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Abstract

Open-field behavioral scoring is widely used to assess spinal cord injury (SCI) outcomes, but has limited usefulness in

describing subtle changes important for posture and locomotion. Additional quantitative methods are needed to increase

the resolution of locomotor outcome assessment. This study used gait analysis at multiple speeds (GAMS) across a range

of mild-to-severe intensities of thoracic SCI in the rat. Overall, Basso, Beattie, and Bresnahan (BBB) scores and subscores

were assessed, and detailed automated gait analysis was performed at three fixed walking speeds (3.5, 6.0, and 8.5 cm/sec).

Variability in hindpaw brake, propel, and stance times were analyzed further by integrating across the stance phase of

stepping cycles. Myelin staining of spinal cord sections was used to quantify white matter loss at the injury site. Varied

SCI intensity produced graded deficits in BBB score, BBB subscores, and spinal cord white matter and total volume loss.

GAMS measures of posture revealed decreased paw area, increased limb extension, altered stance width, and decreased

values for integrated brake, propel, and stance. Measures of coordination revealed increased stride frequency concomitant

with decreased stride length, resulting in deviation from consistent forelimb/hindlimb coordination. Alterations in posture

and coordination were correlated to impact severity. GAMS results correlated highly with functional and histological

measures and revealed differential relationships between sets of GAMS dynamics and cord total volume loss versus

epicenter myelin loss. Automated gait analysis at multiple speeds is therefore a useful tool for quantifying nuanced

changes in gait as an extension of histological and observational methods in assessing SCI outcomes.
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Introduction

Contusion injury in the rat is a widely used experimental

model for investigating spinal cord injury (SCI). This approach

has been used with variations in injury location and intensity to study

the sensorimotor impairments that result from SCI, and it provides

models in which to assess new therapeutic interventions. Perhaps the

most well-characterized instrument for evaluating functional deficits

in gait and therapeutic efficacy after SCI is the Basso, Beattie, and

Bresnahan (BBB) scale for assessing open-field locomotion.1 The

BBB scale has been validated, is widely used, and is highly stan-

dardized,1 but only addresses a subset of readily observable attributes

of gait. BBB scoring includes observation of basic movements

limited to ankle, knee, and hip range of motion and plantar placement

of the hindlimb with or without weight support. Additionally, ob-

servation of coordination, hindpaw position during locomotion, toe

clearance, tail position, and trunk stability are scored. However,

limitations in the BBB scale emerge from the categorical nature by

which attributes are scored. Certain milestone movements, such as

coordination, must be observed before additional criteria, such as toe

clearance, can be scored.2 These limitations are addressed, in part,

through the utilization of BBB subscores,2 which elucidate gains of

function not otherwise scorable on the standard BBB scale in the

absence of milestone indicators. BBB subscores represent measures

of paw position, toe clearance, trunk control, and tail position made

independent of all other observable traits. Notably, other attributes of

SCI recovery, such as speed of locomotion, paw area, stance width,

and step cycle dynamics, are not addressed by the BBB scale or

subscale. Importantly, the BBB scale is not designed to measure the

dynamics of forelimb movement.

Footprint analysis was developed to quantitate specific gait at-

tributes, some of which are not captured by BBB scoring. Data
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gathering for footprint analysis by inking paws is both imprecise

and labor intensive and does not restrict locomotion to specific

speeds. Locomotion speed represents a source of variability in gait

analysis that is not controlled experimentally in BBB scoring or in

footprint analysis. By analyzing gait at several fixed speeds across a

range of walking speeds, the contribution of gait speed can be

experimentally controlled and analyzed as a source or error in gait

analysis or as a contributor to alterations in abnormal gait dy-

namics. BBB-scored behaviors, by definition, are observed only at

the self-determined ambulatory speed of each subject. Inherent

differences in speed of movement across different injury intensities

can also lead to confounded data; for example, more severely in-

jured rats locomote at slower speeds. Accordingly, there is a need to

address gait in SCI at known, fixed speeds.

Automated gait analysis reveals aspects of recovery from spinal

injury that may be too rapid, complex, or subtle for visual obser-

vation. Further, automated measurement of gait dynamics removes

the observer as a source of variability. It greatly increases the

number and complexity of experimental outcomes that can be si-

multaneously gathered and potentially minimizes investigator time

and effort while increasing throughput in data gathering. Many

approaches, including the use of contact electrodes,3 robotic gait

analysis devices,4 and digital footprint analysis,5 have been used to

automate gait analysis to avoid potential observer bias or limita-

tions. Video-based approaches, such as three-dimensional video

analysis8 and CatWalk�,9–12 can improve the scope and details of

data gathered, but as with BBB scoring, are limited to the gait speed

at which the animal chooses to locomote. Hamers and colleagues

identified this factor as a specific limitation of the CatWalk method,

noting that much more information would be apparent using mul-

tiple fixed locomotion speeds.10

Video analysis of locomotion at variable speeds provides addi-

tional information. The DigiGait� (Mouse Specifics, Inc., Quincy,

MA) and TreadScan systems consist of a camera mounted beneath

a variable speed transparent treadmill and were developed to ex-

pand the parameters of footprint analysis that can be assessed. The

TreadScan 6,7 has been used for multi-speed analysis of functional

outcomes in a mouse spinal transection model6 and mouse contu-

sion model.17 The DigiGait system has been used to evaluate gait

disturbances in rodent models of sciatic nerve injury,13 paw in-

flammation,14 and SCI.15,16 A previous study used DigiGait anal-

ysis at a single running-gait speed to complement BBB,16 but the

researchers concluded that analysis at additional treadmill speeds

would be beneficial. Gait analysis at multiple speeds (GAMS) using

the DigiGait apparatus allows automated quantitation of numerous

detailed attributes of gait; importantly, data can be gathered at

specific user-selected treadmill speeds.

This study was undertaken to establish predictive measurements

of SCI outcomes in rats with a range of mild to very severe con-

tusion injuries. In light of limitations of previous approaches, we

hypothesized that GAMS would produce highly correlated asso-

ciations among injury intensity, histological outcomes, and loco-

motion and would complement and augment the BBB scoring

system. Previous studies have typically selected a subset of gait

measures that have not assessed the complexities of step cycle,

posture, and coordination that comprehensive GAMS has the po-

tential to address. Here, comprehensive, automated gait analysis

was used at multiple walking speeds to characterize subtle changes

in a broad range of complex step cycle, posture, and coordination

dynamics. The GAMS results complemented BBB scores and

correlated highly with injury impact intensity and spinal cord white

matter loss at the injury epicenter. The results of this study dem-

onstrate that varying intensity of SCI produces significant, graded

changes in gait that can be resolved by GAMS, which complements

and extends the usefulness of the BBB scale.

Methods

Subjects

Fifty-two Fisher 344 male rats housed in an Association for
Assessment and Accredidation of Laboratory Animal Care–
accredited facility were used in the study. All procedures were
approved by the University of Kansas Medical Center Animal Care
and Use Committee (Kansas City, KS) and complied with all fed-
eral and state regulations. Animals were randomly assigned to five
different groups, four of which were injured with different forces:
125 kDyn (‘‘mild’’); 175 kDyn (‘‘moderate’’); 200 kDyn (‘‘se-
vere’’); or 225 kDyn (‘‘very severe’’); and a laminectomy with no
impact (sham). All sham and SCI subjects were included in the
study and had a presurgical baseline BBB of 21. Eight subjects
were identified as statistical outliers and were removed from the
study on the basis of postsurgical BBB scores that varied more than
two standard deviations from their group mean.

Surgery/care

Surgeries were performed on 100- to 110-day-old rats under
ketamine (80 mg/kg)/xylazine (7 mg/kg) anesthesia under aseptic
conditions. Sham animals received an eighth thoracic segment (T8)
laminectomy alone, whereas injured animals underwent T8 lami-
nectomy and contusion injury using an Infinite Horizon spinal cord
impactor (Precision Systems and Instrumentation, LLC, Fairfax
Station, VA) with 125, 175, 200, or 225 kDyn impact. Displace-
ment distance reported by the impactor software for each contusion
was recorded at the time of surgery. At the conclusion of surgery,
0.25% bupivacaine HCl was applied locally to the incision site.
Buprenex (0.01 mg/kg, subcutaneously [s.c.]) was injected imme-
diately after surgery and 1 day later. All animals were monitored
daily until the end of the experiment. On the first week after sur-
gery, the rats received a daily s.c. injection of 30,000 U of penicillin
(Combi-Pen 48) in 5 mL of saline to prevent infections and dehy-
dration. Rats’ bladders were expressed twice-daily until animals
recovered urinary reflexes. From the second week onward, animals
were supplemented with vitamin C pellets (BioServ, Frenchtown,
NJ) to avert urinary tract infection.18

Behavioral assessments

BBB scoring was performed as previously described1 1–3 days
before SCI and at 1, 7, 14, 21, and 28 days postimpact; the lat-
est time point corresponds to when SCI outcomes are known
to plateau.19–21 For observational purposes, a straight alley with a
darkened goal box at the end was utilized as described by Wong and
colleagues.22 For 1 week preceding testing, animals were habitu-
ated to the straight-alley apparatus. Scores and subscores2 were
recorded for the left and right sides of each subject. Sided scores
showed the greatest variation at the first week; statistical analysis
revealed that the sided scores did not vary significantly within
subjects ( p = 0.46). Therefore, left- and right-side scores were av-
eraged and rounded to the nearest integer.

GAMS was performed with the Mouse Specifics DigiGait Sys-
tem. Computerized digital footprint images were generated by
high-speed video recording from the ventral aspect of the animal.
Baseline GAMS imaging was performed 1–3 days before SCI and
repeated 28 days postimpact at three predetermined speeds of 3.5,
6.0, and 8.5 cm/sec. Actual treadmill speeds were directly deter-
mined by timing several full revolutions of the treadmill belt (of
known length) across the range of speeds to accurately calibrate the
testing speed. Based on observation and previously published
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findings,17 rats were not pretrained on the treadmill because gen-
erous pretraining inhibited the desired normal walking behavior.
Data were evaluated across five impact groups, and over 40 metrics
were generated by the Mouse Specifics analysis software. Gait
analysis was performed with animals exhibiting a minimum BBB
score of 10, representing weight bearing with occasional weight-
supported steps. All gait dynamic indices were calculated with
version 12.1 of the Mouse Specifics analysis software. Left- and
right-limb values were averaged to generate one hindlimb (HL) and
one forelimb (FL) value for each subject at each walking speed. To
refine and expand the DigiGait system analysis of step-cycle dy-
namics, the stance phase of step cycles was integrated across time
in an additional data analysis. Stance is the portion of the step cycle
when the paw is in contact with the surface and can be divided into
brake (from the first contact to peak stance) and propel (from peak
until end of contact) phases. The Basler camera utilized with the
DigiGait system captures images at a constant frame rate; accord-
ingly, an area under the curve was calculated by adding the paw
area measurements for each video frame captured during a com-
plete stance. All complete HL stances that were observed for a
given animal were averaged to generate one value per subject,
resulting in a measure termed ‘‘integrated stance.’’ Additionally,
integrated values were divided into brake and propel phases, which
were temporally separated at the moment of peak stance, as defined
by the video frame with the highest paw contact area.

Histology

At the end of 4 weeks, animals were euthanized with
Beuthanasia-D and transcardially perfused with 0.1 M of phosphate-
buffered saline (PBS), containing 10 U/mL of heparin, followed by
4% formaldehyde in PBS. Thoracic spinal cord segments were
collected, starting from one vertebral segment rostral to two seg-
ments caudal from the laminectomy site (approximately 1.2 cm).

Transverse 20-lm frozen sections were collected at 100-lm
intervals, resulting in approximately 120 sections per subject for
analysis. Sections were stained for myelin using eriochrome cyanin
(EC).23 All sections were imaged with 4 · objective and 10 · ocular
magnification using a Nikon 80i microscope and Elements imaging
software (Nikon Instruments, Melville, NY). Imaged sections were
analyzed using MetaMorph image analysis software (Molecular
Devices, LLC, Sunnyvale, CA). Images of EC-stained serial sec-
tions were processed using thresholding techniques; subsequently,
borders of spinal cord sections were circumscribed and myelin-
stained areas calculated by the image analysis software. Total
volume of the injured spinal cord was calculated as a sum of total
section areas multiplied by distances between sections starting
from the most rostral section showing any damage through the most
caudal section showing damage. Cord atrophy is reported as the
differences in total volume of injured cords compared to total
volumes of uninjured cords of identical length. For each injured
cord, the injury epicenter was defined as the section within the
injury with the least amount of myelin staining; white matter loss
was assessed by measuring the area of myelin staining in this
section, as compared to uninjured cords at a comparable level.

Statistical analysis

Statistical analyses were performed using SigmaPlot 11.0 (Sy-
stat Software, Inc., Chicago, IL). Group differences were evaluated
by analysis of variance (ANOVA) or repeated-measures two-way
ANOVA, as appropriate, with Bonferroni’s or Student-Newman-
Keuls’ post-hoc tests when significance of p < 0.05 was obtained.
Data are presented as average – standard error of the mean.
Spearman’s rank-order correlation analysis was utilized to measure
the strength of correlation among BBB scores, GAMS data pa-
rameters, and histological findings. Correlation values are reported
as rs, the Spearman rank-order correlation coefficient.

Results

Tissue damage after injury

Tissue damage caused by T8 contusion was evaluated 4 weeks

after injury. All contused spinal cords showed morphological

changes consistent with damage; however, cord total volume loss

was not significant in rats with the mild (125 kDyn) injury (Fig.

1A). All other injury groups showed cord total volume loss, com-

pared to sham or mild injury groups, and rats with very severe

(225 kDyn) injury were also significantly different from rats with

moderate (175 kDyn) injury. Cord atrophy was significantly and

linearly correlated with cord displacements at injury (q = 0.658;

p < 0.035).

Representative images of transverse sections from sham spinal

cord and injury epicenters from injury groups after EC myelin

staining are shown in Figure 1B. There was a significant and

gradually increasing loss of myelination in all injury groups, rela-

tive to sham animals; all groups were significantly different from

each other, except severe (200 kDyn) and very severe (Fig. 1C).

Calculated myelin loss in epicenter areas was significantly corre-

lated with cord displacement values at the time of injury (q = 0.922;

p < 0.0001).

Open-field locomotor assessment

Subjects’ locomotion was scored weekly by using the BBB open-

field locomotor test (Fig. 2A). Each of the four different injury

groups had distinct locomotor recovery outcomes; all groups were

significantly different from sham. Analysis of the overall BBB scores

at 4 weeks post-SCI showed that the group with the mild injury had

trunk instability and was significantly different from all other injury

groups. Animals with moderate injury stepped with consistent co-

ordination, but had deficits in paw placement, toe clearance, and

stability, and were significantly different from rats with very severe

injury. Animals in the severe injury group had frequent-to-consistent

weight-supported stepping, but no coordination. The very severely

injured rats, on average, had only occasional weight-supported

plantar steps; however, the severe and very severe injury groups were

not significantly different from each other. These characteristics

correspond to group average BBB scores at 4 weeks of 19, 14, 11,

and 10, respectively (Fig. 2A). BBB scores measured at 4 weeks after

injury were correlated to spinal cord displacement values measured

at injury (q = 0.808; p < 0.0001).

Cord total volume loss predicted BBB outcomes (linear corre-

lation, q = 0.842; p < 0.0001), whereas epicenter white matter

sparing had a curvilinear relationship with BBB scores (fourth-

order polynomial regression, q = 0.953; p < 0.0001).

Analysis of BBB subscores at 4 weeks postinjury are shown in

Figure 2B. BBB subscore totals at 4 weeks were significantly dif-

ferent from sham for the moderate—very severe injuries, but not

the mild injury, and injury groups differed significantly from each

other, except for the severe versus very severe injuries. More im-

portant, BBB subscores (Figure 2B) showed that moderately in-

jured rats had significant deficits in paw position and trunk stability,

compared to mildly injured rats. Additionally, moderately injured

rats showed smaller deficits in toe drag and tail position, compared

to severely injured rats.

Refinement of posture and movement analyses after
contusion injury using gait analysis at multiple speeds

Posture. Postural data were analyzed at peak stance, and

data shown in Figures 3–5 were collected from subjects walking
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on the treadmill at 6 cm/sec, which was the optimal speed for

detecting a large dynamic range of postural differences among

injury groups. Data from all treatment groups were compared to

preinjury values, and experimental groups were compared to each

other at 4 weeks after injury. Gait analysis data were gathered

from animals exhibiting a minimum BBB score of 10. Subjects

with lower BBB scores were less able to locomote at increased

testing speeds; accordingly, the number of walking subjects from

which data could be gathered was reduced at more-severe injury

intensities.

The areas of the fore- and hindpaws in contact with the treadmill

surface were recorded at the time of peak stance (‘‘paw area’’). This

measure was decreased at 4 weeks postsurgery for all impact in-

tensities, compared to baseline values (Fig. 3, both panels). In the

hindpaw, paw area of animals in the moderate-to-very-severe im-

pact groups was significantly less than animals receiving mild in-

jury (Fig. 3A). Similar decrements in fore- and hindpaw area were

observed at 3.5 and 8.5 cm/sec (data not shown).

Distances of the fore- and hindpaws from the center of body on

the rostrocaudal axis (‘‘central point’’) at peak stance represent

the magnitude of FL or HL extension. Both measures showed

incremental increases after moderate-to-very-severe injury. HL

distances significantly increased after very severe injury. FL

distances were significantly greater after both severe and very

FIG. 1. Assessment of the magnitude of spinal cord injuries. Open circles represent individual data points; closed circles represent
group averages with standard error of the mean. (A) Cord volume loss, expressed as total cord volume relative to sham-operated
controls. Note that cord total volume loss gradually increased with increasing injury severity (125 kDyn/mild, 175 kDyn/moderate,
200 kDyn/severe, and 225 kDyn/very severe; n = 5, 7, 8, 6, and 5 from sham to very severe injury groups, respectively). *p < 0.05,
compared to sham-treated control spinal cords; Ap < 0.05, compared to mild injury; Dp < 0.05, compared to moderate injury. (B)
Representative images of cord injury epicenters stained with eriochrome cyanin 4 weeks after injury (scale bar, 500 lm). (C) White
matter loss at epicenter of injury, measured as the amount of myelin staining at the injury epicenter. *p < 0.05, compared to sham;
Ap < 0.05, compared to mild injury. Color image is available online at www.liebertpub.com/neu
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severe injuries (Fig. 4B). The HL extension of animals receiving

moderate-to-very-severe injuries was significantly greater than

sham treatment or mild injury (Fig. 4A). A similar pattern of

altered reaching and extension was observed at 3.5 and 8.5 cm/sec

walking speeds (data not shown).

Compared to baseline, stance width of the HL significantly

increased after moderate-to-very-severe injuries (Fig. 5B).

Additionally, these animals had significantly larger stance widths,

compared to animals with mild injury. Changes in HL stance width

were similar at 3.5- and 8.5-cm/sec walking speeds. Repeated-

measures two-way ANOVA analysis revealed differences in FL

stance width between the global baseline and values at 4 weeks

postinjury ( p = 0.015), but did not show within-group differences

(data not shown). However, normalization of FL stance width to

body and paw width (the Mouse Specifics ‘‘FL weight support’’

index) revealed injury-related changes in this metric at all injury

levels (Fig. 5B).

Step-cycle dynamics. Step-cycle dynamics were analyzed at

6 cm/sec, corresponding to a walking speed achieved by even the

most injured groups, and these data were less variable than those

gathered at higher treadmill speeds. Braking time (defined as the

amount of time from first contact with the treadmill to time of peak

stance) and propel time (the moment of peak stance through full

lifting off the belt) were dependent on walking speed. Analysis of

these metrics across impact intensities yielded an inconsistent

pattern of alteration (data not shown). To clarify differences, an

area under the paw utilization/time curve was calculated for each

step observed (Fig. 6A). Expanding the analysis of the relationship

between brake, propel, and stance by integrating paw area values

across the entire stance results in an ‘‘integrated stance’’ that re-

vealed consistent, significant, injury-intensity–dependent decre-

ments in gait (Fig. 6B). Significant decrements in the brake phase of

the integrated stance were observed at all impact levels. Decre-

ments in the propel phase of the integrated stance were noted at

FIG. 2. BBB scores and subscores of spinal-injured rats. (A)
BBB scores (n = 7, 8, 6, and 17 from mild-to-very-severe injury
groups, respectively). (B) BBB subscores, analyzed according to
subcategories. *p < 0.05, compared to sham; Ap < 0.05, compared
to mild injury; Dp < 0.05, compared to moderate injury. BBB,
Basso, Beattie, and Bresnahan. Color image is available online at
www.liebertpub.com/neu

FIG. 3. Hind- or forepaw surface area utilized at peak stance
while walking at a treadmill speeds of 6.0 cm/sec. Reference lines
for baseline grand mean – one standard error of the mean are in-
cluded. Note that both fore- and hindpaw surface areas were de-
creased at peak stance at all impact levels (125 kDyn/mild,
175 kDyn/moderate, 200 kDyn/severe, and 225 kDyn/very severe;
*p < 0.05, compared to baseline; Ap < 0.05, compared to 4-week
125 kDyn impact; repeated-measures two-way analysis of vari-
ance with Student-Newman-Keuls’ post-hoc test; n = 4–14).
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moderate-to-very-severe injuries. Integrated stance was signifi-

cantly decreased at all levels of impact intensity. Additionally,

significant differences between the brake phase of the integrated

stance of mild injury animals and those receiving moderate-to-

severe injuries were observed (Fig. 6B).

Coordination. Measures of coordination generated by the

analysis software were analyzed in tandem to generate a pattern of

fluid gait. In general, the most robust alterations in coordinated

movement were observed at a walking speed of 8.5 cm/sec.

Stride frequency, as measured in steps per second, was un-

changed in HL at 4 weeks post-SCI, but all animals receiving an

impact displayed significantly increased stride frequency in the FL

(Fig. 7A). Correlation of FL stride frequency to BBB was stronger

than any other correlations between GAMS metrics and BBB in

either FL or HL (Table 1). Increased FL stride frequency was also

observed at the lower walking speed of 6.0 cm/sec, but was absent

at 3.5 cm/sec (data not shown).

The increased FL stride frequency was accompanied by a de-

crease in stride length (Fig. 7B). In contrast, HL stride length and

frequency were unchanged after contusion. Similar patterns were

observed at lower walking speeds.

FL-HL coordination was calculated by the Mouse Specifics

software as the sum of right and left FL step frequency divided by

the sum of left and right HL step frequency; hence, the pattern of

step frequency shown in Figure 7A reflects altered FL-HL coor-

dination (Fig. 7C). Significant deviations from complete coordi-

nation, which is mathematically defined as 1.0, were noted at all

impact levels. FL-HL coordination while walking at 8.5 cm/sec was

linearly correlated to impact intensity with a Pearson’s correlation

value of 0.700 ( p < 0.0001).

Interlimb coordination was analyzed by phase dispersion anal-

ysis conducted with the analysis software. Mean phase dispersion

values were calculated by the two respective limb-pair phase dis-

persions. Homologous phase dispersion (0.34 – 0.02) did not change

after contusion. Similarly, ipsilateral phase dispersion (0.35 – 0.03)

FIG. 5. Hindpaw stance width and forepaw normalized stance
width while walking at a treadmill speed of 6.0 cm/sec. Reference
lines for baseline (grand mean – one standard error of the mean)
are included. Note that hindpaw stance width was increased at
moderate, severe, and very severe impacts. Additionally, moder-
ate, severe, and very severe impacts were all increased above
mild impact. Normalized forepaw stance widths were decreased
at all impact intensities (125 kDyn/mild, 175 kDyn/moderate,
200 kDyn/severe, and 225 kDyn/very severe; *p < 0.05, compared
to baseline; Ap < 0.05, compared to 4 week mild injury; repeated-
measures two-way analysis of variance with Student-Newman-
Keuls’ post-hoc test; n = 4–14).

FIG. 4. Hind- or forepaw distance from the center of body on the
rostrocaudal axis while walking at a treadmill speed of 6.0 cm/sec.
Reference lines for baseline (grand mean – one standard error of the
mean) are included. Note that both hind- and forepaw distances were
increased at the severe and very severe impact levels (125 kDyn/
mild, 175 kDyn/moderate, 200 kDyn/severe, and 225 kDyn/very
severe; *p < 0.05, compared to baseline; Ap < 0.05, compared to 4-
week mild injury; repeated-measures two-way analysis of variance
with Student-Newman-Keuls’ post-hoc test; n = 4–14).
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was unchanged at 4 weeks postinjury. Diagonal phase dispersion

(0.19 – 0.02) significantly increased in animals with moderate-to-

severe and very severe injuries (0.40 – 0.02, 0.43 – 0.10, and

0.38 – 0.03, respectively).

Discussion

SCI outcomes in humans are extremely variable,24 and the de-

gree of sensory and motor losses may dictate the strategy and/or

success of therapeutic interventions. Thus, there is a need for SCI

models of varying severity. Because exercise-based, surgical,

pharmacological, or stem-cell therapies may produce only incre-

mental improvements in locomotor function, high-resolution,

continuous measurement techniques are needed.

A novelty of the current study is its utilization of the entire

package of GAMS metrics in a graded rat SCI, rather than se-

lected individual measures, allowing assessment of interactions

between speed and SCI severity. Testing SCI animals across a

FIG. 6. Stance Integration. (A) Representative hindpaw stances
measured at a treadmill speed of 6.0 cm/sec at 4 weeks post-SCI. The
stance includes brake and propel phases, which were temporally di-
vided by the point of peak stance. The curves shown are represen-
tative single steps aligned at peak stance, which may not fully convey
the breadth of changes happening within a treatment group. (B) In-
tegrated stance results across injury intensity. Note that the integrated
propel phase was significantly decreased at moderate-to-very-severe
injury levels, whereas integrated brake phase and integrated stance
were decreased at all injury levels (125 kDyn/mild, 175 kDyn/
moderate, 200 kDyn/severe, and 225 kDyn/very severe; *p < 0.05,
compared to sham [brake or propel phase]; Dtotal integrated stance,
p < 0.05, compared to sham, Ap < 0.05, compared to mild injury;
analysis of variance with Student-Newman-Keuls’ post-hoc test;
n = 3–7). Color image is available online at www.liebertpub.com/neu

FIG. 7. Stride dynamics. (A) Forepaw stride frequency while
walking at a treadmill speed of 8.5 cm/sec. Hindpaw stride frequency
was unchanged with SCI (data not shown), whereas forepaw stride
frequency was significantly increased at all impact intensities. (B)
Forepaw stride lengths while walking at a treadmill speed of 8.5 cm/
sec. Hindpaw stride length was unchanged with SCI (data not
shown), whereas forepaw stride length was significantly decreased at
all impact intensities. (C) FL-HL coordination while walking at a
treadmill speed of 8.5 cm/sec. Normal gait, by definition, has a co-
ordination value of approximately 1.0. Note that coordination values
significantly increased at all impact intensities. Reference lines for
baseline (grand mean – one standard error of the mean) are included
on each panel (125 kDyn/mild, 175 kDyn/moderate, 200 kDyn/se-
vere, and 225 kDyn/very severe; *p < 0.05, compared to baseline;
Ap < 0.05, compared to mild injury; repeated-measures two-way
analysis of variance with Student-Newman-Keuls’ post-hoc test;
n = 2–15). FL-HL, forelimb/hindlimb.
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range of fixed treadmill speeds demonstrated that specific GAMS

indices are optimally measured at specific walking speeds. This

approach facilitated quantitation of subtle changes in a broad

range of complex step-cycle, posture, and coordination dynamics

that complemented BBB scoring. Tissue damage across impact

groups in the current study was similar to that observed by others

using the same contusion device19,21 and correlated with spinal

cord displacement values at the time of injury. BBB scores at

4 weeks postinjury were highly correlated with spinal cord

displacements.

DigiGait indices of spinal cord injury outcomes

In BBB scoring, animals move freely during the testing period;

they display a wide variety of locomotion speeds, but the test in-

herently only addresses spontaneously exhibited gait behaviors.

Importantly, Basso points out that quantitative assay techniques

need to appropriately match the nature of functional losses after

SCI.2 Accordingly, speed of locomotion is a very important anal-

ysis parameter. Unlike BBB scoring or footprint analysis, where an

animal ambulates at a self-directed, variable speed, GAMS uses

fixed treadmill speeds. For example, Ek and colleagues15 assessed

gait at a moderate-to-fast walking speed of 10 cm/sec. To add

greater power, we employed three incrementally challenging

speeds to measure locomotion, as suggested by previous studies in

mouse SCI models.6,7

Recent studies have utilized multi-speed paradigms.6,17,25

However, speeds chosen in a rat study (10–30 cm/sec) were inap-

propriate for their SCI subjects, which displayed only occasional

plantar stepping.25 That study also used a novel data analysis sys-

tem (Virtual Dub software) developed by the researchers,25 which

may have been limited by the software’s inability to quantify

sweeping-type limb motions or paw dragging. Similarly, Springer

and colleagues16 used a speed of 35 cm/sec, which is not relevant

for assessing locomotor function in animals without consistent gait.

In contrast, our study used three moderately slow walking speeds,

which was prudent given an average BBB score of 11.2 in severely

injured animals at 4 weeks. This approach yielded different dy-

namic ranges of measurements, generating clear impact-related

measures of gait deficit after SCI. This approach provides a pow-

erful assessment tool for quantifying outcomes related to the in-

tensity of injury.

Posture

Correct posture is required for normal ambulation, and its

measurement is useful in assessing gait function. Paw area utili-

zation, reaching/extension, and stance width metrics were consid-

ered simultaneously to describe the animal’s posture while

ambulating. In general, contused animals locomoted up on their

toes in a manner that correlated to impact intensity. FLs reached

farther distances to generate movement, whereas HLs exhibited

decreased range of motion, as evidenced by the increased distance

from the mid-line at the time of peak stance. This indicates that the

animal is not able to retract the HL fully to place the paw under the

hips at full stance while walking. HLs are splayed out, creating a

wider base of support, as described previously.5,26 Normalization

of FL stance width to body and paw width revealed changes at all

injury levels. To compensate for the extended FL, FLs are placed

closer together in order to generate movement with the same effort.

Together, these data reveal a shift in the center of gravity of SCI

animals, contributing to significant postural adjustments, relative to

sham animals. In general, these metrics are altered at all walking

speeds, correlate to BBB score and histological findings, and are

injury intensity dependent. Posture measurements represent novel

descriptors that are not included in the BBB scale.

Step-cycle integration

Measures of braking time and propulsion time are anecdotally

related to limb strength and have been used previously as markers

of SCI outcome.5,15,16,25,26 However, data collection for these

Table 1. Correlation Coefficients of Selected GAMS Parameters to BBB Scores and Histological Measures

GAMS measurement Limb

Correlation
with BBB

(Fig. 2A) (rs)

Correlation
with myelin

(Fig. 1C) (rs)

Correlation with
volume loss

(Fig. 1A) (rs)

Body posture
dynamics
6.0 cm/sec

Paw area (cm2) (Fig. 3) Fore 0.389 0.571 - 0.427
Hind 0.705 0.823 - 0.701

Central distance (cm) (Fig. 4) Fore n.s. n.s. n.s.
Hind 0.743 - 0.693 0.637

Normalized forelimb
Stance width (cm) (Fig. 5)

Fore 0.465 0.550 - 0.486

Stance width (cm) (Fig. 5) Hind - 0.453 n.s. n.s.

Gait coordination
dynamics
8.5 cm/sec

Stride length (cm) (Fig. 8) Fore 0.786 0.643 - 0.829
Hind n.s. n.s. n.s.

Stride frequency (steps/sec) (Fig. 7) Fore - 0.804 0.660 0.852
Hind n.s. n.s. n.s.

FL-HL coordination (Fig. 9) - 0.706 - 0.694 0.755

Stance
integration
6.0 cm/sec

Brake AUC (Fig. 6B) Hind 0.735 0.631 - 0.623
Propel AUC (Fig. 6B) Hind 0.733 0.834 - 0.779
Stance total AUC (Fig. 6B) Hind 0.774 0.794 - 0.777

Spearman’s correlation analysis of GAMS measurements to BBB scores, myelin content, and total cord volume loss was conducted on data obtained at
4 weeks post–spinal cord injury across all impact levels. Correlations shown are at the walking speeds indicated in Figures 3–10. Correlations are
significant at p < 0.05 (n = 21–28), except where noted as nonsignificant (n.s.). Note that correlations with BBB score (function) are generally higher for
hindpaws in body posture metrics and higher for forepaws in gait dynamics. Note that indices of body posture and integrated stance are more tightly
associated with myelin content at the epicenter of the injury, whereas coordination dynamics are more closely associated with cord volume loss.

GAMS, gait analysis at multiple speeds; BBB, Basso, Beattie, and Bresnahan score; FL-HL, forelimb/hindlimb; AUC, area under the curve.
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parameters are heavily dependent on the speed of locomotion and

the dynamic range available for measuring meaningful change. In

our utilization of GAMS to describe these metrics, measurements

of brake, propel, and stance time alone were speed dependent,

variable between animals, and not meaningfully correlated with

impact intensity. Therefore, the stance was integrated across time

using the raw paw area per video frame output. Using this novel

method, clear alterations in the brake and propel phases of the

integrated stance were observed that were significantly correlated

to SCI impact intensity. Both the brake and propel phases of the

integrated stance significantly decreased in a manner correlated to

impact intensity, white matter sparing, and displacement. These

measures provide quantitative brake and propel phase data, which

are more directly indicative of motor function of the large muscle

groups that control the HL during walking than measures obtained

by behavioral scoring.

Coordination

BBB scoring of the animals using our injury model revealed a

loss of coordination for animals in the highest (200 and 225 kDyn)

impact groups. However, GAMS revealed that the pattern of FL-

HL stepping is altered for all impact groups after SCI. HL stride

length and frequency are unchanged, but FL steps are shorter and

thus occur more frequently (as observed previously)26 to maintain

balance during gait while walking at a constant speed. The analysis

software calculates a parameter termed ‘‘gait symmetry’’ that we

have more descriptively renamed ‘‘FL-HL coordination.’’ This

measurement mathematically compares FL and HL step frequency.

This parameter is similar to the plantar stepping index reported by

Kuerzi and colelagues.27 Using FL-HL coordination, we see a

linear correlation between impact intensity and FL-HL coordina-

tion as well as significant deficits in coordination at all impact

levels. Koopmans and colleagues similarly assessed coordination

objectively using CatWalk analysis, but in the absence of other gait

measures included in this study.9

The GAMS coordination metric is more sensitive than that ob-

served in BBB scoring. Basso and colleagues2 acknowledge that

scoring FL-HL coordination leads to a plateau in BBB scores in the

central range of the scale. Whereas this plateau is partially ad-

dressed by BBB subscores (used in the current study), GAMS

measures this coordination directly and continuously to allow as-

sessment of subtle changes in this important functional range.

Phase dispersion measures of interlimb coordination are gener-

ally calculated at self-directed walking speeds and therefore may

not be directly comparable to those obtained here at fixed walking

speeds. The walking speeds chosen for this study allowed even the

most severely injured animals to perform the task; thus, the lower

speeds are below normal walking speed of an uninjured rat,28 re-

sulting in high variability in the baseline data of animals preceding

SCI. These caveats highlight the observation that moderate-to-

severe injuries result in significant increases in ipsilateral phase

dispersion.

Correlations between function and histology

In this study, spinal cord damage was intensity related, with

only 39%, 15%, 9%, and 3% of spinal white matter spared at the

injury epicenter in the mild-to-very-severe injuries, respectively.

Major descending pathways producing muscle tone for weight

support and lateral stability29 were affected in all injured rats.

The corticospinal tract showed significant demyelination in all

injuries, suggesting that damage to this tract may not determine

gait deficits. SCI impact at the T8 level did not directly damage

central pattern generators that contribute to recovery to the 9–11

range of the BBB scale. Reflex mechanisms in the spinal cord

couple FL and HL activity.30 Myelin analysis also revealed

damage to spinal cord tracts relevant to propriospinal projec-

tions,31,32 inputs to central pattern generators,33,34 and potential

detour circuits.35

GAMS provides automated measures of FL-HL coordination

that varied directly and continuously across graded SCI intensities.

Because behavioral outcomes were also strongly correlated with

white matter sparing at the injury epicenter, the FL-HL coordina-

tion measure provides a useful behavioral marker of FL-HL in-

terconnections.

Importantly, the graded relationship between injury intensity

and FL-HL coordination allows the assessment of small improve-

ments in locomotor performance after moderate-to-severe SCI and

was superior to BBB score in differentiating between severe and

very severe injury. In a discussion of the complexities of BBB

scoring, Basso2 emphasized FL-HL coordination as a crucial

signpost of recovery in SCI outcomes. By measuring this directly

and identifying graded gait changes across more severe injuries,

GAMS provides a powerful tool for detailed assessment of SCI

outcomes.

Comparing all of the sham and injured subjects facilitated de-

tailed analyses of the correlations among impact intensity, spinal

cord total volume loss, myelin loss, BBB scores, and GAMS

measures of locomotion (Table 1). Overall, the relationships be-

tween GAMS measures and BBB scores, or between GAMS

measures and epicenter myelin sparing or total volume loss, were

highly significant with few exceptions (Table 1). Within these

correlations, the magnitude of the Spearman rho values across these

parameters revealed interesting and informative patterns. Table 1

shows that the relationship between body posture metrics (e.g., paw

area and central distance) and BBB were stronger for HL than FL.

Conversely, relationships between gait dynamics (e.g., stride length

and frequency) were stronger for FL than HL (Table 1). These

findings suggest that GAMS metrics may be useful in differenti-

ating between HL function loss (i.e., HL paw area and central

distance) and compensatory changes in FL use (i.e., FL stride

length and frequency).

Similarly, comparison of the GAMS measures with the histo-

logical markers of SCI also revealed meaningful patterns. Even

though most GAMS measures were significantly correlated with

histological measures, body posture and integrated stance were

more strongly related to myelin content, whereas coordination

measures were more strongly related to total cord volume loss

(Table 1). This suggests that GAMS measures of posture and stance

provide better predictors of myelin loss at the focal point of the

contusion, and that coordination measures better predict volume

loss across the length of the cord.

Conclusions

SCI at increasing impact intensities produced graded BBB

score deficits and cord damage. GAMS measurements showed

that deficits in posture, step-cycle dynamics, and coordination

also varied with SCI intensity. Data produced by GAMS corre-

lated highly with BBB scores and histological measures. Posture

and stance dynamics correlated better with myelin loss at the

injury epicenter than with total cord volume loss. Conversely, gait

coordination measures correlated more strongly with total cord

volume loss.
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The combination of GAMS with BBB and histology provides a

robust means for quantifying nuances in SCI outcomes and extends

the usefulness of observational scoring. Automated GAMS provi-

des significant, differential predictors of myelin sparing and overall

spinal cord total volume loss after SCI and can resolve a greater

number of specific aspects of locomotion. These methods provide

powerful tools for relating gait disturbances to SCI-induced his-

tological damage and could be used to study subtle differences in

SCI outcomes produced by potential therapeutic interventions,

such as drugs, stem cell therapies, or brain-machine interface

devices.
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