Department of
Veterans Affairs

Journal of Rehabilitation Research and Development
Vol. 40, No. 4, July/August 2003, Supplement 1
Pages 19-24

Quantification of functional behavior in humans and animals:

Time for a paradigm shift

Edelle Carmen Field-Fote, PhD, PT

The Miami Project to Cure Paralysis, Division of Physical Therapy, University of Miami School of Medicine, Miami, FL

Abstract—Measuring the effectiveness of interventions aimed
at restoring motor function will be critical in deciding which
animal trials should be tranglated to human studies. While vari-
ous methods of quantifying motor behavior exist, many of
these rely on observation and interpretation. Kinematic analy-
sisis an objective means of quantifying temporal relationships
and coordination within and between limbs during motor per-
formance. These relationships offer valuable information on
the condition and organization of the underlying neural cir-
cuitry. Kinematic data can drive a number of powerful analy-
ses. These analyses can help detect nuances in motor
performance and answer questions about the effectiveness of
interventions designed to restore motor function.
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INTRODUCTION

Damage to the spinal cord results in disrupted physi-
ology at al levels of function, from the cellular to the
systemic. Of al the detrimental effects of spinal cord
injury (SCI), one of the most devastating is the disruption
of the ability to perform functional movement. To evalu-
ate the effectiveness of any intervention, one must mea-
sure a change in function; for this reason, the emphasis
must be on quantifying functional motor behaviors. The
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measurement of movement requires that observations be
assigned numeric val ues.

Over the years, a number of useful tools have been
developed to measure movement. However, the process
by which numbers are assigned to the observation dic-
tates how the outcome may be interpreted and what types
of statistical tests can be applied to the data. The simplest
scale of measurement is the nominal scale; movement
classified with this type of scale typically poses a ques-
tion that has a dichotomous response, such as whether a
particular behavior (for example, the placing response) is
present or absent.

The ordinal scale is superior to the nominal scale and
may involve observational analysis, such aswhen arater
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evaluates qualitative aspects of an animal’s movement
following SCI. The observations are assigned values that
have arelative order, but the interval between values may
not be equal. Examples of such scales developed for use
in animals are the Basso, Besttie, Bresnahan Scale (BBB)
[1] and the modified Tarlov scales [2]; and, in humans,
the Spinal Cord Injury Functional Ambulation Inventory
(SCI-FAI) [3] and the Walking Index for Spina Cord
Injury (WISCI) [4]. In most instances, it is not appropriate
to apply parametric statistics to nominal or ordinal data.

Interval and ratio scales are the highest scales of
measurement. These scales are amenable to analysis with
parametric statistics. Interval scale measures have equal
distances between observations and thus may be added or
subtracted. However, because this scale lacks an absolute
zero, the values may not be multiplied or divided. Tem-
perature (°C or °F) is the most common example of inter-
val scale measurement. Ratio scale measures do possess a
true zero, and therefore are amenable to all forms of
mathematical operations. Many motor performance-
related measures, such as speed, time to execute a task,
number of errors, footprint analysis, phase relationships,
swing-to-stance ratios, and force production, fall into the
category of ratio scale data.

Given this broad array of powerful measures, it
seems logical to select either an interval or ratio scale for
quantification of movement. But which of these gives us
the best information about the ability of the nervous sys-
tem to control movement?

The premise of this article is that the most precise
means of assessing neural control over motor output is
kinematic analysis of the movement that is produced by
the human or animal. In the context of this review, kine-
matic analysis is the quantitative description of the move-
ment of the limbs, without regard for the forces that
produced them. In limbed animals, the tempora relation-
ships within a limb and between limbs revea important
information about the organization of the nervous system
and its ahility to control the limbs and thereby produce
functional movement. Measures of motor output, such as
muscle strength and speed, are important only to the extent
that they contribute to function (unless oneisaweightlifter
or sprinter). The anaysis of limb movement revea s infor-
mation about the integrated function of all the physiologic
systemsinvolved in motor control. The principles of kine-
matic analysis are broadly applicable across al species of
limbed animals (and to some extent, to nonlimbed animals
aswell), despite anthropometric differences.

Movement is characterized by such linear and angular
kinematic variables as displacement and its time deriva-
tives, velocity and acceleration. Kinematic analysis is an
expansive topic; this article focuses only on afew selected
techniques that are well suited to the types of behaviors
that are studied in both humans and animal models.

TIME-SERIESOR TEMPORAL MOTION
ANALYSIS

Among the earliest studies of anima and human
movement are those of Eadweard Muybridge ... [5] and of
Etienne-Jules Marey [6], who made extensive studies of
walking on the basis of sequential still photographs in the
mid- to late 1800s. Among the earliest and most systematic
modern studies of animal movement are those of Erich von
Holst [7], who made extensive studies of animal move-
ment. It was the strict periodicity of these movements that
led him to conceive the theory of the neura oscillator.

Plotting motion (displacement, speed, or accelera-
tion) against time (Figure 1) is one of the most common
techniques for evaluating limb movement. Time-series
plots (Figure 2) are conducive to conveying the range
and regularity of motion over the capture period and have
been used for decades. Forssberg et a [8,9] were among
the first to use these plots to illustrate interlimb and
intralimb coordination in the spinal cat. These data are
useful for identifying specific parameters, such as the
mean joint angle at a specific point in the locomotor
cycle, or for determining the range of joint movement.
Such plots, the foundation of kinematic analysis, are suit-
able for evaluating change in a behavior, but they are not

Position
Velocity
Acceleration
Figure 1.

Potential relationshipsin time-series anaysis.
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Figure2.
Time-series plots of hip and knee displacement at (a) beginning,
(b) mid point, and (c) end of locomotor training program.

well suited for quantifying relationships among or
between behaviors.

RELATIVE MOTION ANALYSIS

Relative motion plots illustrate the displacement,
velocity, or acceleration of one limb segment relative to
another limb segment; therefore, time is removed from
the representation (Figure 3). These representations are
also caled cyclograms or angle-angle plots when the
plotted parameters are displacement versus displacement.
Phase-plane (or state-space) plots are an alternative form
of relative motion plot, in which the velocity or accelera
tion of alimb is plotted against its displacement. Riley et
a [10] hypothesized that postural stability requires con-
trol of both position and momentum of the center of grav-
ity, and they used velocity versus displacement plots to
characterize balance control in subjects with vestibular
hypofunction and in unimpaired individuals.

Analysis of relative motion is particularly well suited
to assessing the stability of abehavior over multiple trias
and therefore to evaluating coordination. In the Motor
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Figure3.
Potential relationshipsin relative motion analysis.

Rehabilitation Laboratory at The Miami Project to Cure
Paralysis, we use these plots to assess limb coordination
in individuals with SCI who participate in locomotor
training studies (Figure 4). We recently developed a vec-
tor coding technique [11] to quantify relative motion plots
and thereby compare the degree of agreement (or corre-
spondence) between multiple gait cycles, pre- and post-
training [12]. Thistechnique is arefinement of Freeman’s
encoded chain technique [13], which was devel oped with
the intent of describing the outline of figures on a video
monitor in termstheir relative pixel position.

The vector coding technique treats each frame-to-
frame interval as a vector (i.e., having both direction and
magnitude), defined by the change in the x-direction (e.g.,
hip displacement) and the change in the y-direction (e.g.,
knee displacement). If the vector joining frames 1 and 2 of
thefirst cycle of arepetitive behavior (e.g., step cycles) has
the very same direction as the vector joining frames 1 and 2
of the second cycle, and if thisis true of al frame-to-frame
intervalsin the two cycles, then the relative motion plotsfor
cycles 1 and 2 will have the same shape. The vector defined
by the hip-knee trajectory between frames 1 and 2 in cycle
1 can be compared to the same interva for cycle 2, cycle
3... cycle n. To quantify this relationship, the difference
between frames 1 and 2 for the hip angle values (x; ») and
the knee angle values (y; ») is calculated. These values rep-
resent the change in the x- and y-directions, respectively, in
the frame-to-frame interval, between frames 1 and 2. The
angular direction of the line segment, |1,21 between two
consecutive points or framesis cal culated with the formula

1,27 J(Xl, 2)2+(y1, ) (1)
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Figure 4.

Angle-angle plots for knee-hip coupling during overground walking
in subject with SCI (a) before and (b) after participation in locomotor
training program.

The cosine and sine of 14 , are then found with the
formulas

and
siné?l’2 =y, 2/I1’2 . 3

This process is repeated for each frame-to-frame
interval within each cycle. The mean cosine (co% ) and
sine (sing ) for a given frame-to-frame interval over mul-
tiple cycles (e.g., frames 1-2 of cycles 1-n) are calcu-
lated, and the mean vector length for that frame-to-frame
interval is then determined with the formula

J(cosél,z)2+(sjne'1,2)2 =ay, . (4)

The length of the mean vector, a, denotes the degree
of dispersion (or, conversely, of concentration) of the
knee/hip values about the mean over multiple cycles for
that particular frame-to-frame interval. The larger the
value of a (between 0 and 1), the less variable (i.e., less
randomly distributed, more consistent) is the hip/knee
relationship.

The arithmetic average, a, of all the mean vector
lengthsis found by

(@ ,ta, 3tag 4 ay g /IN=a , (5

where N is the number of frames per cycle, and a isthe
angular component of the coefficient of correspondence,
which signifies the overall variability of the knee/hip
relationship for all included cycles. If the relative motion
between the hip and the knee isin perfect agreement over
multiple cycles, then a = 1, indicating maximal consis-
tency between cycles for the shape of the plot (i.e., trajec-
tories of the knee/hip relationship), but not necessarily
the area (i.e., step lengths). Additional details on this
analysis, as well asinformation for evaluating agreement
between cycles relative to the area of the plot, are given
elsewhere [11].

PHASE ANALYSIS

In addition to plotting the angular displacement,
velocity, or acceleration, features of movement can be
characterized and quantified in terms of the proportion of
the cycle (i.e., the phase) at which they occur. Phase anal-
ysis has an advantage over time-series and relative
motion plots, as the process results in normalization of
the data. This facilitates comparisons both within and
between subjects.

The most usua type of phase analysis is single-
referent phase analysis (Figure 5). This type of analysis
requires the selection of a starting and ending point for a
single “referent” cycle period, to which another event of
interest is referenced. The starting point of the cycle is

0.0 0.25 0.5 0.75 1.0
L L L L) v
I- start Referent Cycle end ‘I

Figureb.

Phase values in single-referent phase anaysis.
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assigned a value of 0, and the end point a value of 1 (or
0° to 360°, in the case of a polar plot). In the analysis of
walking, the onset of heelstrike is most commonly used
to designate the start/end of the period. But this is an
arbitrary selection, and any obvious event in the cycle
(e.g., onset of hip flexion) could be used just aswell. The
latency of an event of interest (e.g., contralateral heel-
strike) is the time between the start of the referent cycle
and that event of interest. The phase of the event of inter-
est is defined as the proportion of the reference cycle
period at which the event of interest occurs, or

Phase value ot event of Interest = latency of event from
onset of cycle period/cycle period. (6)

An event of interest that occurs in the middie of the
referent period, therefore, has a phase value of 0.5; while
an event that occurs at the start (or end) of the cycle hasa
value of 0 (or 1). A recent paper by Kullander et a [14]
used circular plots to demonstrate abnormal locomotor
coordination in transgenic mice. The aternating hindlimb
behavior (i.e., relative interlimb phase = 0.5) usualy
observed for walking in wild-type mice was replaced by
synchronous behavior (i.e., hopping; relative interlimb
phase = 1) in mice in which a receptor or ligand impor-
tant for function of the locomotor central pattern genera-
tor had been genetically atered.

Single-referent phase analysisis very useful for com-
paring similar forms of behavior. However, there are
instances in which one is interested in documenting simi-
larities between different types of behaviors. Dual-referent
phase analysis is very useful for comparing different
forms of behavior that have similar components (such asa
flexion component and an extension component), but in
which different proportions of the cycle period are occu-
pied by each component. For example, in the rostral
scratching behavior of the spind turtle, the hip extension
component has alonger duration than the hip flexion com-
ponent; in the pocket scratching behavior, however, the
hip extension component has a shorter duration than the
hip flexion component [15]. Dual-referent phase analysis
allow the investigator to determine the timing of an event
of interest (such as the onset of knee extension) relative to
the period of the component during which the event
occurs (Figure 6). With the use of a mathematical adjust-
ment, the phase of the event of interest is calculated rela
tive to the period of the component, rather than to the
entire cycle period, asfollows:
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Phase values in dua-referent phase analysis (with single-referent
analysis value indicated by open arrow): (a) cycle with long flexion
component and (b) cycle with long extension component.

Phase value of event occuring during flexion component (FC) =
latency of event from FC onset /(2 x FC period). @)

Phase of event occuring during extension component (EC) =
0.5 + [latency of event from EC onset /(2 x EC period)]. (8)

Assuch, an event that occurs at the time of the transi-
tion between the flexion and extension aways has a
phase value of 0.5, an event that occurs at the midpoint of
the flexion always has a phase value of 0.25, and an event
that occurs at the midpoint of extension aways has a
phase value of 0.75. Field and Stein [15] used this type of
analysis to discern similarities in knee extension onset
times between scratching behaviors in spinal turtles and
swimming behaviorsin intact turtles. Dual-referent phase
analysis allows for meaningful comparisons of the simi-
larities between these behaviors that would not be appar-
ent with single-referent phase analysis.

SUMMARY

Kinematic datamay be analyzed in avariety of ways,
and the selection of a particular analysis is based largely
on the research question being investigated. Time-series
plots are useful to assess the range of movement and
obtain an impression of the behaviora pattern exhibited
over time. Relative motion analyses remove time as a
variable and allow direct appraisal of the consistency of
the behavior being studied. The degree of consistency
can be quantified with vector coding techniques. Finaly,
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phase analyses allow for comparisons of a behavior
between animals or between individuals. This form of
analysis is also useful for comparing different behaviors
and different forms of abehavior. The selection of single-
referent versus dua-referent phase analysis depends on
whether the investigator is interested in the timing of a
particular event relative to the cycle as a whole, or rela
tive to the components of the cycle. Whatever type of
kinematic analysis is used, the quantification of motor
behaviors is the most incisive way to assess motor func-
tion. As such, these forms of analysis provide a definitive
means to critically evaluate the effectiveness of interven-
tions aimed at restoring motor function following SCI.

REFERENCES

1. Basso DM, Besdttie MS, Bresnahan JC. A sensitive and reli-
able locomotor rating scale for open field testing in rats. J
Neurotrauma 1995;12:1-21.

2. Ducker TB, Salcman M, Lucas JT, Garrison WB, Perot PL
Jr. Experimental spinal cord trauma. I1: Blood flow, tissue
oxygen evoked potentials in both paretic and plegic mon-
keys. Surg Neurol 1978;10:64—70.

3. Field-Fote EC, Fluet GG, Schafer SD, Schneider E, Smith
R, Downey PA, et al. The spina cord injury functional
ambulation inventory (SCI-FAI). J Rehabil Med 2001;33:
177-81.

4. Ditunno JF Jr, Ditunno PL, Graziani V, Scivoletto G, Ber-
nardi M, Castellano V, et al. Walking index for spinal cord
injury (WISCI): an international multicenter validity and
reliability study. Spinal Cord 2000;38:234-43.

5. Muybridge E. The human figure in motion. New York:
Dover Publications, Inc.; 1989.

6. Braun M. Picturing time: the work of Etienne-Jules Marey
(1830-1904). Chicago: The University of Chicago Press; 1992.

7.von Holst E. The behavioral physiology of man and ani-
mals (1939). In: Martin R, tranglator. The collected papers
of Erich von Holst. Cora Gables: University of Miami
Press; 1973.

8. Forssberg H, Grillner S, Halbertsma J. The locomotion of
the low spinal cat. I1. Interlimb coordination. Acta Physiol
Scand 1980;108:283-95.

9. Forssberg H, Grillner S, Halbertsma J. The locomotion of
the low spinal cat. 1. Coordination within a hindlimb. Acta
Physiol Scand 1980;108:269-81.

10. Riley PO, Benda BJ, Gill-Body KM, Krebs DE. Phase
plane analysis of stability in quiet standing. J Rehabil Res
Dev 1995;32:227-35.

11. Tepavac D, Field-Fote EC. Vector coding: a technique for
quantification of intersegmental coupling in multicyclic
behaviors. J Appl Biomech 2001;17:259-70.

12. Field-Fote EC, Tepavac D. Improved intra-limb coordina-
tion in individuals with incomplete spinal cord injury fol-
lowing training with body weight support and functional
electrical stimulation. Phys Ther 2002;82:707-16.

13. Freeman H. Computer processing of line-drawing images.
Comput Surv 1974;6:177-90.

14. Kullander K, Butt SJ, Lebret IM, Lundfald L, Restrepo CE,
Rydstrom A, et a. Role of EphA4 and EphrinB3 in local
neuronal circuits that control walking. Science 2003;299:
1889-92.

15. Field EC, Stein PSG. Spinal cord coordination of hindlimb
movementsin the turtle. |. Intralimb temporal relationships
during scratching and swimming. J Neurophysiol 1997;78:
1394-1403.



	Quantification of functional behavior in humans and animals: Time for a paradigm shift
	Edelle Carmen Field-Fote, PhD, PT
	The Miami Project to Cure Paralysis, Division of Physical Therapy, University of Miami School of Medicine, Miami, FL

	INTRODUCTION
	TIME-SERIES OR TEMPORAL MOTION ANALYSIS
	Figure 1.
	Figure 2.

	RELATIVE MOTION ANALYSIS
	Figure 3.
	Figure 4.

	PHASE ANALYSIS
	Figure 5.

	SUMMARY
	Figure 6.

	REFERENCES
	1. Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor rating scale for open field testing in rats. J Neurotrauma 1995;12:1-21.
	2. Ducker TB, Salcman M, Lucas JT, Garrison WB, Perot PL Jr. Experimental spinal cord trauma. II: Blood flow, tissue oxygen evoked potentials in both paretic and plegic monkeys. Surg Neurol 1978;10:64-70.
	3. Field-Fote EC, Fluet GG, Schafer SD, Schneider E, Smith R, Downey PA, et al. The spinal cord injury functional ambulation inventory (SCI-FAI). J Rehabil Med 2001;33: 177-81.
	4. Ditunno JF Jr, Ditunno PL, Graziani V, Scivoletto G, Bernardi M, Castellano V, et al. Walking index for spinal cord injury (WISCI): an international multicenter validity and reliability study. Spinal Cord 2000;38:234-43.
	5. Muybridge E. The human figure in motion. New York: Dover Publications, Inc.; 1989.
	6. Braun M. Picturing time: the work of Etienne-Jules Marey (1830-1904). Chicago: The University of Chicago Press; 1992.
	7. von Holst E. The behavioral physiology of man and animals (1939). In: Martin R, translator. The collected papers of Erich von Holst. Coral Gables: University of Miami Press; 1973.
	8. Forssberg H, Grillner S, Halbertsma J. The locomotion of the low spinal cat. II. Interlimb coordination. Acta Physiol Scand 1980;108:283-95.
	9. Forssberg H, Grillner S, Halbertsma J. The locomotion of the low spinal cat. I. Coordination within a hindlimb. Acta Physiol Scand 1980;108:269-81.
	10. Riley PO, Benda BJ, Gill-Body KM, Krebs DE. Phase plane analysis of stability in quiet standing. J Rehabil Res Dev 1995;32:227-35.
	11. Tepavac D, Field-Fote EC. Vector coding: a technique for quantification of intersegmental coupling in multicyclic behaviors. J Appl Biomech 2001;17:259-70.
	12. Field-Fote EC, Tepavac D. Improved intra-limb coordination in individuals with incomplete spinal cord injury following training with body weight support and functional electrical stimulation. Phys Ther 2002;82:707-16.
	13. Freeman H. Computer processing of line-drawing images. Comput Surv 1974;6:177-90.
	14. Kullander K, Butt SJ, Lebret JM, Lundfald L, Restrepo CE, Rydstrom A, et al. Role of EphA4 and EphrinB3 in local neuronal circuits that control walking. Science 2003;299: 1889-92.
	15. Field EC, Stein PSG. Spinal cord coordination of hindlimb movements in the turtle. I. Intralimb temporal relationships during scratching and swimming. J Neurophysiol 1997;78: 1394-1403.



