


Finally, dogs that recover effective walking without recovery of

pain perception may exhibit voluntary tail wagging in response to a

positive stimulus.6 These data suggest that residual connections

across the site of injury might provide some degree of descending,

supraspinal input, resulting in enhanced motor recovery potential.

Long tract conduction in this population, however, has not been

examined in detail, and the role of alterations to local spinal cord

circuitry post-injury is unknown. There has also been no attempt to

correlate electrophysiological Ôø½ndings with functional recovery.

The aims of this study were to characterize the electrophysio-

logical status of motor and sensory long tracts and local reÔø½ex

circuitry in dogs with incomplete recovery from acute TL-SCI and

to correlate Ôø½ndings to gait. We hypothesized that dogs with intact

descending motor tracts would have higher gait scores and inde-

pendent ambulation whereas evidence of increased motor neuron

pool excitability would be associated with stepping movements, but

not ambulation.

Methods

Control dogs

Clinically normal dogs were prospectively recruited to establish
normal values for evoked potentials and H-reÔø½ex testing in our
laboratory. Informed consent was obtained and examinations were
conducted in accord with the North Carolina State University In-
stitutional Animal Care and Use Committee (protocol #15-150-O).
All dogs had to have a normal neurological examination and no
history of neurological disease. Laboratory standards were already
established for other electrophysiological parameters.

Case selection

Dogs were recruited prospectively from the patient pool of the
Canine Spinal Cord Injury Program at the North Carolina State
University (NCSU) College of Veterinary Medicine (Raleigh, NC).
All dogs had chronic motor deÔø½cits ranging from paraplegia to
ambulation with weakness and ataxia with absent or severely re-
duced hindlimb and tail pain perception (with or without urinary
and fecal incontinence). In all dogs, signs were attributed to an
acute TL-SCI (third thoracic to third lumbar spinal cord segments)
based on neurological exam Ôø½ndings causing paralysis with loss of
pain perception suffered a minimum of 3 months previously. Ad-
vanced imaging (computed tomography or magnetic resonance
imaging) or deÔø½nitive diagnosis were not required for inclusion.
Exclusion criteria included muscle contractures or concurrent
neuromuscular conditions that alter local reÔø½exes or concurrent
systemic conditions that would preclude safe sedation. Data col-
lection on each dog included signalment, concomitant medications,
diagnosis, lesion location, duration of injury, and past treatment of
the SCI. Past therapy, including participation in interventional
clinical trials, were noted, but not utilized, as exclusion criteria for
the purposes of this project. Informed consent was obtained for all
animals and examinations were conducted in accord with the
NCSU Institutional Animal Care and Use Committee (protocol
#15-004-01).

General neurological and gait evaluation

All cases underwent a neurological examination, including
standard evaluation of gait, proprioception, spinal reÔø½exes, and
pain perception (Table 1). Pain perception was tested in standard
fashion by squeezing vigorously (using the handle of bandage
scissors or blunt-tipped forceps) over the phalanges of the hin-
dlimbs and the base of the tail. Perception was deÔø½ned as a con-
scious, behavioral response to the noxious stimulus such as turning
around, vocalizing, or trying to bite. Medial and lateral digits were

tested in all dogs. More extensive gait analysis was performed by
one of the investigators (M.J.L.) assisted by a veterinary technician
and consisted of walking each dog on a nonslip surface for ap-
proximately 3Ôø½5 min and on a treadmill for approximately 3 min
with the speed adjusted to a comfortable walking pace for each
individual (range, 0.6Ôø½1.0 mph). Dogs were allowed to acclimate to
the hospital environment with these two handlers for 1Ôø½2 h pre-
ceding gait analysis. All examinations were videotaped. Gait was
categorized as ambulatory (able to take at least 10 consecutive
weight bearing steps unassisted) or not and quantiÔø½ed using an
ordinal gait scale (open Ôø½eld score [OFS] ranging from 0 to 12). 22,23

OFS greater than 4 corresponds to independent walking. Treadmill
footage was scored using previously described measures of pelvic
limb stepping (stepping score; SS) and coordination (regularity
index; RI).24,25 Gait scores (OFS, SS, and RI) generated without
sling support only were utilized for the purposes of this project.

Electrodiagnostic evaluation

Electrodiagnostic testing included evaluation of long tracts with
transcranial magnetic stimulation (TMS) and recording of motor
evoked potentials (MEPs) and cortical somatosensory evoked po-
tentials (SSEPs) as well as evaluation of local reÔø½ex circuitry by
H-reÔø½ex, F-waves, and M-waves. All procedures were performed
by one of the investigators (M.J.L.) assisted by a veterinary tech-
nician. All cases were sedated with 1Ôø½4 lg/kg of intravenous (i.v.)
dexmedetomidine (Dexdomitor; Orion Pharma, Espoo, Finland)
and 0.1Ôø½0.2 mg/kg of i.v. butorphanol (Torbugesic; Zoetis, Kala-
mazoo, MI). The sedation protocol was adjusted, as needed, to
ensure that dogs lay calmly. Testing was performed in lateral re-
cumbency and was not initiated until dogs were relaxed and no
longer reactive to mild tactile or auditory stimuli. The room was
darkened and kept quiet throughout the duration of testing to fa-
cilitate continued relaxation through the testing period. Control
dogs were sedated with the same protocol for TMS and H-reÔø½ex
recordings. They were then anesthetized for SSEP recordings,
which was required to ensure tolerance of the procedure in neu-
rologically normal dogs (with normal sensation). The anesthetic
protocol consisted of propofol induction (PropoÔø½o 10 mg/mL;
Abbott Laboratories, North Chicago, IL) and inhaled isoÔø½urane for
maintenance (VET ONE Fluriso; MWI, Boise, ID).

TMS was performed using a Magstim 2002 magnetic stimulator
(Version 1.9; The Magstim Company Limited, Spring Gardens, UK)
using a 50-mm double coil stimulator with a peak magnetic Ôø½eld
strength of 2.5 Tesla. The center of the coil was positioned over the
frontal bone of the skull on midline (at the vertex) in contact with the
scalp and the current Ôø½ow within each coil run in an antiparallel
direction. Following a single discharge of the stimulator, MEPs were
recorded from the left extensor carpi radialis muscle in the thoracic

Table 1. Neurological Examination

Exam parameter Assessment

Gait Ambulatory, nonambulatory
paraparetic, paraplegic

Proprioceptive
placing, hopping

Absent (0), delayed (1), normal (2)

Patellar, withdrawal
reÔø½ex

Absent (0), decreased (1), normal (2),
increased (3), clonus (4)

Hindlimb muscle tone Decreased/Ôø½accid, normal Increased
Cutaneous trunci reÔø½ex Vertebral level of caudal

border recorded
Hindlimb, tail

nociception
Present or absent

Urination Voluntary or involuntary
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limb as a positive control and the left cranial tibial muscle in the
pelvic limb by active, reference, and ground needle electrodes placed
percutaneously in standard fashion and connected to an electro-
myograph (Nicolet VikingQuest; Natus Neurology Incorporated,
Middleton, WI).26 Stimulation was repeated four times at supra-
maximal stimulus (90% stimulus intensity, 1-ms pulse duration,
100-ls rise time, and 2- to 10-Hz low-/high-frequency Ôø½lters) for
each limb. Presence (yes/no) and minimum latency of MEPs were
recorded. Amplitude was not measured because of variability and the
polyphasic nature of waveforms. MEPs were deÔø½ned as present if
detectable waveforms were identiÔø½ed in at least two of four trials at
supramaximal intensity at a sensitivity of 200 lV/division or less and
with a latency of 100 msec or less. Minimum latency was deÔø½ned as
the time interval measured in milliseconds from the stimulus onset
to the Ôø½rst deÔø½ection from baseline of the resultant waveform. Path
length was measured from stimulus site over the cortex following the
anatomic neuronal pathway to the active electrode in the extensor
carpi radialis or cranial tibial muscle and used to calculate conduc-
tion velocity.

SSEPs were recorded after electrical stimulation of the tibial nerve
for the pelvic limb and ulnar nerve for the thoracic limb (as a positive
control) with an electromyograph (Nicolet VikingQuest; Natus
Neurology Incorporated). Active and reference stimulating needle
electrodes were placed percutaneously adjacent to the tibial nerve
just proximal to the tarsus and adjacent to the ulnar nerve near the
carpus. Active recording needles were placed between the Ôø½fth and
sixth lumbar vertebrae (L5Ôø½L6) at the level of the lamina (for re-
cording cord dorsum potential following tibial nerve stimulation) and
under the scalp overlying the contralateral somatosensory cortex (for
recording of cortical potentials) with reference electrodes placed
subcutaneously approximately 2 cm lateral to the L5Ôø½L6 recording
electrode and just below the opening of the contralateral external ear
canal, respectively.27,28 A ground electrode was placed subcutane-
ously between stimulating and recording needles. Stimulation was
delivered at a frequency of 3.1 Hz, duration of 0.2 ms, and a stimulus
intensity range from 1.2Ôø½25.0 mA with at least 200 (range, 200Ôø½400)
averaged stimulations for the pelvic limb. The ulnar nerve was
stimulated at the minimum intensity necessary to elicit a discernible
evoked potential (range, 1.0Ôø½16.0 mA) in order to ensure patient
tolerance. The presence (yes/no) and minimum latency of SSEPs and
cord dorsum potentials were recorded. Minimum latency was deÔø½ned
as the time interval measured in milliseconds from the stimulus onset
to the Ôø½rst deÔø½ection from baseline of the resultant waveform. Path
length was measured from the recording site over the cortex fol-
lowing the anatomic neuronal pathway to the site of stimulation of
the distal ulnar or tibial nerve. The path length from L5Ôø½L6 to the
stimulation site for the tibial nerve was also recorded.

M-waves were then generated for sciatic/tibial nerve stimulating
at the sciatic notch and just proximal to the tarsus and recording
from the plantar interosseous muscles according to standard pro-
tocol.29,30 The stimulus had a duration of 0.1 ms and intensity was
increased to supramaximal, which was deÔø½ned as the intensity re-
sulting in no further increase in wave amplitude. The maximum
M-wave amplitude was measured from the largest negative to the
largest positive peak and the motor nerve conduction velocity
(MNCV) calculated with greater than 60 meters per second (m/s)
considered normal.29 Cathode and anode of the stimulating elec-
trodes located adjacent to the distal tibial nerve were reversed
for generating F-waves with active, reference, and ground elec-
trode placement unchanged. The tibial nerve was stimulated re-
petitively 16 times at a frequency of 2 Hz, duration of 0.1 ms, and
supramaximal stimulus intensity producing M-waves followed by
F-waves. The minimum latency of the F-waves, F-wave persistence
(percentage of F-waves present in 10 stimulations), and the F-ratio
[(latency F Ôø½ latency M - 1)/ 2 ï¿‰ latency M] were recorded and
compared to reference values.31,32 To record H-reÔø½ex from the
plantar interosseous muscles, the distal tibial nerve was stimulated
(duration, 1 ms; frequency, 0.2 Hz or less) starting at low intensity

(machine minimum, 0.1 mA) and increasing gradually according to
previously reported methods in dogs.33,34 The H-reÔø½ex threshold
(stimulus intensity at which H-reÔø½ex Ôø½rst appeared) and minimum
H-reÔø½ex latency were recorded. The maximum H-reÔø½ex amplitude
and maximum M-wave amplitude (deÔø½ned as the largest negative
to the largest positive peak for each waveform) were each recorded
during H-reÔø½ex testing and used to calculate the H:M ratio (max-
imum H amplitude/maximum M amplitude). Ôø½Ôø½After discharges,Ôø½Ôø½
deÔø½ned as electrical activity that persisted (sustained activity) or
appeared randomly (episodic activity) after the onset of H-reÔø½ex
and F-waves, were also noted. Sustained after discharge activity
was classiÔø½ed into short duration ( <10 ms for H-reÔø½ex, <20 ms for
F-waves) versus long duration (>/ = 10 ms for H-reÔø½ex, >/ = 20 ms
for F-waves). Episodic activity was categorized as present or absent
for both F-wave and H-reÔø½ex recordings. Limb length, measured
from the trochanteric notch to the lateral digit, was also recorded.

Statistical analysis

All analyses were performed using Jmp 12 Pro (SAS Institute
Inc., Cary, NC). Presence or absence of MEPs, SSEPs, F-waves,
H-reÔø½ex, after discharges, and ability to ambulate were each re-
corded and analyzed as categorical data. Summary statistics for
continuous data (gait scores, MEP/SSEP latency, F-wave, and
H-reÔø½ex variables) are reported as mean and standard deviation
(SD) if normally distributed or median and range if not using the
Wilk-Shapiro test for normality. The Wilcoxon rank-sum test was
used to compare means for MEP latency and H-reÔø½ex variables
between cases with SCI and the cohort of control dogs. Associa-
tions between presence of MEPs or SSEPs and ambulation status
were established by constructing contingency tables and using
FisherÔø½s exact test. Associations between presence of MEPs or
SSEPs and gait scores were determined using an ANOVA. Asso-
ciations between F-wave variables or H-reÔø½ex variables and gait
scores were determined by linear regression. p < 0.05 signiÔø½cant
with adjusted p values calculated for multiple comparisons using
HolmÔø½s correction calculator.

Results

Clinical information for controls

Six neurologically normal adult dogs were enrolled (Supple-

mentary Data 1) (see online supplementary material at http://www

.liebertpub.com). Median body weight was 12.5 kg (range, 6.3Ôø½41.0).

Mean age was 6.5 years (SD, 2.7).

Clinical information and gait scoring in cases

Twenty dogs with SCI were enrolled (Supplementary Data 2)

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

There were 6 Dachshunds and 2 Dachshund/Chihuahua crosses

with 10 additional breeds represented. Median body weight was

8.25 kg (range, 3.1Ôø½30.0). The mean age was 5.9 years (SD, 2.75),

median duration of injury was 10.5 months (range, 4Ôø½84), and

suspected or conÔø½rmed intervertebral disc disease was the most

common diagnosis (14 dogs). In all dogs, neurolocalization was

between the third thoracic and third lumbar spinal cord segments

based on neurological exam Ôø½ndings. One dog had concurrent, less-

pronounced deÔø½cits referable to the caudal cervical region. Eigh-

teen dogs had no pelvic limb and tail pain perception whereas 2

dogs (1 ambulatory, 1 nonambulatory) had a severely blunted pain

response, 1 with a subtle response in the medial toe of the left

hindlimb and 1 with a subtle response in the medial and lateral toes

of the left hindlimb. Seventeen dogs were urinary incontinent re-

quiring manual bladder expression. No dogs demonstrated pain on

spinal palpation. At the time of evaluation, 6 dogs were paraplegic,
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9 were nonambulatory, but with motor, and 5 were ambulatory. The

median OFS for all dogs was 1.5 (range, 0Ôø½9), median unsupported

SS was 0 (range, 0Ôø½89), and median unsupported RI was 0 (range,

0.0Ôø½46.6). Information on individual dogs is presented in Supple-

mentary Data 2 (see online supplementary material at http://www.

liebertpub.com). Treatments at the time of acute injury were vari-

able and included surgery (decompression ï¿‰ stabilization) or med-

ical management with or without formal rehabilitation therapy

based on conÔø½rmed or suspected underlying cause. Eighteen dogs

were not undergoing any speciÔø½c or formal therapies at the time of

enrollment in the reported study whereas 2 dogs participated in

intermittent, formal rehabilitation sessions with a rehabilitation

certiÔø½ed veterinarian.

Electrodiagnostic testing

Long tract and local reÔø½ex testing was feasible in all 20 cases and

6 controls. However, 1 case was removed from analysis of local

circuitry and SSEPs because previous self-mutilation altered the

anatomy, precluding stimulation and recording from the distal

limb. Based on symmetrical signs on neurological examination and

the duration of optimal sedation, all dogs were placed in right

lateral recumbency and the left limbs were tested.

MEPs were present in all controls and cases when recording

from the extensor carpi radialis muscle of the thoracic limb (posi-

tive control; Fig. 1A). MEPs were present in all controls and in

4 cases (including the 2 with blunted pain perception) when re-

cording from the cranial tibial muscle of the pelvic limb, but were

not detected in the remaining 16 cases (Fig. 1B,C). Mean minimum

latency and conduction velocity values recorded from the cranial

tibial muscle are presented for cases and controls (Table 2). Cases

had signiÔø½cantly longer mean cranial tibial muscle MEP latency

( p = 0.0064) and slower mean conduction velocity ( p = 0.0023)

compared to controls.

SSEPs and cord dorsum potentials were present following tibial

stimulation in all controls under general anesthesia (external pos-

itive control; Fig. 2A). Cortical SSEPs were detected after ulnar

stimulation in the 6 cases in which testing a forelimb under sedation

alone was tolerated (Fig. 2B). Cord dorsum potentials were re-

corded over L5Ôø½L6 after tibial nerve stimulation in 18 cases (in-

ternal positive control; Fig. 2C). Testing was not performed in the

case with past self-mutilation and in 1 other case because of limited

duration of sedation. No cortical SSEPs were detected after tibial

nerve stimulation in any cases (Fig. 2D).

Motor nerve conduction velocity (MNCV) was normal in all

cases and ranged from 63 to 97 m/s (Table 2). F-waves were elicited

in all cases (19 of 19), and F-wave persistence was 100% for each

dog (Fig. 3; Table 2).

Three of 6 controls had a discernible H-reÔø½ex with amplitudes

ranging from 0.5 to 1.2 mV (Table 2). In 2 of the 3 controls,

H-reÔø½exes were abolished at 15.4 and 18 mA (which were 9.6 and

0.8 mA, respectively, after the onset of M-waves), whereas they

were not clearly abolished in 1 dog. In contrast, H-reÔø½exes were

elicited in all (19 of 19) cases with variable amplitudes ranging

from 0.2 to 3.3 mV (Fig. 4; Table 2). In 12 cases, H-reÔø½exes per-

sisted and were not abolished at stimulation intensities up to 50 mA.

In the remaining 7 cases, the intensity at which the H-reÔø½exes

disappeared was variable, but ranged from 6.0 to 34.7 mA (and was

between 2.0 and 30 mA after the appearance of M-waves). H:M

ratio was higher and H threshold was signiÔø½cantly lower in cases

compared to controls ( p = 0.3 and p = 0.011, respectively).

After discharges were common in cases and noted after F-waves

in 17 of 19 cases and after H-reÔø½ex in 16 of 19 cases (Figs. 3 and 4).

They included sustained activity in which late waves appeared to

persist for extended periods of variable durations and episodic,

isolated electrical discharges. During F-wave testing, sustained

FIG. 1. Representative MEP tracings in dogs with TL-SCI. (A)
MEP recorded from extensor carpi radialis muscle; 5 mV/division,
10 ms/division. (B) No MEP recorded from cranial tibial muscle;
500 lV/division, 10 ms/division. (C) MEP recorded from cranial tibial
muscle; 1 mV/division, 10 ms/division. MEP, motor evoked potential.

Table 2. Summary Values for Pelvic Limb MEP, MNCV,
and F- and H-ReÔø½ex Variables in Controls and Cases

Variable

Mean (SD) or median (range)

pa valueControls (n = 6) Case (n = 19)

MEP latency 28.5 ms (11.7) 63 ms (18.2) (n = 4) 0.0064*
MEP CV 39.4 m/s (12) 12 m/s (3.4) (n = 4) 0.0023*
MNCV NA 75.2 m/s (9.7)
F-wave latency NA 13.68 ms (3.9)
F-ratio NA 1.55 (1.1Ôø½5.2)
H-reÔø½ex

latency
14.4 ms (5.4) (n = 3) 13.5 ms (9.7Ôø½21.6) 0.98

H-reÔø½ex
threshold

7.9 mA (3.1) (n = 3) 3.2 mA (2.5) 0.011*

H:M ratio 0.15 (0.1) (n = 3) 0.29 (0.2) 0.3

*Denotes signiÔø½cant difference ( p < 0.05) between control and case
dogs. pa refers to p value adjusted for multiple comparisons.

MEP, motor evoked potential; CV, conduction velocity; MNCV, motor
nerve conduction velocity; SD, standard deviation; ms, milliseconds; m/s,
meters per second; mA, milliamperes; NA, not applicable.
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activity was categorized as short duration (<20 ms) in 10 dogs, long

duration (>/ = 20 ms) in 5 dogs, and not present in 4 dogs. During

H-reÔø½ex testing, sustained after discharges of short duration

(<10 ms) were present in 6 dogs, long duration (>/ = 10 ms) in 6

dogs, and absent in 7 dogs. Episodic electrical activity was noted in

15 and 7 dogs after F-waves and H-reÔø½exes, respectively. Visible

limb Ôø½exion and spasms were commonly noted in cases with after

discharges. After discharges were not noted in controls.

Associations between electrodiagnostic variables,
gait scores

Comparison of gait scores between dogs with and without pelvic

limb MEPs are outlined in Table 3. Ambulatory dogs were sig-

niÔø½cantly more likely to have detectable trans-lesional spinal cord

conduction ( p = 0.032; pa = 0.032). Presence of pelvic limb MEPs

was also signiÔø½cantly associated with higher OFS ( p = 0.0026;

pa = 0.006), SS ( p = 0.0021; pa = 0.006), and RI ( p = 0.0007;

pa = 0.003). H-threshold was 1.5 mA (1.6) in ambulatory dogs

compared to 3.8 mA (2.5) in nonambulatory dogs and is compared

to gait scores in Figure 5. H-threshold was not signiÔø½cantly asso-

ciated with walking ( p = 0.12; pa = 0.12) or OFS ( p = 0.056;

pa = 0.11), but was inversely associated with SS ( p = 0.011;

pa = 0.042) and RI ( p = 0.014; pa = 0.043). No signiÔø½cant relation-

ships between H:M ratio, H-latency, or F-wave variables (F-latency,

F-ratio), and gait scores were identiÔø½ed.

Discussion

This study examined dogs with severe SCI characterized by

chronic loss of pain perception in the hindlimbs and tail. In this

population, historically described as having clinically complete

injuries, recovery of any motor function has been interpreted as

exclusively reÔø½exive, termed spinal walking. We demonstrated that

trans-lesional motor conduction was present in 20% of the dogs in

this study, conÔø½rming residual functional motor tract integrity de-

spite permanent loss of pelvic limb pain perception. The presence

of pelvic limb MEPs was associated with higher gait scores,

implying functional signiÔø½cance of descending inÔø½uence on the

ability to regain walking post-injury in dogs labeled as having

clinically complete lesions. H-reÔø½ex changes reÔø½ective of increased

motor neuron excitability were also present in the same population

of dogs, providing evidence of reorganization of the local spinal

cord circuitry below the level of the lesion. The inverse association

between H-threshold intensity and gait scores implies that plasticity

of local circuitry, speciÔø½cally motor neuron pool excitability, might

be an additional contributing factor to the motor recovery of these

dogs. These data represent a baseline from which to conduct further

studies using dogs as a model of chronic paralysis and enhance our

understanding of factors impacting functional recovery.

Dogs that present with clinically complete, acute TL-SCI

(paraplegic with no pain perception below the level of the injury),

have a variable outcome. The most common cause is acute,

explosive disc herniation.4,5 When the herniation is treated by

prompt decompressive surgery, approximately 58% recover pain

perception, continence, and the ability to walk over 1Ôø½3 months

post-operatively.6 Of the remaining dogs who never regain pain

perception or continence, approximately one third recover ambu-

lation over a more protracted period (mean, 9.5 months).6 For dogs

suffering a traumatic, complete TL-SCI, the outcome is more

guarded, with none recovering pain perception or autonomic

function. Approximately 20% can recover ambulation in the ab-

sence of pain perception and continence; however, many dogs are

euthanized at the time of injury, impacting these numbers.6 There is

a widely held belief in veterinary neurology that, regardless of the

cause of the SCI, delayed motor recovery exhibited by some of

these dogs lacking pain perception is exclusively reÔø½exive step-

ping, also known as spinal walking.

FIG. 2. Cortical SSEP and cord dorsum representative tracings.
(A) Positive cortical SSEP following tibial nerve stimulation in a
control. (B) Positive cortical SSEP following ulnar nerve stimu-
lation in a case. (C) Cord dorsum potential following tibial nerve
stimulation in a case. (D) Absent cortical SSEP following tibial
nerve stimulation in the same case as (C). 5 ms/division, 0.5 lV/
division. SSEP, somatosensory evoked potential.

FIG. 3. Superimposed, representative F-wave tracings in a case.
Note the prolonged after discharges also visible to the right of the
F-waves.
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The interconnected network of neurons that produces such pel-

vic limb stepping is collectively referred to as the central pattern

generator (CPG) and has been identiÔø½ed in multiple species, in-

cluding dogs and people.18,35Ôø½40 The CPG is located in the lumbar

cord, and the integrity and subsequent reorganization of this region

after experimental injury has been suggested to be crucial and

sufÔø½cient for regaining locomotion. 18 Indeed, experimental tran-

section of the TL spinal cord resulted in recovery of independent

ambulation in 7 of 9 dogs by an average of 4 months after the

induced injury and plateaued by 6 months.15 Subsequent re-

transection cranial to the original lesion in 2 dogs did not affect

their motor function, providing strong evidence of functional spinal

walking in dogs.15 However, the lack of motor recovery in many

dogs with severe, spontaneous injuries suggests that there are im-

portant differences between experimental and naturally occurring

injury. Understanding the basis of any degree of spontaneous motor

recovery in dogs lacking pain perception therefore is integral to

maximizing the utility of naturally occurring SCI in dogs as a

model of human paralysis.

Our electrophysiological data demonstrated clearly that dogs

with no pain perception may have intact motor pathways. More-

over, we demonstrated that the presence of pelvic limb MEPs was

signiÔø½cantly associated with independent ambulation and higher

FIG. 4. Representative H-reÔø½ex tracings in two cases. In both traces, H-reÔø½exes appear before M waves are apparent, but note the
variability of threshold intensity at the onset of H-reÔø½ex between the 2 cases. In both traces, H-reÔø½exes are not clearly abolished as
stimulus intensity is increased, although the upper limit of stimulation (50 mA) is not displayed.

Table 3. Associations between Pelvic Limb MEPs

and Gait Scores

MEP present MEP absent pa value

No. Ambulatory 3/4 (75%) 2/16 (12.5%) 0.032*
Median OFS 6.5 (4Ôø½9) 1 (0Ôø½8) 0.006*
Median SS 72 (27Ôø½89) 0 (0Ôø½74) 0.006*
Media RI 29.1 (3.2Ôø½46.6) 0 (0Ôø½26) 0.003*

*Denotes signiÔø½cant difference ( p < 0.05) between cases with present versus
absent pelvic limb MEPs. pa refers to p value adjusted for multiple comparisons.

MEP, motor evoked potential; pa, adjusted p value; OFS, open Ôø½eld
score; SS, stepping score; RI, regulatory index.
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gait scores. This provides strong evidence that intraspinal motor

networks located below the site of injury are not completely dis-

connected from all supraspinal inÔø½uence, and that this communi-

cation might play a role in motor recovery. Intact sensory and motor

conduction has been previously identiÔø½ed in some chronically

paralyzed dogs, although its relationship to recovery of function has

not been speciÔø½cally evaluated. 21 The noninvasive methods uti-

lized to evaluate long tract integrity very likely underestimated the

number of dogs with intact connections and, among the individual

dogs with recordable MEPs, did not allow quantiÔø½cation of the

extent of residual trans-lesional connections. Indeed, it has previ-

ously been shown that in the acute phase of injury, evoked poten-

tials are abolished by much less-severe SCI, with MEPs present in

only 50% of ambulatory dogs with thoracolumbar lesions, consis-

tent with studies in people and rodents.26,27,41Ôø½45 Although sensi-

tivity appears to increase in the chronic phase, the distance between

the site of stimulation (TMS) or recording (SSEPs) and the un-

derlying neural structures is limiting.26,27 Cortical evoked poten-

tials were more readily recorded in dogs and monkeys after

stimulation at the level of the dura compared to distal tibial nerve

stimulation by percutaneously placed electrodes.46 This suggests

that stimulating or recording evoked potentials by electrodes placed

epidurally could facilitate the identiÔø½cation of additional chronic

SCI dogs with residual trans-lesional connections.

Motor conduction traversing the site of injury in dogs labeled as

having functionally complete injuries shares some overlap with the

identiÔø½cation of Ôø½Ôø½discompleteÔø½Ôø½ injuries in people. 47 In these pa-

tients, with injuries designated as motor complete, additional,

more-nuanced clinical evaluation shows a degree of volitional

control supportive of previously unrecognized residual connections

across the site of injury.48 People with neuropathologically in-

complete, yet clinically complete (by standard clinical examina-

tion), SCI have also been demonstrated.9,10 Indeed, complete

physical transection of the spinal cord is quite rare.8,10,20 Our

Ôø½ndings underscore lesion heterogeneity with regard to severity and

continuity, even among the most severely affected individuals, and

raise the possibility that our interpretation of dogs and people with

so-called complete injuries might warrant recalibration.

The lack of sensory recovery in our cases is mirrored by the

absence of electrophysiological evidence for intact ascending tracts

in any of the dogs in spite of positive internal and external controls.

Granger and colleagues reported cortical SSEPs in 12 of 34 (35%)

of dogs labeled as clinically complete.21 The difference in results

could reÔø½ect technical differences or simply that their population of

dogs had less-severe injuries than the population examined here.

F-waves and H-reÔø½exes have been reported in normal dogs and

have been used to evaluate spasticity in experimental SCI.31,33,34,49

However, they have not been previously reported speciÔø½cally in

dogs with chronic disability after spontaneous SCI. Both of these

tests evaluate overlapping aspects of local reÔø½ex circuitry and,

assuming normal peripheral nerve function based on normal motor

nerve conduction velocity studies, they speciÔø½cally provide infor-

mation at the level of the spinal cord on alpha motor neurons. H-

reÔø½ex and, to a lesser extent, F-waves have been used in humans

with SCI as measures of motor neuron excitability, most often in

the context of post-injury spasticity.50Ôø½57 F-wave variables in the

dogs of this study fell within the normal range for our laboratory

and published reference values.31,32 However, H-reÔø½exes were

elicited in all cases, but only 50% of controls. This is consistent

with testing in people with upper motor neuron dysfunction sec-

ondary to SCI in which H-reÔø½exes are more readily elicited and

present in more widely distributed muscles affected by the injury

FIG. 5. Associations between H threshold and gait scores in
cases. (A) OFS and H threshold, R2 = 0.198, pa = 0.11. (B) SS and
H threshold, R2 = 0.343, pa = 0.042. (C) RI and H threshold,
R2 = 0.32, pa = 0.043. OFS, open Ôø½eld score; SS, stepping score;
RI, regularity index; pa, corrected p value.
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compared to testing in healthy controls.58 H:M ratio is the primary

variable analyzed for H-reÔø½exes, with an increasing ratio (attrib-

uted to increasing H-reÔø½ex amplitude) suggestive of greater motor

neuron pool excitability.50,55,59 The threshold to elicit the H-reÔø½ex

has also been shown to be reduced in humans and cats with chronic

SCI, again supportive of increased excitability.53,56

The trends were similar in our study where the H:M ratio was

higher and the threshold for H-reÔø½exes was signiÔø½cantly lower in

cases compared to controls. These results provide indirect support

for reorganization of local circuitry post-injury in dogs, which is

consistent with the histologically conÔø½rmed plasticity in spinal cord

connections below the level of a lesion in a rodent model of SCI.60

The inability to demonstrate a signiÔø½cant increase in H:M ratio in

our cases is consistent with reported overlap between normal and

SCI humans and could reÔø½ect the low number of dogs tested,

prevalence and severity of spasticity, muscle group tested, and

inÔø½uence of patient relaxation. 50,61 Low stimulus frequency, sub-

maximal intensity, and long stimulus duration were utilized to

ensure H-reÔø½exes and not F-waves were being recorded. However,

it is possible that H-reÔø½exes were contaminated by F-waves

or muscle artifact at higher intensities, especially given that the

H-reÔø½ex was not clearly abolished in 12 dogs even at supramaximal

stimulation, further complicating consistent amplitude measure-

ments and H:M calculations.

H-threshold intensity was inversely associated with treadmill-

based stepping and coordination scores, suggesting that dogs with

increased motor neuron pool excitability have greater stepping

ability. The presence and severity of after discharges when recording

F-waves and H-reÔø½exes also might provide information on excit-

ability of the reÔø½ex circuitry post-injury, but the exact neural gen-

erators and relevance of this activity require further study. Recent

work in people using epidural stimulation to generate volitional

movements in clinically complete patients has demonstrated that

increasing the excitability of the motor neuron pool apparently in-

creases its responsiveness to residual descending inÔø½uence. 62 The

fact that cases with more stepping movement had lower H-reÔø½ex

thresholds suggests that the same phenomenon may be at work in

these dogs. The ability to noninvasively quantify altered excitability

of local circuitry in dogs after severe injury might provide a useful

baseline for interventional studies warranting additional investiga-

tion of the H-reÔø½ex in a larger number of chronically paralyzed dogs.

Overall, our Ôø½ndings describe the descending motor tract

connectivity and motor neuron excitability in dogs, providing a

more complete description as a model of SCI. Further under-

standing of the complex interactions and plasticity between long

tracts and local circuitry post-injury and their relationship to

functional recovery is indicated. The ability to subcategorize

electrophysiologically might facilitate choosing appropriate

candidates for testing speciÔø½c interventions aimed at manipulat-

ing long tracts or local circuitry with the goal of improving out-

comes in severe SCI.
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