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Abstract

Spinal cord injury (SCI) is a debilitating disorder, which produces profound deficits in volitional motor control. Following medical stabilization,
recovery from SCI typically involves long term rehabilitation. While recovery of walking ability is a primary goal in many patients early after injury,
those with a motor incomplete SCI, indicating partial preservation of volitional control, may have the sufficient residual descending pathways
necessary to attain this goal. However, despite physical interventions, motor impairments including weakness, and the manifestation of abnormal
involuntary reflex activity, called spasticity or spasms, are thought to contribute to reduced walking recovery. Doctrinaire thought suggests
that remediation of this abnormal motor reflexes associated with SCI will produce functional benefits to the patient. For example, physicians
and therapists will provide specific pharmacological or physical interventions directed towards reducing spasticity or spasms, although there
continues to be little empirical data suggesting that these strategies improve walking ability.

In the past few decades, accumulating data has suggested that specific neuromodulatory agents, including agents which mimic or facilitate the
actions of the monoamines, including serotonin (5HT) and norepinephrine (NE), can initiate or augment walking behaviors in animal models of
SCI. Interestingly, many of these agents, particularly 5HTergic agonists, can markedly increase spinal excitability, which in turn also increases
reflex activity in these animals. Counterintuitive to traditional theories of recovery following human SCI, the empirical evidence from basic science
experiments suggest that this reflex hyper excitability and generation of locomotor behaviors are driven in parallel by neuromodulatory inputs
(5HT) and may be necessary for functional recovery following SCI.

The application of this novel concept derived from basic scientific studies to promote recovery following human SCI would appear to be
seamless, although the direct translation of the findings can be extremely challenging. Specifically, in the animal models, an implanted catheter
facilitates delivery of very specific 5HT agonist compounds directly onto the spinal circuitry. The translation of this technique to humans is
hindered by the lack of specific surgical techniques or available pharmacological agents directed towards 5HT receptor subtypes that are safe
and effective for human clinical trials. However, oral administration of commonly available 5HTergic agents, such as selective serotonin reuptake
inhibitors (SSRIs), may be a viable option to increase central 5HT concentrations in order to facilitate walking recovery in humans. Systematic
quantification of how these SSRIs modulate human motor behaviors following SCI, with a specific focus on strength, reflexes, and the recovery
of walking ability, are missing.

This video demonstration is a progressive attempt to systematically and quantitatively assess the modulation of reflex activity, volitional strength
and ambulation following the acute oral administration of an SSRI in human SCI. Agents are applied on single days to assess the immediate
effects on motor function in this patient population, with long-term studies involving repeated drug administration combined with intensive
physical interventions.

Video Link

The video component of this article can be found at http://www.jove.com/video/2148/

Protocol

To assess the effects of acute oral administration of an SSRI (10 mg escitalopram oxalate, Lexapro, Forest Pharmaceuticals, Inc.) on motor
activity in individuals with motor incomplete SCI, a double-blinded, randomized, placebo controlled crossover design is employed. As part of the
inclusion criteria, subjects will be required to undergo a 14 day washout period for all anti-depressant medications, anti-spastic medications and
other medications with known interactions to the SSRIs.

Two hours is required for each of the experimental protocols, consisting of clinical, quantitative static and quantitative dynamic assessments. A
4.5 hour delay is given following medication administration (time to peak plasma concentration)7. Subjects are re-tested following medication
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administration using an identical experimental set-up and paradigm employed during pre-medication testing. Following pre- and post-testing of
the first medication (SSRI or placebo), a minimum of 7 days separates the two testing conditions (half-life of agents is approximately 27 hrs).

Part 1: Clinical assessments

Modified ashworth

Spasticity of the quadriceps and hamstring muscle groups is quantified using the Modified Ashworth Scale (mAsh).

1. The individual is placed supine on padded mat.
2. Spastic reflexes are graded on a 0-4 scale consisting of whole numbers in addition to a '1+' grade. The criteria for grading is based upon the

table below (Table 1).
3. To assess quadriceps spasticity, the patient's leg is raised off of the mat and fully extended by support under the thigh and ankle, with

contralateral leg extended. A stretch is provided to the quadriceps by providing brisk passive flexion about the knee joint. The response to
stretch is quantified in accordance to the scale below.

4. To assess hamstring spasticity, the patient's leg is raised off of the mat and fully flexed by support under the thigh and ankle, with
contralateral leg extended. A stretch is provided to the hamstrings by providing brisk passive extension about the knee joint. The response to
stretch is quantified in accordance to the scale below.

5. Raw scores are converted to an ordinal scale and summed bilaterally to gain a composite score.

Spinal cord assessment tool for spastic reflexes

The magnitude or duration of flexor spasms, extensor spasms, and clonus is quantified using the Spinal Cord Assessment Tool for Spastic
Reflexes (SCATS)

1. The individual is placed supine on padded mat.
2. Spastic reflexes are graded on a 0-3 scale using whole numbers. The criteria for grading are based upon the table below (Table 2).
3. To assess flexor spasms, both legs are fully extended with the patient's shoes and socks removed. A pin prick is applied for 1 second to the

medial arch of the subject's foot. The magnitude of motion of big toe, knee and hip quantified in accordance to the scale below.
4. To assess extensor spasms, the leg is supported in 90° of hip flexion and 110° of knee flexion, with contralateral leg extended. From

this position the leg is briskly extended and laid to rest on the mat. The duration of visible quadriceps activity, noted by superior patella
displacement, is quantified in accordance to the scale below.

5. To assess clonus, the lower leg is lifted slightly from the mat and the ankle is placed in neutral to slight plantarflexion, with contralateral
leg extended. A stretch to the plantarflexors is delivered via brisk passive dorsiflexion of the ankle. The duration of the clonic bursting is
quantified in accordance to the scale below.

6. Scores are summed within and between legs to obtain a composite score.

Lower extremity motor score

The ability for an individual to volitionally contract muscles in accordance with myotomes is assessed using the ASIA Lower Extremity Motor
Score (LEMS).

1. The individual is placed supine on padded mat.
2. Strength is graded on a 0-5 scale using whole numbers. The criteria for grading are based upon the table below (Table 3).
3. The hip flexors (L2 myotome) are assessed by having the patient attempt to flex hip from the supine position, and manual resistance is

provided as necessary. If the patient is unable to fully move against gravity, the hip is externally rotated to lessen the effects of gravity and hip
flexion is attempted again.

4. The knee extensors (L3 myotome) are assessed by having the patient attempt to extend knee from a flex position, pivoting about the
examiners forearm, and manual resistance is provided as necessary. If the patient is unable to fully move against gravity, the hip is externally
rotated to lessen the effects of gravity and knee extension is attempted again.

5. The ankle dorsiflexors (L4 myotome) are assessed by having the patient attempt to dorsiflex ankle with the leg extended, manual resistance
provided as necessary. If the patient is unable to fully move ankle against gravity, the hip is externally rotated to lessen the effects of gravity
and ankle dorsiflexion is attempted again.

6. The great toe extensors (L5 myotome) are assessed by having the patient attempt to extend the great toe with the leg extended and the
ankle plantarflexed, manual resistance is provided as necessary. If the patient is unable to fully move toe against gravity, the hip is externally
rotated to lessen the effects of gravity and great toe extension is attempted again.

7. The ankle plantarflexiors (S1 myotome) are assessed by having the patient attempt to plantarflex with the leg extended with manual
resistance is provided as necessary. If patient is unable to move ankle through full range with resistance, the hip and knee are flexed to place
the plantar surface of the foot on the mat and the patient is asked to rise up on their toes. If patient is unable to fully rise up on their toes, the
hip is externally rotated to lessen the effects of gravity and ankle plantarflexion is attempted again.

8. Lower extremity motor score is calculated by adding results for each muscle group bilaterally.

Part 2: Quantitative static assessments

Velocity dependent stretch reflex

Using isokinetic dynamometers in addition to electromyography (EMG), a precise stretch can be applied and a quantitative response can be
assessed.

1. The individual is comfortably seated in testing apparatus (Biodex System 3, Shirley, New York)
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2. Surface EMGs are applied to the soleus and medial gastrocnemius.
3. Leg is attached to foot plate coupled to a 6 degree of freedom load cell (ATX Industrial Automation, Apex, NC) and ankle joint axis is aligned

to the center of the load cell.
4. With the patient relaxed, single or multiple stretches into dorsiflexion (DF) or plantarflexion (PF) are applied at various rotational speeds

including 5, 30, 60 and 120 deg/sec
5. To quantify torque response, torque signals are filtered at 200Hz, sampled at 1000 Hz and synchronized with EMG data. Passive and

gravitational torques are obtained from the slow stretch perturbations (5 deg/sec) and subtracted from the rapid stretches to calculate the
reflex response. Stretches are segmented for each DF and PF excursion, minimum and maximum torques are identified, and peak torque is
defined as the difference in the values.

6. To quantify EMG response, EMG signals are filtered at 20-450Hz, sampled at 1000 Hz, synchronized with torque data. The signal is rectified
and smoothed at 10 Hz low-pass using a 4th order recursive Butterworth filter, and the area of the smoothed signal is calculated for agonist
and antagonist for all excursions. For perturbations, EMG is often present following cessation of movement during the final hold position.
Integrated EMG area is calculated, starting from the beginning of the final joint rotation extending into the hold phase for up to 3 seconds.

Isometric strength

Precise quantification of volitional strength can be obtained using an isokinetic dynamometer.

1. The individual is comfortably seated in testing apparatus.
2. Surface EMGs are affixed to 6 major muscle groups of each leg including rectus femoris, medial hamsting, vastus lateralis, tibialis anterior,

soleus and medial gastrocnemius (Delsys 2.1, Boston, MA). Leg is attached to foot plate coupled to a 6 degree of freedom load cell and knee
joint axis is aligned to the center of the load cell.

3. With the patient relaxed, the patient is instructed to generate maximal force. To ensure maximal volitional force production, vigorous verbal
encouragement is provided to the patient by the experimenters. When the torque begins to decline, super maximal stimulus is delivered to
the agonist (10 pulses, 600 μs duration, 100 Hz, 135 V; S48 Grass, West Warwick, RI) through 3" x 5" self-adhesive, gel plate stimulating
electrodes (ConMed Corp, Utica, NY). Torque and EMG are collected and conditioned as in the velocity dependent stretch (step 2).

4. Offline
5. To quantify maximal torque response, peak torque of the smoothed signal is found. Maximal torque is defined as the average torque

produced ±50ms of peak torque.
6. To quantify EMG response, maximal EMG is calculated as the average signal present 0 to 100ms prior to peak torque.
7. To quantify deficits in volitional activation, the central activation ratio is calculated with Equation 1. In this equation Tvoluntary refers to the

voluntary torque produced 100 ms before the electrical stimulation and Telectrical refers to the peak electrically elicited torque.8

 

Equation #1

Part 3: Quantitative dynamic assessments

Peak treadmill speed

Functional ambulation is assessed using a graded treadmill test to obtain treadmill speed.

1. Subject is secured on the treadmill (Bertec, Columbus, OH) using an overhead safety harness that does not restrict movement and does not
provide body-weight support. A heart rate monitor is affixed. A reflective marker set is applied using the modified Cleveland Clinic template
(32 reflective markers). Surface EMGs are affixed to 6 major muscle groups of each leg including rectus femoris, medial hamsting, vastus
lateralis, tibialis anterior, soleus and medial gastrocnemious (Noraxon, Scottsdale, Arizona)

2. The subject begins to walk on the treadmill at 0.1 m/s. Speed is speed increased every 2 minutes by 0.1 m/s.
3. The test is terminated under 3 conditions

a. Volitional fatigue
b. Gait instability
c. In accordance to American College of Sports Medicine (ACSM) guidelines 9

1. Rating of perceived exertion=20
2. Heart rate within 10 beats of predicted maximum
3. Respiratory exchange ratio=1.15

4. Maximal speed obtained for at least 1 min, is recorded as peak treadmill speed.

Gait kinematics

During treadmill walking multiple kinematic measures including, peak range of motion, peak velocity and variability are assessed using motion
capture system (Motion Analysis, Santa Rosa, CA). The consistency of intralimb coordination between the hip and knee joints is quantified by
calculating the average coefficient of correspondence (ACC; 10). The ACC uses a vector coding technique to analyze the sagittal-plane hip and
knee angles on an angle-angle plot.

1. Motion capture cameras are calibrated per manufacturers' recommendations prior to each use. During data collection, data is sampled at 100
Hz from 6 cameras.
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2. Offline, the motion capture data is manually tracked for accuracy and an epoch of at least 10 step cycles at the fasted speed obtained in
either pre of post SSRI are isolated for analysis.

3. Gait cycle is normalized to percent from heel strike to heel strike and interpolated using a cubic spline for both the hip and the knee angles.
4. Hip knee angle-angle plot is constructed (Figure 3a).
5. The average cosine and sine of hip (x) and knee (y) normalized to vector length (l) respectively for each frame-to-frame interval calculated

across all steps isolated for analysis (Equation 1-2).

 

Equation #2

 

Equation #3

6. The mean vector for each frame-to-frame interval is calculated using the average frame-to-frame sine and cosine values across all steps
isolated for analysis (Equation 3).

 

Equation #4

7. The mean vector (a), represents the continuous variability of changes in the frame-to-frame interval or the consistency of intralimb
coordination between the hip and knee joints over multiple step cycles (Equation 4). When a=1 the cycle is perfectly consistent with values
less than 1 indicating progressively less intralimb consistency between steps (Figure 3b).

 

Equation #5

Muscle activity during ambulation

Muscle activity during gait is quantified using EMG signals.

1. To collect EMG responses, EMG signals are hardware filtered at 20-450Hz, sampled at 1000 Hz, while synchronized with motion capture
data.

2. Off line, signals are highpass filtered at 30Hz to remove movement artifact full wave rectified and low-pass filtered at 20 Hz using a 4th order
recursive Butterworth to create a linear envelope. Smoothed EMG signals are normalized to the percent gait cycle and averaged between at
least 10 steps at the fasted speed obtained in either pre of post SSRI.

3. Normative values of muscle activity are established using a database of healthy controls to establish normative on times and off times. The
table below presents the normative activity of the 6 muscles throughout the gait cycle.

4. Normative on time and off times for each muscle are overlaid on the EMG signals collected from the subject. The integrated area of the on
time and off time are calculated. The spasticity index (SI) is calculated through Equation 5 11. Representative results are shown in Figure 3c.

 

Equation #6

Metabolic recordings during ambulation

Cardiorespiratory/metabolic capacity is assessed using measures of peak oxygen uptake (VO2peak; mL/kg/min) during graded treadmill testing
using a K4b2 portable metabolic system (Cosmed USA Inc., Chicago IL).

1. Metabolic system is calibrated in accordance with manufacturers' recommendations and affixed to patient.
2. Baseline measurements of VO2 are obtained in a seated position for a minimum of 2 minutes and then again in a standing position for a

minimum of 2 min. An internal user controlled mark on the metabolic system is used to sync events.
3. While walking on the treadmill the VO2 is collected with manual marks provided by the experimenter with increases in speed (every 2 min).
4. After the treadmill test, the data is downloaded to a personal computer for further analysis.
5. VO2 data is analyzed by averaging the last minute of each 2 minute speed epoch and plotted for each speed (Figure 3d).
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Figure 1. Following oral administration of SSRI in an individual with motor incomplete SCI there are notable alterations in clinical measures of
motor activity. Both measures of involuntary reflex activity, mAsh (A) and SCATS (B) increased to varying degrees, suggesting the two clinical
scales may be capturing a different aspect of the augmented involuntary activity. (C) Additionally, clinically detectable changes in volitional
strength are observed following SSRI administration.

 

Figure 2. Following oral administration of SSRI in an individual with motor incomplete SCI there are notable alterations in quantitative static
measures of motor activity. (A) Augmented and prolonged ankle plantarflexion torque and EMG are observed in response to repeated stretches
of the plantarflexors following SSRI administration. Increased isometric torque is seen following SSRI administration. Interestingly, there is less
activation deficit (greater CAR) following SSRI administration, indicating the individual is able to more fully activate their muscle during a maximal
volitional contraction following SSRI administration.
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Figure 3. Following oral administration of SSRI in an individual with motor incomplete SCI there are alterations in quantitative dynamic measures
of motor activity. Analyses of variability of hip and knee kinematics (A) during ambulation using ACC (B) reveals that there is an increased
consistency following SSRI medication, both pre and post measures are at 0.7 m/s. (C) Analysis lower extremity EMG activity during ambulation
reveals an increase in inappropriate timing of muscle activity following SSRI medication, both pre and post measures are at 0.7 m/s. (D) Analysis
of metabolic parameters during ambulation reveals a modest increase in O2 consumption during the graded treadmill test following SSRI
administration.

Grade (Ordinal score) Criteria

0 (0) no increase in muscle tone

1 (1) slight increase in muscle tone, manifested by
a catch and release or by minimal resistance
at the end of the range of motion when the
affected part(s) is moved in flexion or extension

1+ (2) slight increase in muscle tone, manifested
by a catch, followed by minimal resistance
throughout the remainder (less than half) of the
ROM

2 (3) more marked increase in muscle tone through
most of the ROM, but affected part(s) easily
moved

3 (4) considerable increase in muscle tone, passive
movement difficult

4 (5) affected part(s) rigid in flexion or extension

Table 1: mAsh scoring, Modified from 12
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CriteriaGrade

Flexor Extensor Clonus

0 no reaction no reaction no reaction

1 less than 10° of excursion in flexion
at the knee and hip or extension of
the great toe

activity is maintained less than 3
seconds

clonus is maintained less than 3
seconds

2 10° to 30° of flexion at the knee
and hip

activity persists between 3 and 10
seconds

clonus persists between 3 and 10
seconds

3 30° or greater of knee and hip
flexion

activity persists for more than 10
seconds

clonus persists for more than 10
seconds

Table 2: SCATS scoring, Modified from 13

Grade Criteria

0 No visible or palpable muscle contraction noted

1 Any visible or palpable muscle is noted

2 The muscle is able to move, at least once, the part of the extremity to
which it is inserted through a full range of motion in the position in which
gravity is eliminated

3 The muscle is able to move, at least once, the part of the extremity to
which it is inserted through a full range of motion in the position in which
gravity must be overcome

4 The muscle is able to perform the function described for grade 3 and is
able to provide some resistance against the efforts of the examiner

5 The muscle is able to exert, in the examiners judgment, a normal
amount of resistance against the examiner's efforts

Table 3: LEMS scoring

Percent of Gait CycleMuscle

 On Off

RF 0-30 and 55-75 30-55 and 75-100

VL 0-30 and 55-75 and 95-100 30-55 and 75-95

MH 0-25 and 65-100 25-65

MG 5-55 0-5 and 55-100

SOL 5-55 0-5 and 55-100

TA 0-15 15-100

Table 4: Normative on and off times of LE muscles during gait

Discussion

This video demonstration highlights methods to assess changes in reflex activity, volitional strength and ambulation following the acute oral
administration of SSRIs in human SCI. This battery of assessments demonstrates that despite increases in so called abnormal reflex activity
following acute oral administration of a SSRI, the individual with SCI demonstrated improvements in volitional strength, with only minor changes
in locomotor ability. In these individuals the effects of augmented spasticity do not appear detrimental to ambulatory function. Additionally
improvements in walking ability may be more pronounced in individuals with acute lesions. Continuing studies use these similar quantitative and
clinical assessments to determine the efficacy of combined SSRIs and intensive physical interventions, as has been employed in animal models
of SCI. With a sound theoretical framework based on long-standing and relatively new basic science research, these methods can help translate
such information to a clinical population and may challenge some of the traditional protocols used in clinical practice to augment functional
recovery in individuals with SCI.
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