in spasticity at E3 (Table 1).

Participants with high SL and TA F/M area ratios at baseline

showed the greatest declines in these ratios at E3 (rho = -0.69;

p = 0.047; rho = 0.952; p < 0.001, respectively; Fig. 1F). Participants

with high SL F/M ratios at baseline had a decline in the SCATS

extensor score at E3 (rho = -0.70; p = 0.047). Other associations

between baseline physiological measures of spasticity, and dif-

ferences in physiological or clinical measures of spasticity at E3,

or global impression of change for spasticity, were not significant.

Pain history and pain-related sensory function

Three of the 8 participants experienced pain during the course of

the study. Thus, pain related data are only reported for those par-

ticipants.

Participant BC02. At the two baseline visits, the participant

reported three separate and intermittent pain problems, 1 neuro-

pathic below-level pain, and two musculoskeletal pains (Supple-

mentary Fig. 1A) (see online supplementary material at http://

www.liebertpub.com). The area of the below-level neuropathic

pain and the moderate musculoskeletal shoulder pain dramatically

decreased during the course of the study (Supplementary Fig. 1B)

(see online supplementary material at http://www.liebertpub.com).

In contrast, the intensity of the neuropathic pain, which was mild to

Table 2. A) Peak Muscular Strength Gains
a

and B)
Peak Aerobic Capacity

b

Baseline E3 p value

A
% Average 1-RM

(relative to baseline)
100.0 – 27.6 119.2 – 30.0 0.001

B
VO2peak (mL/kg/min) 15.60 – 4.11 15.80 – 4.01 0.795

aQuantified by average improvement in one repetition maximum (1-
RM) for all weightlifting maneuvers at evaluation 3 (E3) relative to
baseline (average of baseline 1 and baseline 2).

bVO2peak in response to graded exercise testing (GXT).

Table 3. Clinical Measures of Spasticity
a

MAS SCATS
Pendulum FSE

Participant Baseline E3 Baseline E3
Baseline
(degrees)

E3
(degrees)

BC01 6.5 7 3 7 54 61
BC02 5.5 8 7.5 6 19 21
BC03 4 4 2 2 81 73
BC04 4 4 4 9 68 64
BC05 4.5 7 0 8 61 94
BC06 6 7 4.5 6 42 62
BC07 8 9 10 9 50 42
BC08 5 5 5.5 3 84 79

aIncluding modified Ashworth scale (MAS), spinal cord assessment tool
for spastic reflexes (SCATS), and pendulum first swing excursion (FSE)
for all participants at baseline (average of baseline 1 and baseline 2) and
evaluation 3 (E3).
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low moderate, remained relatively stable over the testing period.

Pain interference with sleep was mostly minimal, but increased to-

ward the end of the study. With respect to sensory function, thermal

allodynia, in particular, was a common sign both at- and below-level

of injury. Cold allodynia was usually more severe than warm allo-

dynia, and these sensory abnormalities lasted throughout the trial.

Participant BC03. At the two baseline visits, the participant

reported two separate pain problems (Supplementary Fig. 1C) (see

online supplementary material at http://www.liebertpub.com); one

constant at-level neuropathic pain varying between high-moderate

and severe intensity and one intermittent musculoskeletal pain with

low to moderate intensity. These pains remained constant with

respect to both location and intensity over the course of the study

(Supplementary Fig. 1D) (see online supplementary material at

http://www.liebertpub.com). Pain interference with sleep remained

relatively high throughout the study. These findings covary with

both spontaneous pain and mechanical allodynia. Thermal allo-

dynia in response to a warm stimulus was consistently observed at

the level of injury throughout the trial.

Participant BC07. At the two baseline visits, the participant

reported two separate musculoskeletal pain problems (Supple-

mentary Fig. 1E) (see online supplementary material at http://www.

liebertpub.com). The pains varied in intensity over the course of the

study (Supplementary Fig. 1F) (see online supplementary material

at http://www.liebertpub.com). Although the pain frequency pro-

gressively became more constant, rather than intermittent, during

the study, pain interference with sleep remained low. The sensory

testing showed an absence of warm sensation but the sensation of

hot pain at the level of injury at baseline. Later in the study the

participant perceived both warm and cool stimuli, whereas cool

sensation again disappeared at study completion.

An exploratory analysis was performed (Mann-Whitney U test)

to evaluate the extent to which outcomes related to exercise per-

formance (VO2), spasticity (clinical and electrophysiological

measures), or SCIM scores differed between individuals who ex-

perienced chronic pain versus those with no pain. In this small

sample size, we found no statistically significant differences.

Self-reported function

Spinal cord independence measure. Five participants had

improvements, ranging from 1 to 3 points, in the self-care portion of

the SCIM (Supplementary Fig. 2A) (see online supplementary ma-

terial at http://www.liebertpub.com). Mobility scores improved in 3

participants, with 1 who experienced a clinically significant im-

provement (participant BC01, 5 points; Supplementary Fig. 2B) (see

online supplementary material at http://www.liebertpub.com). Total

overall SCIM scores improved in 5 participants and declined in 1

(Supplementary Fig. 2C) (see online supplementary material at http://

www.liebertpub.com). A substantial improvement was achieved in 1

participant, who experienced an 11-point increase in the overall

SCIM score, whereas a small clinically significant improvement was

found for another participant who experienced a 5-point increase.

FIG. 1. Physiological measures of spasticity. (A) Maximal M-
waves from soleus (SL), tibialis anterior (TA), and rectus femoris
(RF), (B) SL H-reflex/M-wave (H/M) ratios, (C) SL H-reflex de-
pression at 1 Hz, (D) SL, and (E) TA F-wave/M-wave (F/M) area
ratios by subject at baseline and evaluation 3 (E3). (F) Associations
between baseline SL and TA F/M area ratios and changes at E3.
Color image is available online at www.liebertpub.com/neu
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Lower urinary tract. Three participants experienced im-

provements in bladder function. Two participants who used bladder

relaxant drugs at baseline no longer needed them by E3. One of

these participants also reported experiencing less-frequent invol-

untary urine leakages.

Bowel. Two participants experienced changes in bowel func-

tion throughout the study. Both participants used enemas to per-

form their bowel routine at baseline. One of the participants reported

having bowel accidents more than once/month and required daily use

of pads/plugs. By E3, this participant was experiencing less-frequent

accidents (less than once/month) and no longer required daily use of

pads/plugs. The other participant reported gaining the sensation of

the need to have a bowel movement, as well as normal defecation by

E3; however, this participant did not gain voluntary anal contraction

as measured by the ISNCSCI.

Patient Global Impression of Change. Overall, all partici-

pants reported a perceived improvement by E3, ranging from

minimally (n = 2) to very much improved (n = 3). All participants

reported either much improved (n = 3) or very much improved

(n = 5) strength, and 7 participants reported improved energy and

endurance. Impressions of change for all participants in all cate-

gories are shown in Table 4.

Discussion

This study provides insight into measures of multiple domains of

health and neurological function after 12 weeks of a multi-modal

training program. Eight participants with thoracic-level AIS A or B

chronic SCI followed a training program that included BWSTT,

CRT, FES, and WST that was designed to impact the upper and

lower extremities, activate spinal cord circuitry, and improve general

mobility. This is the first demonstration of the effect of this combi-

nation of four training modalities. The most pronounced outcome

was that upper extremity muscular strength improved significantly

for all participants, and this corresponded with all participants’ re-

porting improvements in global impression of change in strength.

This change in upper extremity strength, however, did not cor-

respond to a significant change in cardiorespiratory fitness based on

group data, though individual participants did improve (Table 1).

Noteworthy was the ‘‘average’’ baseline fitness level when refer-

enced by cohort ages, sex, and level of injury; baseline relative

VO2peak was in the ‘‘average’’ category for the group and indi-

viduals distributed across the five fitness categories (2 in poor, 2 in

fair, 2 in average, 1 in good, and 1 in excellent).74 These individuals

appear to be a representative sample of the chronic SCI community

with respect to fitness. Previous work by the investigators has re-

ported that use of uninterrupted aerobic and resistance maneuvers

performed three times weekly improves fitness by nearly 30% in

young24 and middle-aged individuals26 with paraplegia. However,

when used twice-weekly, a similar circuit resistance program main-

tained, but did not further improve, exercise benefits.77 Improve-

ments in muscle strength subsequent twice-weekly training were both

statistically and clinically significant, but much less than the 14–41%

gains in strength for young and 39–60% gains reported for middle-

aged persons with paraplegia undergoing three-times-weekly condi-

tioning for 3–4 months.24,26 Activity-based therapy interventions

focused on the upper extremities have also been shown to improve

quality of life through increased independence and function.78 Im-

provements in SCIM and WST scores for some participants may be

explained by improvements in upper extremity strength, given that

some participants were not able to perform some transfers at baseline

that could be performed at E3. Therefore, it is reasonable to conclude

that upper extremity training by CRT 2–3 times per week can be

expected to have a detectable impact on strength and corresponding

functions that depend on upper extremity strength.

Little impact on autonomic and metabolic activity

Blood pressure responses to experimental HUT were predictably

minimal and not altered by conditioning. Orthostatic intolerance is

typically found at the extremes of the fitness continuum.79 In the

current case series, all participants had a chronic SCI below the

level of sympathetic outflow at T1 and would thus be expected to

have typical pressor responses accompanying postural adjustment.

At baseline, all participants were normotensive according to au-

thoritative guidelines,75 recreationally active, and absent any

complaints of lightheadedness during daily activities.

Before conditioning, all of the lipid and lipoprotein cholesterol

levels were in the low-risk range category and thus unlikely to be

improved by conditioning exercise. Further, exercise training vol-

umes were below guidelines recommended to reduce cardiovascular

and cardioendocrine disease risk (reviewed in previous works80,81).

Fasting glucose levels were well below the cut-scores for impaired

fasting glucose, although insulin levels were slightly elevated. More

complex testing would be needed to identify a state of impaired

fasting glucose or a benefit of exercise conditioning on this putative

dysglycemia. CRP levels at baseline were elevated above the low-

risk criterion of the American Heart Association, as has been re-

ported in persons with SCI.82,83 These levels were nonsignificantly

lowered after conditioning, although responses of CRP to the myriad

of proinflammatory stimuli post-SCI83,84 would require more sys-

tematic testing before an effect of exercise on proatherogenic in-

flammatory stress could be established.

Table 4. Patient Global Impression of Change at Evaluation 3 (E3)a

Participant Overall Strength
Energy/

eendurance Spasticity Pain Sensation
Wheelchair

Mobility Mood Bowel Bladder Sleep

BC01 [[[ [[[ [[[ [[ – [[ [[[ [[[ [[ – [[[
BC02 [[[ [[[ [[[ [[[ [[ YYY [[[ – [[[ [[[ [[[
BC03 [[ [[ [ – Y – [[ [ – – Y
BC04 [ [[ – – – – [ – – – –
BC05 [[ [[ [[ [ – – – [ – – –
BC06 [[ [[[ [[[ [[ – – [[ – – – [[
BC07 [ [[[ [[ [[ – – – [[ – – –
BC08 [[[ [[[ [[[ [[ [[[ U – [[ – – –

a[ = minimally improved, [[ = much improved, [[[ = very much improved, Y = minimally worse, YY = much worse, YYY = very much worse;
– = no change, U = undetermined by participant.
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Lower extremity neurological activity does not change

Neurological function, as assessed by the ISNCSCI exam, did

not change. Although some variability in sensory level within the

thoracic region was measured in a few participants, this variability

was not significant and can most likely be explained by normal day-

to-day variability and inter-rater reliability.85 In the thoracic spinal

levels, each segment has been estimated to be analogous to ap-

proximately 0.4 ISNCSCI motor points,86 and functional outcome

does not differ per level in the mid-thoracic region.

The lack of change in lower extremity function is consistent with

past literature indicating that, despite spinal contributions to walking

function,87 lower extremity function is highly dependent on the in-

tegrity of descending pathways from supraspinal centers.88 There is a

rich early history of locomotor training studies that have included

individuals with chronic motor complete SCI, some of which have

indicated that training improves the ability to walk in the tread-

mill.4,89,90 However, with the exception of three case studies, there is

no evidence of restoration of lower extremity function or overground

walking ability after locomotor training in individuals with chronic

motor complete SCI. The case studies that make up the exceptions all

relate to individuals with low paraplegia who likely retained some

volitional control of proximal lower extremity muscles and who had

involuntary muscle activity (spasticity) that contributed to weight

bearing.9,91,92

There were increases in the strength of the paralyzed quadriceps,

tibialis anterior, and soleus muscles at E3 in most participants (50%,

88%, and 75%, respectively), assessed from >10% increases in the

amplitude of the respective maximal muscle compound action po-

tentials over the average baseline (Fig. 1A). Higher EMG amplitudes

would be expected from the increases in muscle size that typically

occur in response to repeated functional electrical stimulation.33

Nevertheless, all but one of the 24 paralyzed leg muscles evaluated

(96%) remained atrophied relative to uninjured data (Fig. 1A),61

consistent with reductions in muscle use subsequent to paralysis

attributed to SCI, followed by slow recovery with FES.93

Wheelchair skills testing as a measure of whole body
integration of neurological and physiological changes

Mobility skills, as assessed by the WST, were generally un-

changed from baseline after 12 weeks of a multi-modal activity-

based intervention that included twice-weekly, self-directed

mobility skills training with spotter assistance. The lack of change

is attributed to the lack of formalized training directed by a skilled

trainer (i.e., clinician or other with previous experience training

mobility skills in persons with SCI). A recent randomized, controlled

trial (RCT) comparing five 30- to 45-min sessions of either education

control or individualized mobility skills training demonstrated sig-

nificant immediate and long-term (1 year post-intervention) gains in

both total WST (+7%) and the advanced WST domain (+30%) in a

group of highly skilled (average WST = 83%) manual wheelchair

users with chronic SCI (16 years average post-injury).37 This RCT

clearly demonstrates that mobility skills can be improved if a skilled

trainer applies a focused training program, even among high-skilled

persons.

Mobility is a measure of whole person function, representing

the net integration of all positive and negative changes to body

structures (spinal cord) and functions (motor control and sensory

feedback) targeted by therapeutic modalities and the concomitant

post-treatment multi-modal rehabilitation programs. Mobility skill

measurement should include both general assessment of functional

independence (e.g., SCIMmot, the sum of the SCIM self-care and

mobility subscales)69 and an assessment that captures the individ-

ual’s perception of mobility skill difficulty (e.g., a patient reported

outcome, or PRO), such as the Spinal Cord Injury Functional Index

(basic mobility, self-care, and wheelchair mobility domains).94

General assessments typically require large changes in function to

meaningfully change scores, but are typically the accepted standard

for judging change. PROs can provide indication of more subtle

changes in function the participant perceives that may not result in

a large change in functional independence. As such, it would be

important for clinical trials involving rehabilitation to consider

including targeted mobility skills training and measurement as a

part of any comprehensive approach to maximizing and assessing

the efficacy of pharmacological or biological therapeutics.

Variable impact on lower extremity spasticity

Clinical measures of spasticity were variable, both within and

between participants and across time. For example, in participant

BC01, MAS and pendulum test values were relatively stable, but

the SCATS assessment indicated increased spasticity. In partici-

pant BC06, the MAS and SCATS scores were relatively stable, but

the pendulum test indicated a decrease in quadriceps spasticity.

These three clinical measures of spasticity assess somewhat dif-

ferent components of spasticity, and this may account for the lack

of agreement among tests. Nevertheless, no clear trends in clinical

measures of spasticity were identified in any of the measures.

This is at odds with past studies of locomotor training in persons

with incomplete SCI, which have indicated that locomotor training

is associated with reduction in spinal reflex excitability.95–97 A

recent study of persons with motor complete SCI assessed common

physical therapeutic approaches for reducing spasticity. Exposure

to a single 30-min session of cyclic movement associated with

passive walking in the Lokomat resulted in a significant reduction

in spasticity (as measured by the pendulum test), which persisted

for at least 45 min after the intervention.98

Functional electrical stimulation can also reduce spasticity, as-

sessed by Ashworth scores.34 Here, SL reflex excitability decreased

in only 1 participant at E3, low-frequency depression of the SL H-

reflex decreased in 4 participants, and SL and TA F/M area ratios

decreased in 3 and 5 participants, respectively, all indicative of

reductions in spasticity (Fig. 1). Notably, individuals with high SL

and TA F/M area ratios at baseline had the greatest declines in these

ratios in response to 12 weeks of exercise (Fig. 1E), suggestive of

reductions in motoneuron excitability,64 which would make it more

difficult to excite paralyzed leg muscles by reflex inputs.

Descending supraspinal pathways also influence spinal reflex

excitability, however, and there is known to be subclinical sparing

of these pathways even in persons with SCI classified as AIS A and

B.99 It is possible that the activity associated with BWSTT has

differential influences on below-lesion spinal circuitry that are at-

tributable to differences in subclinical levels of signal transmission

in descending pathways.

Effects on pain

Severe and persistent pain of various origins are common post-

SCI, with around 70% prevalence.100,101 Persistent pain negatively

affects independent living post-SCI by interfering with sleep,

mood, and daily function and activities, including social activities

and work.102,103 Pain relief is rated by individuals with SCI as one

of the top priorities, which becomes even more important with

increasing time post-injury.40 Because of the high prevalence of

persistent pain post-SCI, most participants in regenerative clinical
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trials including chronic injuries can be expected to experience

chronic pain. It is not known how interventions aimed to restore or

optimize lost neuronal connections will influence, in particular,

chronic neuropathic pain. Although the present study showed some

minor variations in pain, the symptoms and sensory signs associated

with neuropathic pain remained relatively unchanged. Musculoske-

letal pain types, however, may be more variable, likely dependent on

both exercise regimen and pain location. Thus, this preliminary study

does not support either beneficial or adverse effects of this exercise

program, but it is likely that effects may vary in a larger sample of

individuals with SCI. Therefore, a careful multi-modal evaluation of

pain, impact of pain, and associated sensory signs is important for

determining both beneficial and adverse outcomes in SCI interven-

tional clinical trials.

Conclusion

There is growing evidence that exercise and rehabilitation in

animal models of SCI influence neuroprotection, regeneration,

plasticity, spinal and cortical organization, and neuronal proper-

ties.104,105 The literature on SCI clinical trials indicates that inter-

ventions that incorporate rehabilitation have the strongest evidence

for efficacy.2 As such, it is important to capture exercise and re-

habilitation activities, given that they may modify or confound

outcomes of pharmacological or cellular interventions being tested

in clinical trials. Accordingly, there is a need to accurately docu-

ment the content and dosing of these exercise and rehabilitation

activities, in addition to measuring relevant outcome measures.

Various other considerations must also be addressed when de-

signing clinical trials that incorporate exercise or rehabilitation. In

particular, it is important to balance participant as well as study-site

burden with capturing meaningful changes. In this study, each in-

dividual participated for 19 continuous weeks and came to the

research center 5 days/week every week. Overburdening of par-

ticipants creates a high risk of noncompliance and dropouts, which

could lead to missing data. Further, only highly motivated indi-

viduals may be study participants, and thus the study sample may

not be representative of the larger group of people with SCI. Fewer

assessments and evaluation time points make compliance easier

for research participants. The field should also consider adapting

some exercise training activities so they can be performed at home to

increase compliance. In addition, multi-center, large-scale clinical

trials may not be able to produce consistent high-quality data if

protocols are complicated and lengthly. As a single-center study, we

were able to perform a wide array of specialized testing in a con-

sistent manner; however, we were at maximum capacity and could

not manage more than 5 participants simutaneously. For trials larger

than phase I, selecting simple, yet meaningful, clinical or self-report

tests that are relevant to the intervention(s) being tested and can

reliable be administered are preferred over more complex, invasive,

and time-consuming measures. Comprehensive testing at baseline

and end of study can be valuable, but extensive testing between

those time points may not be necessary. The selection of outcome

measures should take into account the intervention and subpop-

ulation being tested and the reliability with which the data can be

collected.
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