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• Developed gait analysis system to study motor function in pig model.
• Determined key gait parameters for assessing normal pig movement.
• Demonstrated signiﬁcant changes over time in 5 gait parameters in stroked pigs.
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a b s t r a c t
Severity of neural injury including stroke in human patients, as well as recovery from injury, can be assessed
through changes in gait patterns of affected individuals. Similar quantiﬁcation of motor function deﬁcits has
been measured in rodent animal models of such injuries. However, due to differences in fundamental structure of human and rodent brains, there is a need to develop a large animal model to facilitate treatment development for neurological conditions. Porcine brain structure is similar to that of humans, and therefore
the pig may make a more clinically relevant animal model. The current study was undertaken to determine
key gait characteristics in normal biomedical miniature pigs and dynamic changes that occur post-neural
injury in a porcine middle cerebral artery (MCA) occlusion ischemic stroke model. Yucatan miniature
pigs were trained to walk through a semi-circular track and were recorded with high speed cameras to detect changes in key gait parameters. Analysis of normal pigs showed overall symmetry in hindlimb swing
and stance times, forelimb stance time, along with step length, step velocity, and maximum hoof height
on both fore and hindlimbs. A subset of pigs were again recorded at 7, 5 and 3 days prior to MCA occlusion
and then at 1, 3, 5, 7, 14 and 30 days following surgery. MRI analysis showed that MCA occlusion resulted in
signiﬁcant infarction. Gait analysis indicated that stroke resulted in notable asymmetries in both temporal
and spatial variables. Pigs exhibited lower maximum front hoof height on the paretic side, as well as shorter
swing time and longer stance time on the paretic hindlimb. These results support that gait analysis of stroke
injury is a highly sensitive detection method for changes in gait parameters in pig.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction
Neurological injuries such as stroke and traumatic brain injury (TBI)
or degenerative diseases including Parkinson's and amyotrophic lateral
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sclerosis (ALS) affect millions of patients worldwide from infants to the
elderly [1–5]. Due to the loss of mobility, limb movement and other
motor functions, patients with neurological disorders often need extensive long term care, experience a signiﬁcant loss in productivity and an
overall decrease in quality of life [1]. Helping patients gain lost motor
function is a critical component of almost all treatment and rehabilitation programs with changes in gait often being an important parameter
in measuring longitudinal changes and improvement [2–5]. Quantitative gait analysis approaches are used to characterize pathologies of
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motor control, injury and disease progression and to evaluate treatments. This approach enables quantitative measurements of
changes in gait velocity, stride length, limb support and other key
gait characteristics that are often affected by neurological disorders. Gait analysis is regularly performed in clinical settings, however its use in pre-clinical animal models may potentially serve as
an additional tool to evaluate the efﬁcacy and safety of treatments
before testing in humans [6–8]. This is of particular importance in
testing the efﬁcacy of drug or cell therapy treatments that must undergo extensive testing in animal models before being utilized in
patients.
Gait analysis has been performed in rodent animal models of
stroke, ALS, Parkinson's and Huntington's diseases with encouraging results [6–9]. These studies found signiﬁcant differences in
multiple gait parameters that were similar to deﬁcits observed
in human patients. These studies showed high levels of repeatability and sensitivity for gait changes [6]. Rodent models of
neurological conditions have led to signiﬁcant advances, however
they have proven to be limited in some respects because of
physiological and anatomical differences between rodents and
humans. The human brain is fundamentally different than the rodent brain being gyrencephalic, possessing signiﬁcantly higher
levels of white matter and being much larger in size [10,11].
These differences have been highlighted as a signiﬁcant limitation
in the development of therapies for a number of neurological conditions and have led to the development of large animal pig
models of stroke, TBI, spinal cord injury (SCI) and Parkinson's disease to name a just a few [10,12–19]. However, quantitative gait
analysis has not been assessed for its potential biomedical application in the pig, testing for clinically relevant gait parameter
changes that would be pertinent in human neurological disorder
patients.
In this study we utilize a computer based quantitative gait analysis system to determine gait symmetry and important baseline gait
parameters in Yucatan miniature pigs including swing and stance
time of the limb, velocity, step length, maximum step height and
limb support phases. We then use the developed system to perform
gait analysis on two animals with surgically induced neural injury.
This study demonstrates that signiﬁcant gait changes in pigs with ischemic stroke injuries can be detected with a high level of sensitivity
and that this system is a viable option for studying pre-clinical pig
injury and disease models.
2. Materials and methods
All work performed in this study was done in accordance with the
University of Georgia Institutional Animal Care and Use Committee
guidelines.
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2.1.3. Video recording methods
Two high speed GigEye Ethernet Cameras (IDS Imaging Development Systems, Obersulm, Germany) set to capture footage (70 frames
per second) of each side of the pig in proﬁle view were synchronized
through an IDS computer driver. Pigs were video recorded as they
walked through a semi-circular chute measuring 4 m in diameter.
Pigs exited the circular chute into a straight chute, 0.6 m in width,
where they were video recorded as they moved perpendicular to
two synchronized cameras recording each side of the pig. The
straight portion of the chute consisted of a 2.4 m prerecording
distance followed by a 2.4 m recording frame, and then a 1.7 m
postrecording distance. Cameras were placed 3 m from the recording chute on either side of the pig with camera height set at 24 cm.
The chute was constructed of commercial hog panel bolted to the
ﬂoor, which tied into a 2.4 m recording frame constructed of the
same hog panel, which was raised 26.5 cm off the ground to allow
visibility of the hooves as the pig walked through the recording
frame. The ﬂooring was level and smooth with granulation to ensure
a high level of traction.
Pigs were encouraged to walk by a handler walking behind them
through the chute. During preliminary gait data collection, pigs
were not timed as they walked through the chute. For pre- and
post-stroke pig data, pigs were timed using electrical timers
(Farmtek, Wylie, TX) as they walked through the recording frame.
After 10 repetitions, the mean was calculated and any repetition
that fell outside of 10% on either side of the mean was eliminated.
Pigs were recorded until 10 usable repetitions were achieved
(b 20 min/pig).
Video data was captured into the program Equinetec (Monroe,
GA, USA). Videos were calibrated using a known calibration video,
and were then analyzed for swing time (frame where hoof ﬁrst
leaves the ground to frame where hoof ﬁrst contacts ground), stance
time (frame where hoof ﬁrst contact ground to ﬁrst frame where
hoof is off ground), step length (distance that each hoof makes between sequential footfalls), step velocity, and maximum step height
(peak height achieved by the toe of the hoof through the swing
phase).
2.2. Middle cerebral artery occlusion (MCAO) ischemic stroke injury
Ischemic injury was surgically induced in 2 male Yucatan
miniature pigs by performing a right sided rostrotentorial
craniectomy. A curvilinear skin incision was made between the
ear and eye. This exposed the branches of the superﬁcial temporal
artery and the associated vein. Vessels were occluded using high
frequency bipolar forceps. Following resection of a portion of

2.1. Gait analysis
2.1.1. Gait study
Eight Yucatan pigs were video recorded on three dates within a
10 day period (4 d between recording sessions). Pigs were individually walked to a separate climate controlled room to conduct gait
data collection. Pigs were walked through a semi-circular track as
described below. Pigs were familiarized and trained to walk through
the chute three times per week for the two weeks prior to data
collection.
2.1.2. Pre and post-stroke data collection
Each of two Yucatan pigs was video recorded on days 7, 5, and 3
prior to middle cerebral artery occlusion as described below. Pigs
were evaluated following experimental stroke surgery again on days
1, 3, 7, 14, and 30 post surgery.

Table 1
Comparison of left and right side data for temporal and spatial gait parameters measured
on eight Yucatan pigs over three time points.a
Parameter

Limb

Left

Right

Std. error

p value

Step length
(cm)
Step velocity
(m/s)
Swing time
(sec)
Stance time
(sec)
Maximum hoof height
(cm)

Front
Hind
Front
Hind
Front
Hind
Front
Hind
Front
Hind

76.28
75.77
0.921
0.885
0.248
0.328
0.536
0.485
6.71
4.47

76.05
76.28
0.894
0.863
0.259
0.328
0.527
0.492
6.65
4.39

0.373
0.429
0.010
0.010
0.0001
0.003
0.0055
0.007
0.061
0.048

0.662
0.421
0.062
0.125
b0.0001
0.801
0.243
0.527
0.441
0.234

a
Data reported as mean of 10 repetitions at each of three time points within a 10 day
period.
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overlying zygomatic arch, the temporalis muscle was identiﬁed
and elevated dorsally off the parietal bone. A craniectomy window
was generated in the exposed skull bone surface using a pneumatic drill and burr; the craniectomy was extended into the medial
portion of the orbital bone following resection of the orbital ligament. The local underlying dura mater was incised, and the

proximal MCA was then permanently occluded utilizing bipolar
electrocautery forceps following its identiﬁcation distal to the Circle of Willis. The exposed brain was then covered with a sterile
biograft made of porcine small intestine submucosa; the
temporalis muscle was replaced over the defect prior to routine
closure of the subcutaneous tissues and the skin.

Fig. 1. Normal pigs demonstrate left and right side symmetry in maximum hoof height, swing time and stance time. Hindlimb maximum hoof height (B), swing (D) and stance
time (F) and forelimb stance time (E) show now signiﬁcant differences in symmetry in any of 3 observations. Forelimb maximum hoof height (A) and swing time (C) both
showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) differences in symmetry at 2 observations.
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Fig. 2. Normal pigs demonstrate left and right side symmetry in step length and velocity. Forelimb step length showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) differences in
symmetry at 2 observations (A). However, hindlimb step length (B) and forelimb velocity (C) were only signiﬁcantly different at 1 observation and hindlimb velocity showed no signiﬁcant
difference in symmetry (D).

2.3. Magnetic resonance imaging
Magnetic resonance imaging (MRI) was performed 24 h postMCAO surgery on a GE 16-channel ﬁxed-site Signa HDx 3.0 Tesla

MRI system. Under anesthesia, MRI of the brain was performed
using a multichannel phase array spine coil, with the patient in
dorsal recumbency and the head positioned in the neck cradle
portion of the coil. Diffusion weighted images (DWI) were acquire

Fig. 3. MCAO ischemic stroke pigs show brain infarction. MRI analysis of stroked pigs showed lesioning of the brain in DWI (A; shown as hyperintense region) sequence and was conﬁrmed
in ADC map (B; shown as hypointense region).
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with b = 0 and b = 1000. DWI and apparent diffusion coefﬁcient
(ADC) maps of the DW images were analyzed using Osirix (R)
software for presence of cerebral infarction.
2.4. Statistical analysis
Data was analyzed with SAS version 9.3 (Cary, NC) using Proc GLM
with side of pig and time being the variables of interest. A time ∗ side interaction was run to determine signiﬁcance at each time point. p values
of p b 0.05 were considered signiﬁcant.
3. Results
3.1. Normal pigs demonstrate gait symmetry
Overall effects for all time points averaged showed no statistical
differences between the right and left limbs of the pig for step length,
step velocity, maximum hoof heights, or stance time for the front and
hindlimbs (Table 1). Differences were observed between the right
and left forelimb swing time with an overall difference of approximately 0.01 s (p b 0.01). When each time point was examined individually, forelimb maximum hoof height for the eight pigs showed

asymmetries at two of the three time points, measuring less than
0.5 cm difference between the left and right sides (Fig. 1). Hindlimb
maximum hoof height did not show this asymmetry (Fig. 1).
Hindlimb swing and stance times, as well as forelimb stance time,
showed symmetry at all time points recorded (Fig. 1). Forelimb
swing time, however, showed an approximate 0.02 s longer swing
time on the right forelimb at two of the three time points recorded
(Fig. 1). Forelimb step lengths showed alternating asymmetries of
approximately 2 cm at two of the three recorded time points
(Fig. 2), while hindlimb step lengths showed an asymmetry of approximately 2.5 cm at one of the three time points (Fig. 2). Hindlimb
velocities showed close symmetry (Fig. 2), while forelimb velocities
showed a difference of 0.05 m/s at one of the three time points
(Fig. 2). These results indicate that most gait parameters are symmetrical or close to symmetrical in normal pigs and that gait analysis
is highly sensitive and can detect subtle differences in gait.
3.2. Stroked pigs show signiﬁcant loss of gait symmetry
Two animals were selected to undergo MCAO stroke surgery. After
24 h post-MCAO surgery, the changes on the DW and ADC images
were consistent with a stroke. Speciﬁcally, a territorial area of abnormal

Fig. 4. Asymmetry in forelimb maximum hoof height in stroked pigs. Stroked Pigs 1 and 2 showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) asymmetry in maximum hoof
height of forelimb post-stroke with the left leg (paretic limb) achieving lower height while showing no asymmetry pre-stroke (A, B). Hindlimb maximum hoof height Pig 1 was inconsistent (C) and Pig 2 showed consistently higher hoof height on the right side (D).
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hyperintensity was present in the right cerebral hemisphere in the region of parenchyma supplied by the MCA. On the DWI and ADC maps,
this territorial lesion was hyperintense and hypointense, respectively,
consistent with restricted water diffusion and therefore an infarction
(Fig. 3).
Gait analysis was performed pre-stroke at 7 d, 5 d, and 3 d and
post-stroke at 1 d, 3 d, 7 d, 14 d, and 30 d. Gait analysis showed signiﬁcant asymmetry in maximum hoof height of the front legs in both
pigs post-stroke with the left leg (contralateral to occlusion of MCA)
achieving a lower height at 1 d, 14 d, and 30 d post-stroke for the
ﬁrst stroked pig (Pig 1) and at 3 d, 7 d, 14 d, and 30 d post-stroke
for the second stroked pig (Pig 2), while having shown no asymmetry pre-stroke (Fig. 4). Hindlimb hoof heights did not show the same
consistent differences with Pig 1 showing inconsistent differences in
hoof height symmetry throughout both pre and post-stroke data collection and Pig 2 showing a consistently higher right hindlimb hoof
height at all but one time point pre and post-stroke (Fig. 4). Swing
times of forelimbs showed no asymmetries (Fig. 5). However,
swing time of the left hindlimb was shown to be shorter than the
right at times 3 d, 7 d, and 14 d post-stroke for Pig 1 and at times
1 d, 3 d, 7 d, and 14 d post-stroke for Pig 2 (Fig. 5). Hindlimb stance
time showed similar asymmetries with the left limb showing longer
stance times at 3 d, 7 d, and 14 d post-stroke for Pig 1 and at 3 d and
14 d post-stroke for Pig 2 (Fig. 6). No difference in stance time
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between the right and left forelimbs was observed at any time
point (Fig. 6). Additionally, hindlimb step length of the left limb
was found to be shorter as compared to the contralateral limb at
time points 7 d, 14 d, and 30 d post-stroke for Pig 1, but this difference was only observed at 30 d post-stroke for Pig 2 (Fig. 7). Front
limb step length of the left limb showed a similar tendency in Pig 1
with shorter step lengths at times 1 d and 30 d post-stroke (Fig. 7)
leading to slower step velocities (Fig. 8). However, a slightly longer
front limb step length on the left side was noted for Pig 2 at times
14 d and 30 d post stroke with no accompanying change in stride velocity (Fig. 8). Hindlimb step velocity showed no asymmetry poststroke for Pig 1 (Fig. 8), but Pig 2 was signiﬁcantly faster on the left
hindlimb at times 1 d, 3d, 7 d, and 14 d post-stroke. These data demonstrate that signiﬁcant differences in gait characteristics occur after
MCA stroke in the Yucatan pig and that such differences vary between individuals.
4. Discussion
In this study we demonstrate that gait analysis can be a highly
sensitive approach with a high signal to noise ratio, detecting
small, signiﬁcant and consistent changes in movement in a pig
MCAO ischemic stroke model. Major ﬁndings of this study are consistent asymmetries of a lower front hoof height, reduced hind swing

Fig. 5. Asymmetry in hindlimb swing time in stroked pigs. Swing time of the forelimb in stroked Pigs 1 and 2 was consistently symmetric (A, B). However, hindlimb swing times were
asymmetric at 3 and 4 time points for Pigs 1 and 2 respectively post-stroke (C, D). (** = p-value b 0.01; * = p-value b 0.05).

14

K.J. Duberstein et al. / Physiology & Behavior 125 (2014) 8–16

Fig. 6. Asymmetry in hindlimb stance time in stroked pigs. Stance time of the forelimb in both stroked Pigs 1 and 2 was consistently symmetric (A, B). However, hindlimb swing times
showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) asymmetries at 3 and 2 time points for Pigs 1 and 2 respectively post-stroke (C, D).

time and increased hind stance time post stroke on the side contralateral to MCA occlusion. Human stroke patients have been shown
to display alterations in gait, often times manifested as both a decreased walking velocity as well as asymmetry of the lower limbs,
and that improvements in these parameters may be used to gauge
recovery from stroke [20,21]. Speciﬁcally, stroke patients have been
shown to have a greater degree of temporal gait asymmetry as the
severity of stroke increases, with severe stroke patients tending to
exhibit longer swing times and shorter stance times on the paretic
limb (contralateral to stroke) [20]. Pigs in this study displayed the
opposite ﬁnding, showing an increased stance time and reduced
swing time on the contralateral hindlimb. However, an important
consideration is that in humans the swing phase of the paretic limb
coincides with the stance phase of the non-paretic limb, and therefore the forward movement of the paretic limb comes from balance
and propulsion of the non-paretic limb, and vice versa [22]. Pigs are
quadrupeds as opposed to bipeds, and therefore their gait must be
examined differently. The two animals examined post-stroke demonstrate the same main asymmetries of a lower front hoof height
as well as a reduced hind swing time and increased hind stance
time on the side contralateral to MCA occlusion. Argument for the
contralateral side being the side affected by paresis post-stroke can

be derived from the function of each limb. Front limbs exhibit higher
vertical ground reaction forces [23]; therefore, if the left side is affected by paresis post-stroke and thereby less able to exert force,
this would be manifested as a decrease in maximum hoof height
achieved through the swing phase of the front hoof of the affected
limb. Likewise, the hindlimb may be compensating by decreasing
the swing time and increasing the stance time for multiple reasons.
First, in a lateral sequence walk, as the left hindlimb leaves the
ground, the weight of the left (paretic) side of the pig is now borne
more over the affected forelimb, and thus the swing time of the
hindlimb may be shortened in an effort to hasten ground contact
and help stabilize weight distribution on the affected side. Another
plausible explanation may be that the affected hindlimb does not
exert the same propulsive forces as the unaffected side and thereby
has a reduction in time spent off the ground. Increased stance time
of the affected hindlimb may help to distribute weight of the pig on
the affected side as well as stabilize the mediolateral balance of the
pig.
Previous studies have examined locomotor patterns in pigs as related to ﬂooring surfaces [24,25] and ﬂooring cleanliness [26] providing
basic stride characteristics (stride length and velocity, swing and stance
time). However, no research has been conducted on miniature pig
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Fig. 7. Asymmetry in step length in stroked pigs. Stroked Pigs 1 and 2 both showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) asymmetry at 2 time points in forelimb step
length post-stroke (A, B). Pig 1 also demonstrated asymmetry in hindlimb at 3 time points post-stroke (C), while Pig 2 only showed asymmetry at 30 d (D).

breeds to establish parameters of relevance for future biomedical testing. This is the ﬁrst study that describes gait parameter symmetry between the right and left sides in pigs. This information is critical if gait
analysis is to be used in future studies to establish the pig as a large animal stroke model to test responses to potential treatments given that
gait symmetry is a commonly affected parameter in stroke patients. Results of this study indicate that overall, non-stroked pigs have a symmetrical gait in the parameters of step length and velocity, maximum
hoof height, stance time on both the front and hindlimbs, and swing
time of the hindlimb. Swing and stance time of the hindlimb showed
the most consistent symmetry, with no time points showing differences
between sides of the pig. Hoof height, step length, and stride velocity
showed some asymmetry at individual time points, but differences
were small and of questionable biological signiﬁcance. Of particular interest, maximum hoof height of the front limbs showed consistent
changes post-stroke in both pigs, while there were no asymmetries
noted in these pigs at the pre-stroke time points. Non-stroked pigs did
show asymmetries in maximum hoof height, however differences of
symmetry were ≤ 0.5 cm whereas post-stroke differences were of
much higher magnitude (up to 2.5 cm). These ﬁndings suggest that

the pig gait is symmetrical and may be used as an assessment tool in
stroke model testing.
5. Conclusion
Results of this study indicate that Yucatan miniature pigs exhibit
overall gait symmetry in both temporal and spatial parameters that
may be readily analyzed in the pig at walking speeds. Stroke induced by MCA occlusion resulted in asymmetries in temporal parameters of the hindlimb as well as maximum front hoof height.
These changes can be compared to asymmetries exhibited by
human stroke patients when results are put in context of quadruped
walking patterns.
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Fig. 8. Asymmetry in velocity in stroked pigs. Stroked Pig 1 demonstrated asymmetry in forelimb velocity at 2 time points post-stroke, while velocity asymmetry was not observed for Pig 2
forelimb and Pig 1 hindlimb. Pig 2 hindlimb showed signiﬁcant (** = p-value b 0.01; * = p-value b 0.05) asymmetry at 4 time points post-stroke.

References
[1] Hirtz D, Thurman DJ, Gwinn-Hardy K, Mohamed M, Chaudhuri AR, Zalutsky R. How
common are the “common” neurologic disorders? Neurology 2007;68:326–37.
[2] Sofuwa O, Nieuwboer A, Desloovere K, Willems AM, Chavret F, Jonkers I. Quantitative gait analysis in Parkinson's disease: comparison with a healthy control group.
Arch Phys Med Rehabil 2005;86:1007–13.
[3] Liao F, Wang J, He P. Multi-resolution entropy analysis of gait symmetry in neurological degenerative diseases and amyotrophic lateral sclerosis. Med Eng Phys
2008;30:299–310.
[4] Veerbeek JM, Koolstra M, Ket JC, van Wegen EE, Kwakkel G. Effects of augmented exercise therapy on outcome of gait and gait-related activities in the ﬁrst 6 months
after stroke: a meta-analysis. Stroke 2011;42:3311–5.
[5] Chow JW, Yablon SA, Horn TS, Stokic DS. Temporospatial characteristics of gait in patients with lower limb muscle hypertonia after traumatic brain injury. Brain Inj
2010;24:1575–84.
[6] Hetze S, Romer C, Teufelhart C, Meisel A, Engel O. Gait analysis as a method for assessing
neurological outcome in a mouse model of stroke. J Neurosci Methods 2012;206:7–14.
[7] Wooley CM, Sher RB, Kale A, Frankel WN, Cox GA, Seburn KL. Gait analysis detects
early changes in transgenic SOD1(G93A) mice. Muscle Nerve 2005;32:43–50.
[8] Amende I, Kale A, McCue S, Glazier S, Morgan JP, Hampton TG. Gait dynamics in mouse
models of Parkinson's disease and Huntington's disease. J Neural Eng Rehabil 2005;2:20.
[9] Wang XH, Lu G, Hu X, Tsang KS, Kwong WH, Wu FX, et al. Quantitative assessment of
gait and neurochemical correlation in a classical murine model of Parkinson's disease. BMC Neurosci 2012;13:142.
[10] Fisher M, Feuerstein G, Howells DW, Hurn PD, Kent TA, Savitz SI, et al. Update of the
stroke therapy academic industry roundtable preclinical recommendations. Stroke
2009;40:2244–50.
[11] Howells DW, Porritt MJ, Rewell SS, O'Collins V, Sena ES, van der Worp HB, et al. Different strokes for different folks: the rich diversity of animal models of focal cerebral
ischemia. J Cereb Blood Flow Metab 2010;30:1412–31.
[12] Savitz SI, Chopp M, Deans R, Carmichael ST, Phinney D, Wechsler L. Stem Cell Therapy as an Emerging Paradigm for Stroke (STEPS) II. Stroke 2011;42:825–9.
[13] Imai H, Konno K, Nakamura M, Shimizu T, Kubota C, Seki K, et al. A new model of
focal cerebral ischemia in the miniature pig. J Neurosurg 2006;104:123–32.

[14] Tanaka Y, Imai H, Konno K, Miyagishima T, Kubota C, Puentes S, et al. Experimental model of lacunar infarction in the gyrencephalic brain of the miniature
pig: neurological assessment and histological, immunohistochemical, and
physiological evaluation of dynamic corticospinal tract deformation. Stroke
2008;39:205–12.
[15] Eucker SA, Smith C, Ralston J, Friess SH, Margulies SS. Physiological and histopathological responses following closed rotational head injury depend on direction of
head motion. Exp Neurol 2011;227:79–88.
[16] Naim MY, Friess S, Smith C, Ralston J, Ryall K, Helfaer MA, et al. Folic acid enhances
early functional recovery in a piglet model of pediatric head injury. Dev Neurosci
2010;32:466–79.
[17] Ibrahim NG, Ralston J, Smith C, Margulies SS. Physiological and pathological responses to head rotations in toddler piglets. J Neurotrauma 2010;27:1021–35.
[18] Lim JH, Piedrahita JA, Jackson L, Ghashghaei T, Olby NJ. Development of a model of
sacrocaudal spinal cord injury in cloned Yucatan minipigs for cellular transplantation research. Cell Reprogram 2010;12:689–97.
[19] Mikkelsen M, Moller A, Jensen LH, Pedersen A, Harajehi JB, Pakkenberg H. MPTPinduced Parkinsonism in minipigs: a behavioral, biochemical, and histological
study. Neurotoxicol Teratol 1999;21:169–75.
[20] Patterson KK, Paraﬁanowicz I, Danells CJ, Closson V, Verrier MC, Staines WR, et al.
Gait asymmetry in community-ambulating stroke survivors. Arch Phys Med Rehabil
2008;89:304–10.
[21] Wall JC, Turnbull GI. Gait asymmetries in residual hemiplegia. Arch Phys Med
Rehabil 1986;67:550–3.
[22] Verma R, Arya KN. Sharma P. Garg RK. Understanding gait control in post-stroke: implications for management. Journal of bodywork and movement therapies.16:14–21.
[23] Thorup VM, Togersen FA, Jorgensen B, Jensen BR. Biomechanical gait analysis of pigs
walking on solid concrete ﬂoor. Animal 2007;1:708–15.
[24] Thorup VM, Laursen B, Jensen BR. Net joint kinetics in the limbs of pigs
walking on concrete ﬂoor in dry and contaminated conditions. J Anim Sci
2008;86:992–8.
[25] Applegate AL, Curtis SE, Groppel JL, McFarlane JM, Widowski TM. Footing and gait of
pigs on different concrete surfaces. J Anim Sci 1988;66:334–41.
[26] von Wachenfelt H, Pinzke S, Nilsson C, Olsson O, Ehlorsson CJ. Gait analysis of unprovoked pig gait on clean and fouled concrete surfaces. Biosyst Eng 2008;101:376–82.

