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Under researched somatosensory contributions to postural stability, in addition to high

incident rates of foot injury in the physically active population, lead to two investigative

studies. An initial research study compared variables of two postural stability

assessment devices to determine reliability of outcome measures and commonalityof

outcome measures to dynamic postural control. A second study assessed which

measures of postural stability were effective in differentiating between injured persons

using foot orthotics and non-injured persons, and also compared effects of 3-month foot

orthotic usage on measures of postural stability among three groups. In the first study,

23 healthy subjects tested on two separate occasions one-week apart, counterbalancing

the testing order. Intraclass correlation coefficients (ICC) and Pearson product moment

correlations were calculated and analyzed. In the second study, 15 patients diagnosed

with plantar fasciitis or medial arch sprain were given custom orthotics and matched

with 15 non-injured subjects given custom orthotics, and 15 healthy control subjects on

gender, age, height, and body mass index. All 45 subjects were assessed on five

postural stability tests (12 dependent variables) on seven occasions over a four-month

period. Repeated measures MANOVA was employed to evaluate group, time and

interaction effects for the outcome variables (a =0.05). Test-retest reliability, in the

first study, ranged from moderate to high (ICC2,1 = 0.71 to 0.92) for all outcome

measures. Pearson correlations revealed four statistically significant relationships (p<

.05) between outcome measures (r = 0.43 to -0.72). In the second study, nine variables
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were entered into repeated measures MANOVA demonstrating significant main and

interaction effects. Post hoc univariate analyses demonstrated six variables with group

main effects and three variables with time main effects. Interaction effects in post hoc

analysis were non-significant. The moderate to high test-retest reliability observed for

outcome measures in the first study is encouraging. Correlations between device

outcome measures, while statistically significant, were low enough to suggest that each

device provided unique information regarding postural stability. Results from the

second study provide strong evidence that foot orthotic wear affects postural stability

over time. The nature of test protocols suggests that functional postural stability testing

aids in assessing effectiveness of foot orthotics.
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THE EFFECTS OF 3-MONTHS OF FOOT ORTHOTIC WEAR ON
MEASURES OF POSTURAL STABILITY IN PERSONS WITH CHRONIC

INJURY AND NORMAL LOWER LIMB FUNCTION

CHAPTER 1
INTRODUCTION

Postural stability and balance are essential to nearly all activities of daily

living. For the average physically active adult, little conscious effort is expended to

maintain postural stability in everyday activity. This seemingly simple function for

able-bodied adults; however, is achieved through a complex interaction of the

visual, vestibular, and somatosensory systems 49, 84-86, 93, 104, 114, 116, 135, 147, 151

The importance of postural stability to orthopedic rehabilitation gained

prominence in 1965 with the landmark research of Freeman and Wyke, relating

mechanoreceptor damage of the ankle to what was then termed "functional

instability" 42,43, 157 The demonstration of ankle joint instability during activity,

following tissue healing, led to theorization that rehabilitation goes beyond healing

and strengthening of soft tissues, but includes the sensation of stimuli, reaction,

initiation, and coordination of muscles as well.

Subsequently, research has been conducted to better understand the postural

stability system, starting from the various receptor types within the body42'43'47'56'

87, 122, 157, 158, 160 to the interaction of the subsystems of postural stability with one

another 8,33,49,79,99, 104, 116, 118, 119, 121, 132, 149, 151, 156 Because many allied health care

professionals working with the physically active population deal primarily with

injury to the musculoskeletal system, the vast majority of research on postural

stability relating to athletic injury focuses on the somatosensory component of the

postural stability system.



BACKGROUND and SIGNIFICANCE

The nearly two decade absence of research on the somatosensory system

role in postural stability assessment since Freeman and Wyke, coupled with high

incident rates of foot and ankle injury in physically active individuals, has left

many questions unanswered. As the foot and ankle are the most commonly injured

body regions in sports 2, 11,27,28,37, 148 there is a continued need to better understand

how the foot interacts with contact surfaces and the ankle, and what specific role

the foot plays in the maintenance of postural stability.

Lack of consistent terminology and lack of reliable measurement tools for

postural stability have tempered increased research efforts focused on postural

stability and the somatosensory system. The recent text edited by Lephart and Fu 87

suggested the adoption of a common nomenclature with which to describe

parameters associated with postural stability. There is comparatively little research

on the current tools used to assess postural stability, but much ongoing research in

attempts to develop and standardize tools that can reliably measure postural

stability outcomes 5, 9, 10, 14, 23, 30, 32, 38, 60, 64, 66, 73, 152

Current theory supports three subdivisions of postural stability: static,

dynamic, and functional 104 Static stability refers to maintaining the center of

gravity over a fixed based of support, while dynamic stability is moving and

controlling the center of gravity within a fixed based of support 104 Finally,

functional stability refers to moving and controlling the center of gravity within a

moving base of support 104

Previous research has clearly demonstrated the reliability of multiple

measures for static stability assessment 13, 14, 38, 50, 103, 163 During static stance,

postural sway measures have been shown to be a reliable measure of postural

control, and postural sway velocity is a common outcome measure used for

computerized static stability assessment 11,93, 103

The reliability of dynamic postural stability measures is not well reported in

the literature. The current market of postural stability assessment devices makes

comparison of the reliabilities of outcome measures a necessity, as well as



comparison of the outcome measures themselves to detennine the commonality of

these measures to evaluate dynamic postural stability.

The visual, vestibular and somatosensory systems are responsible for the

maintenance of postural stability 33,39,81,87 When no visual or vestibular deficits

are present to cause disruptions in postural stability, the somatosensory system

becomes the primary explanation. The somatosensory system is the means by

which the body responds to detected external stimulation 87

To explain the theorized relationship between the somatosensory system

and foot orthotics, an understanding of what an orthotic entails and how it is

intended to function is essential. An orthotic is a device that is intended to support,

protect, immobilize, and /or correct musculoskeletal injuries and disorders

Nigg et al. 110 reported that changes in mechanical skeletal alignment (<5%) and

cushioning (<10%) provided by foot orthotics contribute minimally to the overall

resolution of injury. Speculation remains as to what comprises the unexplained

portion of injury resolution. D'Ambrosia 27 concluded that the ankle functions most

efficiently and experiences the least mechanical stress when the subtalar joint is in

neutral. Subtalar neutral position forms the basis of foot orthotic construction and

is achieved when the calcaneus is centered on the talus, neither deviating in

inversion or eversion. A subsequent study by McPoil et al. 96 reported that the

subtalar neutral position was never attained during the midstance phase of walking,

calling into question the importance of the subtalar neutral position.

More recent research involving the assessment of tibial rotation changes

with orthotic use 25, 88, 97, 98, 106 found that orthotics affect biomechanical function

during the first 10 to 15% of the stance phase 16, 25, 72, 95, 106, 138 explaining the

findings by McPoil et al 96 Assessment of changes in pressure distribution when

using foot orthotics has indicated that vertical ground reaction forces (GRF)

decrease during the first 20% of stance 101 and to a lesser degree across the entire

plantar surface of the foot 101,111,138,146 during the stance phase. Along with an

overall decrease in pressure, there is a displacement of the center of pressure (COP)

to the lateral aspect of the foot



McCulloch et al. hypothesized that properly fitted orthotics create

temporal changes in lower limb biomechanics that lead to improved function as a

lever system. As an integrated system, improved biomechanical timing could lead

to improved transition of maximum pressure across the foot, providing optimal

proprioceptive information and positively affect postural stability. Absent in the

literature are investigations that assess the mechanisms by which orthotic devices

affect biological systems to improve function.

Nigg et al. 110 recently raised important questions about the functional

assessment of foot orthotics. Orthotics are thought to: (a) reduce injury frequency,

(b) improve skeletal alignment, (c) improve impact cushioning, (d) improve

sensory feedback, and (e) improve comfort. Of these theorized benefits, two are

subjective (cushioning and comfort) and one (reduced injury frequency) may be a

combination of the others. The effects of foot orthotics on skeletal alignment have

been previously addressed 16, 27, 72, 84, 95, 101, 106, 111, 114; however, results have not

been conclusive with regard to sensory feedback. The few orthotics studies that

have been completed to date have implied that reduced awareness of foot position

during activity leads to decreased postural stability 36, 75, 77, 129-131 These

researchers all concluded that stability and vertical impact were closely related in

that instabilities sensed by the foot translate in a change of landing strategies. No

research to date has assessed objectively long-term effects of orthotics on postural

stability, and what if any effects remain after the orthotics have been removed.

RATIONALE

For dynamic stability there are currently four computerized devices

available to provide outcome measures. These tests of dynamic postural stability

are intended to assess a persons ability to move and control their center of gravity

within a fixed base of support. Iii order to ensure reporting of reliable measures of

dynamic postural stability, it is necessary to evaluate devices with similar tests and



compare both reliability and commonality of outcome measures in dynamic

postural stability assessment, as validity of systems is still under investigation.

The demonstrated complexity between foot orthotics and the somatosensory

system and the lack of research investigating the relationship of residual effects of

orthotics on postural balance provides strong rationale for continued research. The

first step in establishing an understanding of the relationship between orthotics and

the somatosensory system is to determine the general mechanisms by which

orthotics affect the system, and to assess the contribution of this effect on human

postural stability.

The various types of orthotics available and the increasing cost to

manufacture and purchase foot orthotics also suggest that not only the long-term

need of foot orthotics should be investigated, but the potential for short-term

rehabilitation uses as well. When establishing treatment options, a first step is to

determine the feasibility of using orthotics safely. To this end, the potential

residual (carry-over) effects that foot orthotics may have on postural balance when

no longer worn must be determined and to the transient nature and the duration of

the effect on postural stability improvement must be assessed.

PURPOSE OF RESEARCH STUDIES

Based on rationale presented previously, two research studies were

established. The first study was conducted in order to evaluate and compare the

reliability of measures of dynamic postural stability provided by two commercially-

available postural stability systems with similar limits of stability testing protocols.

Comparisons of variables both between and within each device were assessed to

determine if outcome measures were reliable and whether outcome measures

between devices demonstrated a common relationship to dynamic postural stability.

This study was part of an in lieu of thesis project in preparation for the doctoral

research work.



A second research study was conducted in an effort to assess the effect of

foot orthotics on postural stability. This study, the first of its kind, was undertaken

using individuals with chronic lower limb dysfunction based on prior beneficial

results of orthotic wear. In the design of this study two main purposes emerged.

The first purpose was to determine what measures of postural stability are effective

in differentiating between injured and non-injured persons using foot orthotics.

The second purpose was to compare the effect of 3-month orthotic usage on

measures of postural stability in apparently healthy adults and adults with a chronic

lower limb musculoskeletal injury (injured medial longitudinal arch sprain or

plantar fasciitis), and to measure residual effects of treatment with orthotics after

the orthotics have been removed.

SUMMARY

The outcomes of these research studies will be used to further postural

stability research in the specific area of the somatosensory contribution of the lower

limb to maintaining postural stability (balance). The results from these studies may

be used to investigate orthotic usage further in individuals with acute lower limb

injuries, such as ankle sprains.

Chapter Two contains the manuscript entitled, "Reliability of Limits of

Stability Testing: A Comparison of Two Postural Stability Evaluation Devices",

that has been submitted to Archives of Physical Medicine and Rehabilitation for

publication. An oral presentation of this paper was given at the National Athletic

Trainers' Association Annual Meeting in Los Angles in June 2001, with a published

abstract appearing in the May issue of the Journal of Athletic Training.

Chapter Three contains the manuscript entitled "Effects of 3-Months of

Foot Orthotic Wear on Measures of Postural Stability" and will be submitted to

Archives of PI'sical Medicine andRehabilitation. An abstract of this article will

be submitted for presentation at the June 2002 meeting of the National Athletic

Trainers Association in Dallas, Texas.
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ABSTRACT

Objectives: To determine test-retest reliability for postural limits of stability data

as measured by the NeuroCom Smart Balance Master® and the Biodex Balance

System®, and to compare outcome measures between devices.

Design: Intraclass correlation coefficients (ICC) and Pearson product moment

correlations were calculated to determine the nature of the relationships among the

outcome variables.

Participants: Twenty-three healthy subjects with no vestibular or visual disability,

or recent lower limb surgery or trauma.

Outcome Measures: NeuroCom: directional control, endpoint excursion, and

movement velocity. Biodex: directional control and test duration.

Results: Test-retest reliability ranged from moderate to high (ICC2,1 = 0.71 to

0.92) for all outcome measures. Pearson correlations measured at Session I and 2

revealed four statistically significant relationships (p< .05) between outcome

measures (r = 0.43 to -0.72).

Conclusions: In our sample of healthy young adults, the moderate to high test-

retest reliability observed for the outcome measures provided by these two devices

was encouraging. The correlations between the information provided by the

NeuroCom and the Biodex devices, while statistically significant, were low enough

to suggest that each measurement device provided unique information regarding

postural stability.



INTRODUCTION

Postural stability has been defined as the ability to control the body's center

of gravity within a given base of support 1,2 Indeed, static standing requires the

maintenance of postural stability, while human gait can be described as a cyclic

process of losing and regaining postural stability Control of postural stability

or balance is essential for the successful performance of many activities of daily

living, but also enhances athletic achievement in a wide variety of sports. Whether

evaluating a patient's level of disability following a stroke or making a return-to-

play decision for an athlete following a severe ankle sprain, both scenarios require

assessment tools that can accurately and reliably measure postural stability.

The use of postural stability measures to evaluate musculoskeletal

somatosensory input post-injury and post-surgery continues to gain support from

the orthopedic and sports medicine community The effects of prophylactic

ankle bracing, foot orthotics, balance training, and skill training on postural control

and athletic performance have recently been investigated 8 - 11 Additionally,

postural stability measures are currently being used to predict fall risk and to

determine the efficacy of fall prevention programs for elderly persons12 19

The complexity of postural stability research requires a clearly defined set

of terminology. For the purposes of this study, the following operational

definitions were used: Static postural stability refers to the ability to limit the

movement of the center of gravity (COG) when the base of support remains stable.

Dynamic postural stability was defined as the ability to move and control the COG

within a fixed base of support. Functional postural stability was characterized as

the ability to move and control the COG within a moving base of support.

The Romberg test of postural stability, created in 1853, required subjects to

stand motionless in one of four different positions: two-leg stance, one-leg stance,

tandem stance, and step stance, with their eyes open and eyes closed 20 Based on

the results of these tests, the clinician performed a subjective assessment of postural

stability, i.e., could the patient maintain the required position or not? The Romberg

test has evolved over the last century and one-half, and is currently used to evaluate



static postural stability in an environment where the base of support and the body

position do not deviate 20 25

The capability to assess dynamic and functional postural stability was

established in 1989 with the Berg Balance Scale 12, The Berg scale incorporates

14 tasks that range from sitting unsupported to stepping up onto a stool. Patients

are rated on a zero to four scale for each task using criteria such as time,

independent performance, and distance measures 12, 13 The Berg scale, like the

Romberg test, is a subjective assessment of postural stability, but unlike the

Romberg test, was initially designed to evaluate balance only in elderly persons 12

Advances in the technology used to measure ground reaction forces and

center of pressure have greatly enhanced the ability to quantify postural stability by

providing objective measures. Of particular interest are the limits of stability

(LOS) tests, providing dynamic assessment of a person's ability to maintain their

center of gravity within their base of support. Limits of stability are obtained using

ground reaction force data to calculate center of pressure (COP) values.

Conversion of data to center of gravity sway angles suggests that regardless of

height, adult ultimate limits of stability are 6.25° forward and 4.45° backward 24,26

Moderately different limits of stability values were reported by another research

group (8° forward, 4° backward, and 8° lateral) 27

In order to assess postural stability accurately, the outcome measures from

the instrumentation used must be reliable. Comparability of various devices

reporting to measure dynamic postural stability should also be assessed. Many of

the outcome measures used to assess dynamic postural stability have not been

substantiated sufficiently through research to resolve the questions of their

reliability 19,21 -23,25,28 -30 The lack of reliability data and the limited and/or

inappropriate statistical analysis of reliability measures are problematic for the

researcher interested in postural stability assessment. To date, there have been no

reported studies that compare postural stability devices or outcome measures that

are used to evaluate postural stability. Theoretically, similar LOS tests should have

outcome variables that highly correlate with one another to demonstrate the

comparability of postural stability assessment parameters.
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The purposes of this study were: (a) to determine the test-retest reliability of

outcomes from two commercially-available postural stability devices, and (b) to

determine the magnitude of the relationships between the clinical measures from

both devices.

METHODS

Subjects

Twenty-three healthy university students (10 women and 13 men) with no

visual or vestibular disability, and no lower limb surgery or trauma within the last

12 months were recruited via campus fliers for participation. Volunteers who met

these criteria were briefed on the protocol and gave their informed consent prior to

participation. Our Institutional Review Board for the Protection of Human

Subjects approved the research study prior to volunteer recruitment.

Protocol

Subjects reported to the Sports Medicine/Disabilities Research Laboratory
for two separate testing sessions, one week apart. Demographic data were collected

from all subjects prior to testing to establish group characteristics and

generalizability of results. Counterbalancing, to begin on one device or the other,

was used to randomly assign 12 subjects to test on the Biodex Balance System®A

at their first test session, while 11 subjects began the study by testing on the

NeuroCom Smart Balance Master®B. Reverse testing order was used during the

second testing session for all subjects. Subjects were provided verbal instruction

and unlimited practice time on each device prior to testing. All subjects were bare-

footed and performed two trials of the LOS test on each device, with the second

trial being used as the scored test 26
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Biodex Balance System®. The Biodex System utilizes a microprocessor-

based actuator to adjust the stability of a suspended circular forceplate. The force

platform has a maximum of 20° tilt in any direction when completely unstabilized,

and is used to assess stability based on the variance of the platform from center

during a given task using a sampling rate of 100 Hz 27

The Biodex dynamic limits of stability (DLOS) test challenged subjects by

prompting movement of a cursor by leaning toward a target viewed on a liquid

crystal display while standing on an unstable platform. Subjects were instructed to

complete the test as quickly and accurately as possible. The DLOS test measured

the time and accuracy with which subjects could transfer their center of gravity to

move the cursor to intercept each of eight targets on the display screen.

The DLOS test employs eight targets positioned at 45-degree intervals

around a central target that represented the patient's center of pressure under static

conditions. Target placement was preset by the manufacturer at 50% of the limits

of stability, based on the height of each subject 27 This process takes into account

the conversion of the angular motion of leaning to linear movement of the center of

gravity represented on the screen. The two dependent measures from the DLOS

test were test duration (measured in seconds) and directional control (based on a

percentage of 100 being a straight line from the central "target" to the intended

target).

NeuroCom Smart Balance Master®. The NeuroCom Smart Balance
Master® also assesses postural stability using a limits of stability (LOS) test. The

device sampled at a frequency of 100 Hz using a 2-forceplate structure connected

by a pin joint in the vertical center of the anterior-posterior centerline of each plate,

with four transducers oriented vertically and one transducer oriented horizontally.

Transducers were calibrated for gain ± 0.1 lbs. and zero at ± 0.1 lbs. during system

initialization 26 The forceplate remained fixed during the limits of stability test

protocol.

The NeuroCom LOS test required subjects to transfer their COG toward

each of eight targets placed at 45-degree intervals around the body's center of

gravity represented on a computer monitor while on a stable platform. Subjects
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were instructed to keep their body in a straight line, using their ankle joints at the

axis of motion and to move toward each target as directly and quickly as possible.

Subjects were visually cued to each of eight targets separately, as independent sub-

tests (8-seconds each), with targets pre-set by the manufacturer at 100% of a

person's limit of stability based on height 26 Target placement takes into account

the conversion of the angular motion of leaning to linear movement of the center of

gravity represented on the screen. Dependent measures included directional

control, endpoint excursion (the percentage distance achieved toward a target on

the initial movement), and movement velocity (average speed of COG movement

based on the middle 90% of the distance).

Data Analysis

The test-retest reliability of data was analyzed using five repeated measures

analysis of variances (ANOVAs). Data were analyzed using the SPSSC 10.0

statistical software package. Within-subject and between-subject variability were

used to calculate intraclass correlation coefficients (ICC2,1) for each of the

performance measures collected to assess reliability 31 Intraclass correlation

coefficient values> .80 reflected high reliability; > .60, moderate reliability; and

ICC values < .60 judged as poor reliability 32 Standard error of the measurement

(SEM) values were also calculated for use in interpretation of the intraclass

reliability of the outcome measures.

An assessment of the association of outcome measures between devices, as

well as within each limit of stability test, was also conducted. An interciass

correlation matrix was calculated using the Pearson product moment correlation r,

to evaluate the correlation of outcome measures, separately for test session 1 and

test session 2. Statistical significance was set at a = .05 for all comparisons and

95% confidence intervals established for ICC values.
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RESULTS

Intraclass Correlations (Test-Rest Reliability)

All 23 subjects completed testing and no data were excluded from the

analysis (Table 2.1). Subjects demonstrated high repeatability on the Biodex

measure of directional control (ICC21 = .82; 95% confidence limits: .58, .92), and

moderate reliability for test duration (ICC2,1 = .71,95% confidence limits: .31,

.88). As confidence limits are not often reported with ICC values, the

interpretation here is that there is a 95% likelihood that the true population ICC

value for the variable of interest will fall within this specific range of ICC values.

Standard error of measurement (SEM) values were 4.95% for directional control

and 7.39 seconds for test duration.

Similar results were calculated for outcome measures from the NeuroCom

testing, with high repeatability on endpoint excursion (ICC2,1 = .92, 95%

confidence limits: .81, .97) and movement velocity (ICC2,i = .85, 95% confidence

limits: .66, .94), and moderate repeatability on directional control (ICC2,1 .73,

95% confidence limits: .36, .89). Standard error of measurement values were

2.17% for endpoint excursion, 0.56 deg/sec for movement velocity, and 2.52% for

directional control.

The data from all limits of stability testing are summarized in Table 2.2,

with the reliability ICC values and probability values provided.

Interciass Correlations

The Pearson correlation matrices of outcome variables in Session 1 and

Session 2 are presented in Tables 2.3 and 2.4. Moderate inverse relationships were

found between the Biodex measures of directional control and test duration
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Table 2.1. Demographic Data

Subjects (n = 23; males = 13, females = 10)

Range Average Standard Deviation

Age(yrs) 19 42 23.78 5.67

Height (cm) 157.5 190.5 175.4 9

Weight (Kg) 59.1 109.1 79.2 15.1

Table 2.2. Outcome Measures Means and Standard Deviations.

Session 1 Session 2 ICC2,1 p-value
Measure Mean (St. Dev.) Mean (St. Dev.)
Biodex:

Directional 34.13% (11.17%) 39.87% (12.16%) .82 .000 1
Control

Test Duration 76.O4sec(15.78sec) 63.78sec(l 1.33sec) .71 .0026

Neitro Corn:

Directional 79.52% ( 5.09%) 79.52% ( 4.60%) .73 .0016
Control

Endpoint 75.13% ( 8.17%) 78.00% ( 7.22%) .92 .0001
Excursion

Movement 5.O4deg/sec 5.98deg/sec .85 .0001
Velocity (1.51 deg/sec) (1 .43deg/sec)

(r = -.72, p = .001) (Figure 2.1) and between NeuroCom movement velocity and

Biodex test duration (r = -.53, p = .01) (Figure 2.2). NeuroCom endpoint excursion
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and directional control as measured with the Biodex were directly related (r = .44,

p = .037) (Figure 2.3). The relationship between the NeuroCom measures of

movement velocity and endpoint excursion approached statistical significance at

a = 0.05 (r = .41, p = .06). Direct comparison of Biodex and NeuroCom

directional control measures for Sessions 1 and 2 revealed correlations of r = .18

and r = .39 respectively, but these relationships were not statistically significant (p

= .41 and p = .07) (Figure 2.4).

Table 2.3. Pearson Interciass Correlation Matrix for Outcome
Variables Session I

Variables: Biodex NeuroCom
Directional Test Directional Endpoint Movement

Biodex Control Duration Control Excursion Velocity
Directional 1.00
Control

Test -.72 1.00
Duration (.00 1)

NeuroCom
Directional .18 -.09
Control (.412) (.690)

Endpoint .438* -.36
Excursion (.037) (.093)

Movement .25
Velocity (.252) (.009)

* Correlation significant at the 0.05 leve.
Correlation significant at the 0.01 leve

1.00

.38 1.00
(.077)

-.37 .41 1.00
(.081) (.055)
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Table 2.4. Pearson Interciass Correlation Matrix for Outcome
Variables Session 2

Variables: Biodex NeuroCom
Directional Test Directional Endpoint Movement

Biodex Control Duration Control Excursion Velocity
Directional 1.00 -- --

Control

Test .67t 1.00 -- -- --

Duration (.00 1)

NeuroCom
Directional .39 -.16 1.00 --

Control (.069) (.466)

Endpoint .33 -.24 .20 1.00 --
Excursion (.120) (.275) (.371)

Movement -.09 -.13 -.38 .30 1.00
Velocity (.683) (.553) (.073) (.169)

Correlation significant at the 0.01 level

Figure 2.1. Scatterplot of interciass correlation: Biodex Directional
Control and Test Duration.
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Figure 2.2. Scatterplot of interciass correlation: Biodex Test Duration
and NeuroCom Movement Velocity.
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Figure 2.3. Scatterplot of interciass correlation: Biodex Directional
Control and NeuroCom Endpoint Excursion.
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Figure 2.4. Scatterplot of Biodex and NeuroCom Directional Control.
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Reliability is always a key component of measurement in any experimental

or evaluation protocol. Several reliability studies have been conducted using the

LOS test on a NeuroCom device. Brouwer et al. (1998) used two measures

(movement time and path sway (directional control)) of the NeuroCom LOS in the

anterior, posterior, medial, and lateral directions, and reported low test-retest

reliability values ranging from 0.18 0.48 21 This study included 33 subjects

ranging from 20 to 32 years of age, and testing was conducted at one-week

intervals, for 3 test sessions, and set target distances at 75% of the predicted LOS

distance based on height. Brouwer et al. 21 chose to look at individual components

of these measures, which individually would not reflect dynamic postural control as

a whole. In contrast, our study used composite scores ofthe outcome measures for

reliability assessment. Subjects error variability is typically more sensitive in each
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component part than when considered as an overall composite measure. Standard

error of measurement values (SEM) calculated in our study support this hypothesis.

Another study by Liston and Brouwer 29, using 20 stroke patients, followed

the same test protocol as Brouwer et al. 21 to determine intra-tester test-retest

reliability for LOS test measures of movement time and path sway. In this study

the average movement time and path sway values across the eight targets were used

to calculate ICC values. These authors reported ICC values of 0.88 for movement

time and 0.84 for path sway 29

Hageman 14 reported ICC values of 0.78 for path sway and 0.83 for

movement time. The test-retest study involved 12 healthy subjects from 24 to 68

years of age. Two test sessions were scheduled one-week apart and evaluated

measures of path sway and movement time with target placement at 75% of the

predicted LOS distance based on height.

The previously noted studies each set target placement at 75% the predicted

LOS distance based on height. In our study the target placement was 100% the

predicted LOS based on height. Utilizing the 75% target distance may not be

challenging enough for normal subjects and may skew ICC values due to small

value ranges to assess ICC values for the given outcome measures. In contrast, the

100% target distance utilized the maximum LOS range and provides a higher

challenge opportunity for assessment and evaluation of ICC scores.

Additionally, the prior studies measured movement time as the time to

achieve the target distance, utilizing an 8-second maximum if the target distance

was not achieved as that is the maximum length of the test duration. The limitation

of 8 seconds does not take into account the speed of the movement and sets a

maximum value that may also skew ICC values. In contrast, our study measured

movement velocity in degrees per second, to assess speed of movement toward

each target, with no maximum value. This outcome measure better reflects the

movement of the subject and is not skewed due to constraints of time maximum

values.

Most recently, Rose3° conducted a cross-sectional study of the reliability for

all test outcome measures associated with the LOS test, using 176 normal subjects



who ranged in age from 20 to 80 years. In this referenced study by NeuroCom

International, Inc., interciass correlation values ranged from 0.68 0.80 for

outcome measures of reaction time, movement velocity, endpoint excursion,

maximum excursion, and directional control. This protocol included target

placement at 100% the predicted LOS based on height and two test sessions with a

one-week interval.

Results of the present study show comparable ICC values (0.71 - 0.92) to

previous studies 14, 29, 30; however, those individuals inexperienced in postural

stability assessment may be unaware that the limits of stability test from

NeuroCom, Inc. can be conducted on several devices produced by the company.

The various NeuroCom systems may use a freestanding long forceplate, a short

dual-forceplate design with open visual field, or a short dual-forceplate design with

visual surround. Because somatosensory, visual and vestibular input affect postural

stability, it therefore becomes necessary to establish reliability for each device. The

data in our study were collected on a Smart Balance Master® system with the most

current (gray-blue speckled pattern) visual surround. The device utilized in some

previous studies was not specified 14, 21,29 and the Pro Balance Master system with

open visual field was used in the Rose 30 study.

A final concern with previously reported NeuroCom LOS reliability is

statistical analysis. Rose concluded moderate to high reliability (r = 0.68 to 0.80)

of test measures based on interclass correlation regression analysis 30 'While this

study has been the most extensive study thus far for reliability of NeuroCom device

outcome measures, we contend that the use of interciass correlation was not the

appropriate statistical analysis to demonstrate reliability of these variables 31

Interclass correlation is a bivariate statistic assessing the relationship between two

variables, while intraclass correlation is a univariate statistic assessing the

relationship of repeated trials of a single variable Our statistical analysis utilized

intraclass correlation to evaluate the test-retest reliability of the data.

Reference should also be made to the confidence intervals and standard

error of measure values calculated for test-retest reliability for the NeuroCorn.

Evaluation of these values indicates precision or lack thereof for each particular
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outcome variable. In the present study confidence limits were set at 95%, meaning

that if conducting the same study repeatedly the ICC value for a particular measure

would fall within the calculated range 95% of the time. The wide range of the

directional control confidence interval (.36 .89) points to high potential for

extraneous error and lack of test precision. For endpoint excursion (.81 .97) and

movement velocity (.66 .94), the intervals remain in the moderate to high range

and provide reassurance of test accuracy. Additionally, test sensitivity is supported

by comparatively small SEM values. Individual scores that fall outside ± 2 SEM

values on repeated testing are indicative of true change in the abilities of the

subject, and demonstrate the test sensitivity to detect this change. Other studies

have not reported these values, so direct comparisons cannot be made. Results of

both statistical procedures are needed to assess the reliability and sensitivity of any

outcome measure.

To date no reliability measures for the Biodex dynamic limits of stability

test have been reported in the literature. Therefore, our findings help establish the

reliability of the device and the test protocol showing high test-retest reliability

(ICC = .82) for directional control and moderate test-retest reliability (ICC = .71)

for test duration. The high and moderate reliabilities of these measures, along with

the high correlation between these measures, supports combined use of these

measures in dynamic postural stability assessment. These reliability data must be

viewed with some caution; however, for assessment of both the standard error of

measurement values and the confidence intervals demonstrate a potential for lack

of sensitivity and unexplained error. Use of a visual surround and elimination or

reduction of movement in the unstable platform are potential Biodex protocol

modifications worth consideration.

A more complex issue of discussion is the comparison of devices utilized in

this study. The absence of a criterion standard against which to measure dynamic

postural stability creates a void regarding test validity. Liston and Brouwer 29 used

the Berg Balance Scale and gait velocity as criterion standards to establish validity

with hemiparetic patients, but the use of these criterion standards was not well

justified, particularly since the Berg scale was developed for elderly persons. Our
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purpose was not to evaluate the validity, but rather to assess the comparability of

these two devices that measure dynamic postural stability.

The two devices used in our study provide only one similar measure of

dynamic postural stability: directional control. Interestingly, there was no

correlation observed between these two variables, and even the means of each

directional control variable are different, along with large variability of the Biodex

measure. Only two comparisons of outcome variables between devices were

statistically significant: Biodex directional control and NeuroCom endpoint

excursion, and Biodex test duration and NeuroCom movement velocity. The

significant relationship between test duration and movement velocity is readily

explained, as both measures involve a time component, the quicker a person moves,

the less time it takes to complete the test. The more difficult relationship to

interpret is between the endpoint excursion and the Biodex directional control.

This relationship may be explained by the use of 50% LOS target placement in the

Biodex DLOS test. The NeuroCom endpoint excursion variable looks at the initial

displacement of the COG toward a target. It is likely that an uninjured person will

make an initial movement toward a target that is at least 50% of the hypothesized

total distance, which then transferred to the DLOS test, would equal the target

placement. The further target placement on the NeuroCom LOS leaves more

chance for inaccurate predictions of movement, as well as, directional control that

is less accurate as the COG is moved further to the edge of the base of support.

Finally, the lack of relationship among the NeuroCom outcome variables

was also surprising to us. When evaluating dynamic postural stability, we expected

that a pattern would develop to show specific relationships among the variables,

when similar testing instructions were provided. The lack of a relationship between

devices suggests the potential for multiple dynamic postural stability strategies

and/or other variables that may not have been evaluated. Additionally, small

sample size and restricted range of values for outcome measures may have affected

the statistical analysis.
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CONCLUSIONS

Both devices provide at least moderately reliable data with healthy young

adults, with some variables appearing to be more accurate than other variables at

detecting change based on confidence intervals and standard error of measurement

values. This may be useful in the diagnostic realm when trying to assess between a

multitude of conditions that affect postural stability, but may be less useful when

assessing progression of a known condition. Whether this hypothesis has potential

remains to be evaluated. However, the fact is clear that assessment of dynamic

postural stability is warranted for the evaluation of many medical conditions and

that continued research and refinement in this area is necessary.

Comparison of these two postural stability evaluation devices has provided

insight into some clinical questions, while simultaneously generating new questions

to be addressed. In reference to what these systems are measuring, the lack of

correlation may be indicative of potentially new dynamic postural stability

paradigms. While in many cases, low correlation or lack of significant findings are

discouraging, in this instance the findings provide impetus for future study and

assessment of postural stability conceptualization and the way in which dynamic

postural stability is defined and evaluated.
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ABSTRACT

Objectives: To determine the set of postural stability variables that assists in the

assessment of persons with foot injury. To assess the effect of foot orthotic wear

on postural stability in persons with chronic lower limb injury, no injury, and a no

orthotic control group during a 3-month wearing period.

Design: Seven test sessions conducted over a four-month period were used to

collect data on 12 variables. A repeated measures MANOVA was performed to

assess postural stability change between groups over time.

Participants: Forty-five subjects participated in this study. An injury group of 15

subjects, with diagnosed foot injury, and two gender, age, height, and BMI matched

groups were established. One matched group served as a control; the second

matched group wore non-corrected foot orthotics.

Outcome Measures: NEUROCOM® Smart Balance Master Tests: Limit of

Stability Test: endpoint excursion, movement velocity, and directional control;

Tandem Walk: speed and end sway; Step Up/Over: movement time and impact;

Forward Lunge: distance, impact index, contact time, and force impulse; modified

clinical test for sensory integration of balance (mCTSJB): composite sway velocity.

Results: Repeated measures MANOVA revealed significant main effects for group

and time (p-values < 0.00 1), and a group x time interaction effect (p-value =

0.032). Post hoc analysis showed significant time main effects (p-value < 0.05) for

3 variables: LOS directional control, Tandem walk end sway, mCTSIB; and

significant group main effects for 6 variables: LOS directional control and

movement velocity, Forward lunge distance and contact time, Tandem walk end

sway, and Step Up/Over movement time. No variables were found to have

significant univariate interaction effects in post hoc analysis.

Conclusions: This study demonstrated that foot orthotics contribute to

somatosensory changes affecting postural stability. The multidimensional nature of

postural stability requires multiple variables for assessment. These results support

the use of both functional postural stability and dynamic postural stability tests for

assessment of orthopedic conditions that affect somatosensory input.
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INTRODUCTION

Postural stability is a key component required for efficient production of

many human motions. Gait is a cyclic process of losing and regaining postural

stability in a forward direction, while standing is characterized by the maintenance

of postural balance Many persons with physical disability, advanced age, or

chronic lower limb pathology seek ways to improve their postural stability and with

it their quality of life 2-6

The visual, vestibular, and somatosensory systems are the primary sensory

modalities responsible for maintaining postural stability When no visual or

vestibular deficits are present to cause disruptions in postural stability, the

somatosensory system becomes of primary interest. The somatosensory system is

the means by which the body reacts to detected external stimulation 8 Each muscle

receives multiple inputs of efferent information based on the muscle fiber to motor

endplate ratio Training and repetition are thought to allow efferent pathways to

respond more readily to afferent information, but it is yet to be determined at what

point along the sensorimotor pathway that changes occur 10-12 fri addition to

providing a biomechanical alteration of lower limb function, foot orthotics have

been reported to affect the somatosensory system, ultimately improving postural
10 13-17stability

Foot orthotics are classified as rigid, semi-rigid, and flexible 13, 18-23 Proper

casting of a foot orthotic requires the patient's foot to be positioned in subtalar

neutral IS Rigid orthotics are typically made from steel, graphite or fiberglass,

while semi-rigid orthotics are constructed from a thermoplastic material forming a

flexible span along the longitudinal and transverse arches of the foot. Flexible

orthotics are constructed from cork, sorbothaneTM, foam, and plastizote with the

intent of cushioning and accommodating weight bearing forces 19 Rigid orthotics

are designed to give maximum motion control, while semi-rigid orthotics offer a

combination of motion control and cushioning 16, 19,22 The mechanism by which

foot orthotic devices affect biological systems to improve function is not well
23, 24known
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Orthotics are thought to: (a) reduce injury frequency, (b) improve

anatomical alignment, (c) increase impact cushioning, (d) improve sensory

feedback, and (e) improve foot comfort 23 Two benefits are subjective (cushioning

and comfort) and one (reduced injury frequency) may be a combination of the

others. The effects of foot orthotics on skeletal alignment have been widely
4 11 13 16 18 1 S-31documented , but sensory feedback research has been largely

ignored. Three orthotics studies reported that reduced awareness of foot position

during activity leads to decreased postural stability, and researchers concluded that

stability and vertical impact were closely related, i.e., instability sensed by the foot

resulted in changes of landing strategies 32-34 No studies to date have objectively

assessed the long-term effects of orthotics on postural stability, or the duration and

magnitude of positive residual effects.

Postural sway has been shown to be a reliable measure of postural control

during static stance 11 Several authors have found postural sway to be less in

non-injured compared to injured persons 3740, and that initial testing of injured

subjects with orthotics significantly reduced postural sway 10,4143 While these

static postural stability tests have been shown to be both valid and reliable, the

majority of injuries result from dynamic movement.

Current dynamic postural stability assessment tools offer additional

information such as mean velocity, endpoint excursion, and directional control.

These tests assess the speed and precision with which subjects move and control

their postural stability in dynamic situations. In addition, some postural stability

evaluation systems offer functional tests and measures that assist in the evaluation

of functional tasks, such as the tandem walk test, step up/over test, and forward

lunge test. Reliability studies have been conducted on these dynamic and

functional tests but little work has been done to assess the specificity and

sensitivity of these tests to distinguish orthopedic injured from non-injured

individuals. Additionally, only limited studies assessing longitudinal changes in

postural stability using subjects with foot and ankle injuries have been conducted 29,

48-50
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STATEMENT OF PURPOSE

The purpose of this study was to assess the complexity of the interaction

between foot orthotics and the somatosensory system to influence postural stability.

The first step in understanding the relationship between orthotics and the

sornatosensory system is to determine the general mechanism or mechanisms by

which orthotics affect the system, and to assess the contribution of this effect on

human postural stability.

We hypothesized that postural stability will improve, through increased

somatosensory information, from beginning to end of a 3-month usage of foot

orthotics in both non-injured and injured individuals; however, the level of

improvement will be greater in the injured group. Further, we hypothesized that

the non-injured group using orthotics would not differ on measures of postural

balance from a control group over a 3-month period. Lastly, upon removal of

orthotics, we postulated that postural balance would remain improved in both

orthotic groups, but that this effect would be transient in nature and disappear

during the month-long follow-up period.

Secondary hypotheses derived from the experimental design were to

deterniine which test outcome measures may provide similar postural stability

information and which outcome measures would differentiate between the three

groups.

METHODS

Subjects

Subjects were recruited from the local community of 50,000. Each test

group consisted of 15 subjects. Subjects were adults with no history of visual,

vestibular, orthopedic surgery or major lower extremity injury. Subjects with

current or recurrent ear infections were excluded. Subjects for the injury orthotic
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group were volunteers, recruited with the assistance of local physicians. Injury

group subjects were diagnosed with either a medial longitudinal arch sprain or
plantar fasciitis. Subjects for the control and non-injured orthotic groups were
matched on gender, age, height and body mass index (BMI), to subjects in the
injury orthotic group and recruited via newspaper advertisements and flyers. Non-
injured subjects wore foot orthotics during the wearing period, while control
subjects received no foot orthotics. Age matching was based on ± 5 years, based
on results indicating decade decrements in postural stability with age 51-52

Height was matched to short, medium, and tall classifications based on

NeuroCom® Smart Balance Master (NeuroCom®, Clackamas, Oregon) postural

stability evaluation system guidelines of foot placement and testing Subjects

were matched using National Institutes of Health BMI categories of normal,
overweight, and obese . All subjects signed an informed consent as approved by
the university Institutional Review Board for the Protection of Human Subjects
prior to participation in the study.

Instrumentation

The NeuroCom® Smart Balance Master is a computer facilitated, dynamic

forceplate used to evaluate postural stability using center of pressure (COP)
measures obtained during anterior-posterior motion. Also included is a six-foot
long, stable forceplate for functional measures (Long force plate). The forceplate
systems respond to small variations in COP from postural sway and uses testing
protocols to isolate and assess the different components of postural stability.

The postural stability protocol included a battery of five standard

NeuroCom® tests: Limits of Stability (LOS), Tandem Walk, Step Up/Over,

Forward Lunge, and the modified Central Test of Sensory Integration of Balance
(mCTSIB). Outcome measures from these tests are described in Table 3.1.
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Experimental Design

Subjects in the orthotic wearing groups came to the initial session for

evaluation, orthotic casting, testing demonstration and practice. Foot impressions

were made by a certified athletic trainer, and sent to Foot Management, Inc. for

fabrication. Subjects in the injury group and non-injury group were scheduled for

the first test session when foot orthotics were received, approximately one month

later. Subjects in the control group completed postural stability testing during their

first visit following a demonstration and practice of the testing procedures.

Table 3.1 Outcome Measure Descriptions.

Dependent Test Outcome Measures Description

Mean Movement Velocity The average movement
(Composite) speed in deg/sec.

Endpoint Excursion The distance of the firstLimits of
Stability (Composite) movement to the target.

Directional Control Comparison of movements
(Composite) away from straight path.
End Sway Mean sway velocity at end of

Tandem Walk walk for 5 sec.
Speed Velocity in cm/sec of theTest

forward progression.
Movement Time The number of seconds to

Step Up/Over complete movement.
Impact The maximum verticalTest

impact force of lag leg.
Distance Lunge length expressed as a

percentage of height.
Impact Index Vertical force exerted by step

Forward Lunge leg as a percent of weight.
Contact Time Duration in seconds of

surface contact of step leg.
Force Impulse Measure of total work of step

leg (% body wgt. sec.)
Composite Score Mean Sway velocity

Modified CTSIB (Eyes open/closed, averaged over twelve trials
Firm/Foam) (deg/sec).
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Subjects in the injury and non-injury groups were given a break-in period

for orthotic wear consisting of 1 to 2 hours of wear per day, increasing in

increments of 1 to 2 hours daily, until wearing the orthotics during a majority of

their active hours. On average, subjects wore orthotics 7 hours/day, as determined

by monthly survey.

Each subject completed five testing sessions at one-month intervals. During

the first and fourth sessions subjects completed the test protocol twice, one series

wearing socks only and the other series wearing either orthotics or simulated

orthotics, based on group assignment. During each test session, the five postural

stability tests were performed in random order. During sessions 1 and 4

assignment of the condition order was counterbalanced, so that seven or eight of

the subjects in each group tested without orthotics first and the remaining subjects

tested with orthotics (or simulated orthotics) first. The final test session occurred

one month after foot orthotics had been removed and involved a socks-only

condition for all groups. Thus, a total of seven measurement times were included in

the analysis.

Testing Protocol. For each testing session, each subject was given a pair of

socks that were worn either with or without orthotics, based on group assignment

and testing session. When sessions included orthotic wear, subjects placed their

orthotics inside the socks and then slid their feet on top of the orthotics within each

sock. For Limits of Stability testing on the short forceplate and modified Clinical

Testing for the Sensory Interaction on Balance (mCTSIB) subjects' feet placement

was based on manufacturer's height criteria: short (76-140 cm), medium (141-165

cm), and tall (166-203 cm) The testing protocols used for each test were those

provided the manufacturer. (Appendix D)
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Statistical Analysis

A repeated measures multivariate analysis of variance (MANOVA) was

used for data analysis. Correlation data from the initial baseline testing was

screened across groups initially to omit any variables leading to multicollinearity.

Additionally each outcome variable was screened to evaluate data normality:

homogeneity of variance, skewness, kurtosis and range across time and groups.

Variables that violated the normality assumptions were oniitted from the analysis.

Transformation of variables was not viewed to be beneficial for data interpretation.

And finally, a repeated measure multivariate analysis was completed to assess

outcome variable contribution to postural stability between groups across time.

Roy's Largest Root was used as the omnibus F-test to differentiate between the

injury group and the non-injured groups across time, as Roy's Largest Root uses a

single dimension to separate a designated first group from the other groups 55,56

Univariate ANOVA and Scheffé post hoc analyses were used to assess significant

main effects.

RESULTS

Preliminary assessment with Pearson product moment correlation for

multicollinearity resulted in the elimination of the lunge force impact and lunge

impact variables from further analysis. High to moderate correlations between

these two variables and lunge contact time (r 0.998 to -0.60) would have resulted

in multicollinearity during the repeated measures MANOVA.

Further screening of the remaining 10 outcome measures led to the

elimination of the limits of stability (LOS) endpoint excursion variable due to non-

normality of data across groups (Variance: Injured Orthotic group 67.42, Non-

injured Orthotic group = 68.39, Control group 3 = 123.93). Graphical

representation of several variables group means across time is provided in Figures



3.1 through 3.3. Thus, after preliminary data screening, the number of outcome

variables in this study was reduced from 12 to 9.

Figure 3.1 Group Means of Lunge Contact Time across Test Sessions.
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Repeated Measures MANOVA Results. A 7 (Time) x 9 (Variable)

repeated measures MANOVA co-varied by a coded matching variable, based on

gender, age, height and BMI, revealed significant main effects for the Matching

covariate (p-value = 0.006), Time (p-value < 0.001), Group (p-value < 0.001), and

Group x Time interaction (Roy's Largest Root p-value = 0.032). Roy's Largest

Root technique uses a single dimension to compare a designated single group

against the other groups in the analysis 68 In this analysis, Roy's Largest Root

technique was used to assess the separation of the injury group from the non-injury

groups. The other MANOVA techniques attempt to equally separate all groups

from one another.

Multivariate power analysis revealed values of 1.00 for Group and Time

main effects, and .906 (Roy's Largest Root) for Group x Time interaction. A



comparison of results using other multivariate analysis techniques is provided in

Table 3.2.

Figure 3.2 Group Means of Lunge Distance across Test Sessions.
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Figure 3.3 Group Means of Tandem Walk Movement Time across Test
Sessions.
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Table 3.2 Multivariate Repeated Measures Analysis of Variance.

Multivariate Tests
Effect df F P-value Observed

Power

Intercept Pillai's Trace 9 6848.951 .000* 1.000
Wilks' Lambda 9 6848.951 .000* 1.000

Roy's Largest Root' 9 6848.95 1 .000* 1.000

MATCH Pillai's Trace 9 2.625 .006* 943
Wilks' Lambda 9 2.625 .006* .943

Roy's Largest Roota 9 2.625 .006* .943

GROUP Pillai's Trace 18 12.541 .000* 1.000
Wilks' Lambda 18 12.865 .000* 1.000

Roy's Largest Root' 9 19.062 .000* 1.000

TIME Pillais Trace 54 2.165 .000* 1.000
Wilks' Lambda 54 2.361 .000* 1.000

Roy's Largest Roota 9 12.422 .000* 1.000

GROUPxTIME Pillai's Trace 108 .545 1.000 .944
Wilks' Lambda 108 .543 1.000 .850

Roy's Largest Roota 12 1.9 17 .032* .906

* p<0.05
a. Statistic is the upper range ofF that attains the lowest significance level.

Univariate analysis revealed significant Group differences for six variables

(p < 0.05); three variables significant across Time (p <0.05), but no statistically

significant Group x Time interactions were observed (p> from 0.05). Observed

power values varied highly across main and interaction effects for all variables.

(Table 3.3)
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Table 3.3 Univariate Comparisons.

Univariate ANOVA Analysis

Source Dependent Variable F P-value Observed Power
GROUP LOS Direction Control 14.405 .000* .999

LOS Movement Velocity 8.070 .000* .956
TandemWalkMoveTime 1.139 .322 .250
Tandem Walk End Sway 5.908 .003* .874
Up/OverMovementTime 34.108 .000* 1.000
Up / Over Impact Index 1.653 .193 .348
Lunge Distance 10.048 .000* .985
LungeContactlime 8.015 .000* .955
Modified CTSIB .968 .381 .218

TIME LOS Direction Control 8.287 .000* 1.000
LOS Movement Velocity .635 .702 .252
Tandem Walk Move Time .774 .591 .306
Tandem Walk End Sway 3.174 .005* .921
Up / Over Movement Time 1.130 .345 .444
Up / Over Impact Index .540 .778 .216
Lunge Distance .514 .797 .207
Lunge Contact Time 1.244 .284 .488
Modified CTSIB 3.5 80 .002* .952

GROUP x TIME LOS Direction Control 1.120 .344 .644
LOS Movement Velocity .220 .997 .134
Tandem Walk Move Time .256 .995 .152
Tandem Walk End Sway 1.046 .407 .606
Up / Over Movement Time .491 .920 .281
Up / Over Impact Index .179 .999 .116
Lunge Distance .260 .994 .154
Lunge ContactTime .344 .980 .197
Modified CTSIB .421 .955 .240

* =p<0.05

Scheffé post hoc analyses (Table 3.4) were conducted for the significant

Time main effects. Directional control had significant (a= 0.05) effects between

baseline (time 1) and final testing 1-mo. without orthotic (time 7; p 0.004); initial

with foot orthotic (time 2) and 3-mo. without orthotic (time 6, p 0.034); and final

1-mo without orthotic (time 7) showed significant differences between times 2 4

(time 2, p <0.001; time 3, p <0.001; time 4, p = 0.046). Sway velocity for the

mCTSIB variable was significantly different between baseline (time 1) and the 1-

mo. without orthotic session (time 7, p = 0.024). Tandem walk end sway
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differences, although significant in univariate analysis did not achieve significance

between time 1 and time 7 (p = 0.103) due to the conservative estimates used in the

Scheffé post hoc calculations. Also approaching significance were directional

control variable time 2 vs. time 5 (p = 0.057) and mCTSIB sway velocity variable

between baseline (time 1) and 3-mo. orthotic session (time 5, p 0.079) and the 3-

mo. without session (time 6, p = 0.066).

Post hoc results were similarly calculated for significant group main effects

with the following results: the injury group (group 1) was significantly different

from the non-injury groups for both the LOS directional control and Lunge distance

variables (p <0.34); the orthotic wearing groups (groups 1 and 2) were

significantly different from the control group (group 3) for the LOS movement

velocity variable (p < 0.005); the two orthotic groups (1 and 2) differed from one

another significantly on the tandem walk end sway variable (p = 0.003); and the

two non-injury groups (2 and 3) differed significantly from one another for the

Lunge contact time variable (p <0.001). Lastly, all groups differed significantly

from one another for the Step Up / Over movement time measure (p <0.015). Full

statistical analysis is presented in Appendix E.

DISCUSSION

Multivariate Analysis.

The significance of the interaction effect in the MANOVA suggests that

foot orthotic wear by subjects with plantar fasciitis or medial longitudinal arch

sprain experienced positive postural stability changes from wearing foot orthotics

over time. This finding supports previous hypotheses byNigg 23 and Landorf24

that not all benefits of foot orthotic wear are from mechanical or cushioning effects.

As the first known study to assess various postural stability outcome measures over
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time, our results reflect both of the strengths and limitations of postural stability

assessment.

Table 3.4 Scheffé Post Hoc Comparisons for Time and Group Effects

Time 1 Time 2 Time 3 Time 4 Time 5 Time 6 Time 7
Time w/out with 1-mo. 2-mo. 3-mo. 3-mo. post Time

with with with without 1-mo. Comparisons
without

Variables Means Means Means Means Means Means Means P-values
(SD) (SD) (SD) (SD) (SD) (SD) (SD)

lvs.7 p=O.004
LOS 2vs.6 p=O.034

directional 83.1 1 81.82 82.56 83.73 84,49 84.64 86.47 7vs.2 p<O.001
control (4.25) (4.01) (3.96) (3.65) (3.40) (3.51) (3.42) 7vs.3 p<O.001

7vs.4 pO.046
2vs.5 p0.O57

Tandem
Walk end 4.504 4.353 4.409 3.860 3.978 3.922 3.678 lvs.7 p0.l03

sway (1.236) (1.221) (1.387) (1.126) (1.261) (1.153) (1.139)

lvs.7 p0.024
MCTSIB 0.65 1 0.607 0.580 0.578 0.556 0.553 0.542 lvs.6 pO.066

(0.149) (0.137) (0.127) (0.122) (0.122) (0.129) (0.139) lvs.5 p0.O79

Group Group I Group 2 Group 3 Group Comparisons
Variables Means (SD) Means (SD) Means (SD) P-values

LOS 82.39 85.01 84.10 1 vs. 2 p <0.001
directional (4.10) (3.84) (3.58) 1 vs. 3 p = 0.003

control

LOS 5.082 5.011 4.350 1 vs. 3 p = 0.002
movement (1.211) (1.613) (1.429) 2 vs. 3 p = 0.005
velocity

Tandem 4.370 3.805 4.127 1 vs. 2 p = 0.003,
Walk (1.327) (1.078) (1.260)

end sway

Step 1.168 1.055 0.993 1 vs. 2 p <0.001
Up/Over (0.165) (0.155) (0.142) 1 vs. 3 p <0.001

movement 2 vs. 3 p = 0.0 15
time

Lunge 40.829 44.219 42.8 10 1 vs. 2 p <0.001
distance (4.473) (6.307) (5.241) 1 vs. 3 p = 0.034

Lunge 1.014 1.082 0.967
contact (0.184) (0.232) (0.205) 2 vs. 3 p <0.001

time
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Graphical review of the outcome measures indicates that over time, the foot
injury group improved their postural stability test scores to a level of the uninjured
groups. The limits of stability (LOS) directional control, tandem walk movement

time, lunge distance, and step up/over movement time variables all demonstrated

this trend. Certain variables, e.g., LOS movement velocity and lunge contact time,

may have been more sensitive to somatosensory changes as both orthotic wearing

groups showed initial disparity from the control group, but improved over the three
months of orthotic wear.

The significant interaction effect, separating the injured group changes over

time from the normal groups, brings an initial complexity of interpretation since no

univariate interactions reached statistical significance. Current postural stability

theory suggests that multiple variables must be tested together in order to

adequately assess balance 9,5760 The nonsignificant univariate interaction effects

support this belief. Statistically significant findings of the Group and Time main

effects in both the multivariate and univariate analyses support basic knowledge of

function in lower leg orthopedic injury. First, injured persons show decreased
810,121538,394148ability to control postural stability than non-injured persons

Second, as tissue healing occurs over time, joint motion and function improves3"9.

Finally, training, even intermittently, is known to improve performance. Our

univariate analysis sheds light on the relationships among the postural stability
variables, and helps to determine which variables are sensitive to altered foot and
ankle function. The unknown relationships among the numerous postural stability

outcome measures leads to speculative interpretation of the multivariate analysis by

itself Discussion will focus on the univariate main effects and the relationships

among variables in relation to classification of postural stability tests to explain

somatosensory sensitivity for injury discrimination. Since the postural stability

classifications are defined on motion of the body and the COG, and the purpose of
foot orthotics is to improve function, the discussion of variables according to levels
of postural stability is relevant.
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Univariate Analysis.

Static Stability Variables. Static stability assessment, measured by mean

sway velocity (modified clinical test of sensory integration in balance), has

established reliability Y 44-46 61 Although mCTSIB sway velocity demonstrated

significance over time, it is probable that practice and learning effects were

evaluated, as subjects utilized different muscular stability strategies to maintain

balance (Figure 3.4). The univariate post hoc analysis supports this training

hypothesis, as significant differences were noted only between the initial baseline

session and the sessions at three months and beyond. As little or no foot motion is

involved in the task, the ability to limit movement of the COG over a fixed support

may not accurately distinguish between individuals with and without foot injury,

and did not therefore attain significance in the univariate analysis. This condition

may account for the variability of previous research 3 11, 16,25

Figure 3.4 Group Means of mCTSIB Sway Velocity across Test
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Dynamic Stability Variables. Dynamic postural stability assessment
included the limits of stability (LOS) test. Of the three variables assessed from this

test, the endpoint excursion variable was eliminated from the MANOVA analysis

due to non-normality. The remaining two LOS variables, directional control and

movement velocity, reflect the accuracy and speed with which the subjects could

direct their COG to targets placed at a distance estimated to be at the limits of the

subject's stability. These variables have been shown to be reliable, yet not

correlated with one another, and may accurately reflect the multi-dimensional

nature of dynamic postural stability assessment

Directional control showed a graphical and post hoc trend for injured

subjects improving with initial orthotic wear and increased levels of improvement

over time relative to the uninjured groups, supported by the univariate statistical

analysis (p <0.001, Group and Time). We believe that a larger sample size would

demonstrate an interaction effect. Additionally, large initial decrements at Time 2,

the initial with orthotic testing session, maybe reflective of improved

somatosensory input for injured subjects and reflect task novelty for the non-

injured groups. (Figure 3.5) Several kinetic studies have reported high levels of

change for injured versus non-injured individuals with orthotic wear 62,63 Theses

results are supported by post hoc results in our study differing the injured from the

non-injured subjects. While these results are encouraging, LOS directional control

may be limited in foot assessment due to lack of movement in the foot during this

test, not stimulating postural stability changes affected by foot orthotic wear, and

not demonstrating a significant time by group interaction.

For limits of stability movement velocity, no clear relationship of improved

COG movement was established over time, although group differences were noted

between orthotic and non-orthotic wearing groups. While pressure changes occur

across the foot with orthotic usage, these changes may invoke somatosensory

receptors involved with the correction of postural stability deficits, which lead to

the onset of injury or reduction of symptoms leading to antalgic gait, although the

relationship between dynamic and functional postural stability is not clearly

defined. This hypothesis is supported by findings of Riemarm et al., which suggest
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that dynamic tasks are unrelated to functional tasks in postural stability assessment
64 The relationship of dynamic limits of stability variables to assessment of foot

orthotic effects on postural stability overall remains unclear.

Since the limits of stability test is adjusted for height of individuals and

because height is closely related to foot size 65, we agree with the recent findings of

Gribble 66 that height should be a covariate in dynamic postural stability

assessment, regardless of test protocol in relation to feet placement. This was

supported with the significant matching variable in the MANOVA analysis.

3.5 Group Means of Limits of Stability Directional Control across Test
Sessions
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Functional Stability Variables. Significant functional postural stability

tests included the tandem walk, step up/over, and forward lunge tests. Variables

from these tests have been shown to range in reliability 45; however, variables were

included as foot orthotic wear is intended to improve ambulation and movement of

the lower limb, which would best be evaluated by functional assessment. Four

functional stability variables showed statistical significance in being able to
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differentiate between groups: lunge distance, lunge contact time, tandem walk end

sway, and step up/over movement time. Only one variable (tandem walk end

sway) was statistically different across Time.

As with most functional tests, large variability existed among individuals,

as various performance strategies are attempted 58, Attempts to standardize

postural control strategies to control for each potential alteration would diminish

purpose of the test, and therefore, decreased power is noted in the univariate

analyses. Post hoc analyses of the Time functional variables supports this

hypothesis as only tandem walk end sway between baseline and final testing

demonstrated significance. This results suggests that functional testing conducted

in this study was not sensitive enough to detect postural stability changes by foot

orthotic wear or perhaps that training and learning new strategies was an

unaccounted for variable in the analysis. The large statistical power calculation for

the MANOVA indicates test sensitivity for postural stability changes when

multiple variables are assessed in conjunction. This supports our belief that

postural stability assessment must include multiple variables for proper evaluation,

a position supported by the findings of Riemanri et al. 64

Along similar lines, normative values for many of the functional stability

outcome variables are undefined and/or based on small sample sizes The

paucity of data contributes to a lack of understanding of the relationships among

postural stability variables, and their ability to distinguish the injured orthotic group

from the uninjured orthotic groups. This is demonstrated by the numerous post hoc

outcomes in the present study. LOS directional control and lunge distance show

potential to differentiate between injured and non-injured individuals, but this

relationship is unclear. LOS movement velocity in the present study differentiated

between orthotic and non-orthotic wearer, supporting hypotheses of improved

function with orthotic wear (foot support). The remaining variables (tandem walk

movement time, step up/over movement time, and lunge contact time) provide little

insight to the relationship of foot injury and orthotic wear to improved functional

postural stability.



Although our MANOVA interaction effect was significant, additional

research needs to be undertaken to better refine testing protocols to assess foot and

ankle function, increase sample size to improve power to detect change, and

eliminate variables with no demonstrated ability to differentiate foot injury or

orthotic wear found in this study. We advocate additional functional tests that

allow more direct assessment of the lower limb changes affecting postural stability

and support relative assessment of individuals, due to the complexity of movements

in both dynamic and functional stability testing.

CONCLUSIONS

Foot orthotics are designed to conect biomechanical and structural

abnormalities of the foot and ankle that lead to soft tissue injury; the resulting

effects on the somatosensory system via increased afferent receptor input can not

be overlooked. Our findings indicate that foot orthotic wear had significant

somatosensory effects on the postural stability system, which helped to improve

postural stability. The demonstrated changes in functional postural stability

outcome variables support foot orthotic prescription intended to improve functional

movement and decrease soft tissue stress.

This initial study on the long-term effects of foot orthotic wear on postural

stability has provided impetus for continued investigation in this area. Continued

development of objective functional stability tests is imperative, as well as

continued assessment to establish reliability and validity as functional postural

stability assessment measures for orthopedic conditions. Since functional testing

can accommodate many different populations, this area of postural stability

research has potential for both clinical and technological areas.

At this juncture it is difficult to differentiate between improved comfort and

relief of painful symptoms from improved cutaneous receptor input and

tenomuscular receptor changes. However, be it a biomechanical change in the
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tissue structures or increased cutaneous input, the somatosensory input to the

postural stability system was positively affected and provided increased postural

stability according to current measures of functional stability.

With a better understanding of the current postural stability variables

available, more focused research can be conducted to assess somatosensory

contributions to postural stability. The focus on functional postural stability

assessment should continue to enhance the understanding we have about the

interaction of systems that provide balance.

Future studies in functional postural stability assessment should pursue

protocol refinement for the various joints of the lower extremity.
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CHAPTER 4

SUMMARY



RESEARCH CONCLUSIONS

The results of the two previously-presented research studies provide support
for the current trend in orthopedic postural stability assessment that calls for

development of reliable and meaningful measures of dynamic postural stability,

specifically a battery of tests that assess static, dynamic, and functional postural

stability. Postural stability training andlor rehabilitation had been long overlooked

in the orthopedic realm, but as assessment and rehabilitative techniques advance,

the understanding of the importance of the somatosensory system to postural

stability has also grown. The on-going research in the somatosensory contribution

to postural stability continues to show promise for quality of life improvement.

The results in Chapter 2 demonstrated the reliability of the NeuroCom® and

Biodex® devices of dynamic postural stability. These data indicated that for the

two postural stability devices, test-retest reliabilities of outcome measures were

strong to moderate, with ICC values ranging from 0.71 0.92. However,
additional correlation assessments of the variables demonstrated that unique

information was supplied to the assessment of postural stability by each individual

variable, with absolute Pearson r correlation values ranging from 0.09 0.72. The
attainment of only moderate correlation of variables is indicative of the complexity

of postural stability assessment. The strongest of these correlations occurred

between the Biodex outcome measures of time and directional control (r = -0.72
session 1, r = -0.67 session 2) and supports the speed-accuracy combination

characteristic of good postural stability. Further investigation of the adequacy of

variables for postural stability assessment and how they should be interpreted with

one another will allow better understanding of the interactive nature of the sensory

modalities responsible for postural stability.

Chapter 3 focused on the somatosensory contributions of foot orthotic wear

to postural stability, and provided evidence for the inclusion of both dynamic and

functional testing as part of the comprehensive assessment of postural stability in

orthopedic evaluations for foot orthotic wear (Group, p <0.001; Time, p <0.001;
and Interaction, p = 0.03 2). The numerous postural stability tests and outcome
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measures available today may provide redundant and potentially extraneous

information, making unclear the true status of a person's postural stability.

Additional univariate results from the manuscript in Chapter 3 strongly suggest that

functional testing must be included in the assessment of orthotic effects on postural

stability, e.g., significant Group effects, p < 0.004 for tandem walk end sway,

up/over movement time, lunge distance, and lunge contact time. Additional

postural stability testing with dynamic measures may be beneficial in situations

where injury andlor conditions are more severe and functional testing may not be

easily performed (Group effects, p< 0.001 for LOS directional control and

movement velocity; Time main effects, p < 0.002 for LOS directional control and

modified CTSIB). Foot orthotics are primarily prescribed to enhance a person's

functional abilities; these results focusing on functional assessment of postural

stability are encouraging.

The demonstrated significant positive long-term effects of foot orthotic

wear in injured persons on measures of postural stability provide additional

understanding of how orthotics work to improve function. While biomechanical

and kinetic analyses have previously provided support for orthotic usage, not all

persons demonstrate kinematic or kinetic changes 84, 88, 89, 95, 106, 139 The

contribution of foot orthotics to improved somatosensory input leading to enhanced

postural stability is supported in the second study. These results can be used as

impetus for further investigation of foot orthotic usage with other foot and ankle

injuries in order to advance our understanding of somatosensory contributions to

overall postural stability.

FUTURE RESEARCH DIRECTIONS

Postural Stability

The study of postural stability has many unexplored avenues yet available

for research. One of the most critical areas that remain is the establishment of a



clear, universal definition of postural stability. Continued efforts to establish the

validity and reliability of test measures, and to explain the interrelationships of test

measures with one another will advance our understanding of postural stability.

Research investigations of the somatosensory contributions to postural

stability are only in their infancy as well. Further understanding of receptor

stimulation, receptor contributions, neurological pathways, and neurologic

integration of systems is needed. Both clinical and laboratory studies need to be

continued in order to advance the level of knowledge in these areas.

Additional integrative research to clarify the unique as well as integrated

contributions to postural stability by the visual, vestibular, and somatosensory

systems must also be undertaken. The studies presented here limited conflict from

contributing postural stability systems (visual and vestibular) through specified test

protocols. However, in everyday life, sensory conflict is imminent and an

understanding of the systems interactions is critical.

Foot Orthotics

The use of custom foot orthotics has the potential to enhance the

rehabilitation of lower extremity injuries, activities of everyday living, and athletic

performance. For many years the application of foot orthotics was a hit or miss

treatment with little emphasis placed on foot orthotic design or construction 2,25,27,

59, 72, 98, 107

The classification of foot orthotics (rigid, semi-rigid, and flexible) and the

many additions, such as arch bars and sesamoid cutouts, available today may

confound the evaluator of injury and the fabricator of foot orthotics. Assessment of

foot orthotics classification should continue in a scientific manner to determine the

effectiveness of various foot orthotic designs and customizations, and expand to

include the use of foot orthotics to correct other injuries or dysfunctions of the

lower extremity. Much anecdotal data of foot orthotic success in remedying

anything from knee to lower back injuries, prompts the need for scientific
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evaluation of these claims. Given that the primary prescription for foot orthotics is

to remedy foot dysfunction, assessment of the classification system to include

correction of other conditions should be conducted. Further research is needed to

assess potential beneficial effects of orthotics at other joints of the lower extremity.

These research areas of foot orthotics could potentially save health care

dollars and increase wearer satisfaction resulting in a functional, effective, and

comfortable treatment. Additional, more extensive assessment of lower extremity

benefits from foot orthotic wear could expand the uses of foot orthotics to

conditions, which may otherwise go untreated or uncorrected. A final expanded

potential for foot orthotic research could lead to improve shoe design to serve as an

injury preventive step in lower extremity care.
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FOOT AND ANKLE STRUCTURE

The Talocrural Joint

The talocrural joint, created by the tibia, fibula and talus, is the foundation
from which to discuss ankle structure and function. Stability ofjoints vary as
bones move and articulations change. The most stable position, the closed packed
position, of the talocrural joint occurs when the foot is in full dorsiflexion and the
talus is rotated into the ankle mortise, created by the distal tibial and fibular
malleoli. At 10 degrees of plantarfiexion, the ankle is in its least congruent
position and at highest risk for injury 1, 92 Talocrural joint structures can be
dichotomized into two sub-areas related to function: static and dynamic stabilizers.

Static Stabilizers

Bone ConfIguration. Stormont ' et a! argued that ankle stability during
weight-bearing activities is provided primarily through articular surfaces. During
physiologic weight bearing, 30% ofjoint stability during rotation and 100% ofjoint
stability during inversion-eversion is accounted for by talocrural bony
configuration 141 The distal projection of the fibula limits calcaneal eversion and
rotation in the neutral position. As most ankle injuries occur during weight-bearing
activities, ligamentous support and positioning of the joint by neuromuscular
actions are also relevant in providing stability.

Ligamentous Organization. The ligamentous structures of the ankle
provide the primary passive restraint to talocrural motion. The ability of ligaments
to provide restraint is highly dependent on the position of the talus in the ankle
mortise. The lateral ligaments include the anterior talofibular (ATFL), the
calcaneofibular (CFL) and the posterior talofibular (PTFL). All of these ligaments
provide stability against inversion of the ankle, but each is stressed in different
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degrees throughout the ankle's range of motion. The ATFL, the weakest and most
injured ligament in the body, is stressed when the ankle moves into plantarflexion
28, 37, 52, 148 The CFL is under tension when the foot is in a neutral position, and the
PTFL is stressed in extreme dorsiflexion.

On the medial aspect of the foot is the strongest of all ankle ligaments, the

deltoid ligament, which provides stability against excessive eversion. The deltoid

ligament, collectively comprised of the anterior talofibular, calcaneotibial,

tibionavicular, and posterior talotibial ligaments, provides stability throughout the

entire range of plantar/dorsiflexion of the ankle.

Dynamic Stabilizers

The strength of static stabilizers is enhanced by the musculature crossing

the talocrural joint. These dynamic stabilizers act as secondary restraint to

excessive talocrural motion, but cannot take the place of the static stabilizers for

long term joint control 18, 36, 75. 77

Muscular Orientation and Action. Muscular strength has long been thought
to counterbalance the laxity of ankle ligaments. Konradsen ' found that 50% of
people with a history of repeated ankle sprains showed weakness of peroneal

musculature rather than excessive ligamentous laxity. The nature of this weakness

lies within the somatosensory and neuromuscular systems. Freeman et al. 42

suggested the injury to the ankle damages mechanoreceptors resulting in

proprioception deficiencies, regardless of ankle strength. Some research has

suggested that peroneal nerve damage, termed "partial deafferentation" by

Freeman, may limit sensory input and in turn, delete or inhibit reflexive and/or

voluntary muscle activation 42, 43 The inability to sense ankle joint position leads

to abnormal ankle joint positioning sense. This somatosensory and neuromuscular

damage results in a deceased ability to maintain postural stability Current

research has found decreased nerve conduction velocity in the common peroneal
nerve following an inversion ankle sprain The role of particular
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mechanoreceptors and nociceptors in this region of the body remains unclear and

will be discussed in an upcoming section of this review.

The Foot

The anatomical and biomechanical complexities of the foot commonly

create dysfunctional conditions that require orthotic correction. This section

focuses on the fundamental static and dynamic foot structures, which allows the

most common activity of the foot, locomotion.

Static Stabilizers.

Bone Structure. The foot is generally subdivided into three regions:

rearfoot, midfoot, and forefoot. The rearfoot includes the talus and calcaneus,

below the talocrural joint, creating the subtalar joint; the midfoot that includes the

remaining five tarsal bones; and the forefoot containing the metatarsals and

phalanges. The foot has also been described as medial and lateral columns, with

the medial column comprised of the talus, navicular, cuneiforms, and metatarsals 1,

2 and 3; and the lateral column comprised of the calcaneus, cuboid, and metatarsals
4 and 107 (Figure Al)

The subtalar joint, the junction of the talus and calcaneus, plays a

significant role in foot motion, and has long been thought to control motion of the

foot during the gait cycle 27, 35, 85, 106 D'Ambrosia 27 found that the ankle functions

most efficiently and experiences the least mechanical stress when the subtalar joint

is in neutral. This subtalar neutral position is achieved when the calcaneus is

centered on the talus, neither deviating toward inversion or eversion. During a gait
cycle, the subtalar joint accommodates the foot to the underlying surface, and helps

to attenuate forces moving up through the limb via rotation of the tibia 25, 97, 106

The following diagram demonstrates this intricate relationship (Figure A.2).



The midfoot acts predominantly as a locking and unlocking mechanism to

create a rigid lever between the tarsals and metatarsals for propulsion during the

mid-stance and push-off phases of gait, and as supple cushion to accommodate

weight acceptance during heel strike and foot flat phases of gait. The forefoot is

utilized as a balance mechanism as well as a lever for propulsion. The length and

position of the metatarsals

Figure A. 1 Foot Structure.
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and phalanges help to balance the movement of the center of gravity over the foot

and then act as a lever to propel the center of gravity into the next step 85, 135, 159

All regions of the foot must work together to accommodate for variation in

the surface upon which locomotion occurs. In most cases the surface is a

horizontal or transverse plane, and is theorized that the plantar surface of the foot

will create a horizontal plane when the talus is in a neutral position in the mortise
27 When the plantar surface of the foot is not horizontal, typically the foot will



accommodate to one of five positions: rearfoot varus, rearfoot valgus, forefoot

varus, forefoot valgus, or a dropped first ray

Rearfoot. Rearfoot varus exists when the calcaneus is inverted

relative to the lower limb and rearfoot valgus defined as an everted calcaneus

relative to the lower limb. The rearfoot acts as a link between the lower leg and the

foot, malalignment of this region may effect the ability to stabilize at heel strike

during locomotion and/or may cause a change in the transfer of forces across the
2,35,46 98, 148plantar surface of the foot during the stance phase of the gait cycle

Figure A.2 Talus position during tibial and calcaneal motion.
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Forefoot. Forefoot varus and valgus are indicated respectively by

the inverted position and everted position of the metatarsal heads relative to the

rearfoot. Forefoot varus may cause additional stress to the plantar fascia and the

plantar and spring ligaments as the foot is stressed to accommodate the horizontal

gait surface. Forefoot valgus may also affect weight transfer across the plantar

surface of the foot with similar outcomes 107 The forefoot is used as a rigid lever

during the propulsion phase of gait, which requires supination of the foot.

Supination of the foot is the closed packed position of the foot and involves

adduction of the forefoot and inversion of the rearfoot mimicking a varus forefoot

position 79,107 A pre-positioned valgus forefoot requires additional muscular effort

to move the foot into supination, placing additional stress to the static stabilizers to

support the foot structure 98, 106, 107

Figure A.3 Rearfoot Valgus
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First Metatarsal. Finally a plantarfiexed or a dropped first
metatarsal (ray) of the forefoot is indicated by the plantarfiexed position of the first
metatarsal compared to the remaining four metatarsal heads. This position may
exist as either a rigid or a supple condition. In a rigid condition the first ray will
not be sufficiently mobile to accommodate the gait surface, causing an imbalance
of weight acceptance onto the forefoot. The rigid condition will also pre-set a
windlass condition adding stress to the plantar fascia. In the supple plantarfiexed
first ray, the ray is able to accommodate the gait surface, but may affect transfer of
forces across the foot.107

In each case, any abnormal position of bone structures is influenced by
static and dynamic soft tissue that supports the arches of the foot. The arches of the
foot are the medial longitudinal arch, the lateral longitudinal arch and the transverse
arch. These arches help to transfer and support the weight of the body during static
and dynamic activities.

Figure A.4 Dropped First Ray.
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Ligamentous Organization. Ligaments exist between each neighboring
bone within the foot. The multiple bone articulations create a web of ligamentous

connections in the rearfoot and rnidfoot and 26 collateral ligaments in the forefoot.

While there are many ligaments connecting the multiple bones of the foot, three are

of primary importance to maintaining the overall structure of the foot. These

ligaments are the long plantar, short plantar, and calcaneonavicular ligaments

supporting the midfoot region. The short plantar ligament lies between the plantar
aspect of the anterior calcaneus and the plantar aspect of the cuboid supporting the

medial and lateral arch structure throughout the midfoot. The long plantar ligament

originates from the plantar surface of the calcaneus and has multiple attachments on

the cuboid, third, fourth, and fifth metatarsal bases to support the lateral and

transverse arches of the foot. The calcaneonavicular ligament (spring ligament)

runs from the sustentaculum tali to the navicular tuberosity, and cradles the

navicular to support the medial longitudinal arch of the foot. Typically, 1.5 times a

persons body weight is placed on the foot with each step 155 additional muscular
and somatosensory information assists in the support of the foot structure as it
interacts with the gait surface.

Fascial Structure. A dense fibrous connective tissue lies on the plantar

surface of the foot, superficial to the musculature. This structure is known

commonly as the plantar fascia or the plantar aponeurosis 45, 92, 159 The plantar
fascia has primary origin on the medial calcaneal tubercle, with fibers extending

into the Achilles tendon of the gastrocsoleus complex, and inserts distally into the

metatarsal heads. The organization of fibers across the longitudinal arches creates
the windlass effect that elevates the longitudinal arches when the fibers are

stressed. Stressing of the planar fascia occurs with metatarsal-phalangeal extension

or talocrural dorsiflexion. The windlass effect assists in locomotion by pulling the

heel forward as the body moves forward over the foot creating dorsiflexion of the

talocrural joint and the toes are eccentrically acting to control the contralateral limb

heel strike then concentrically acting to propel the ipsilateral limb forward 144 The
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plantar fascia, along with all static stabilizers, work closely with the dynamic
musculature to allow motion and stability of the foot.

Dynamic Stabilizers.

Muscular Organization and Action. The motion of the foot is controlled via
musculature that is both intrinsic and extrinsic to the foot. The action of the
musculature often is affected by somatosensory information and this aspect will be
discussed further in an upcoming section. The intrinsic musculature of the foot
includes the interossei, lumbricals, quadratus plantae, along with flexor and
extensor brevis muscles and abductor and adductor minimi muscles. The interossei
and lumbricals assist with maintaining the arch structure of the foot by abducting
and adducting the phalanges and metatarsals. A recent study identified the need to
strengthen the interossei and lumbricals in the correction of plantar fasciitis °.

Extrinsic musculature that is important to the motion of the foot primarily
inserts in the rearfoot and midfoot regions. The gastrocnemius-soleus complex,
with its insertions into the calcaneus and plantar fascia, assists with plantarfiexion
of the foot and the creation of a windlass effect to help form the arch structure of
the midfoot The peroneal muscles help establish the lateral longitudinal and the
transverse arches with their insertion to the base of the fifth metatarsal and the
plantar aspect of the first metatarsal and first cuneiform. Along with being the
primary everters of the foot, the peroneus longus and brevis muscles assist with
plantarfiexion of the foot. The tibialis anterior and posterior with their common,
but opposite, insertion to the navicular and first cuneiform create an antagonistic
pair. While both tibialis anterior and tibialis posterior muscles work synergistically
to cause inversion of the foot, the tibialis anterior is the primary dorsiflexor of the
foot and helps to maintain the position of the navicular in the apex of the medial
longitudinal arch. The tibialis posterior acts as a plantar flexor of the foot pulling
in a downward motion on the navicular; however, the tibialis posterior is only a



weak plantar flexor of the foot while the tibialis anterior is the primary dorsiflexor
of the foot 92

The complex structure of the foot and ankle can lead to many foot
pathologies. Of interest are the pathologies that are most often prescribed foot
orthotics as primary treatment option.

PATHOLOGY OF INJURY

The most frequent malady for which foot orthotics are prescribed is plantar
fasciitis 52,53,59,78 This condition is often associated with medial longitudinal arch

strain or sprain, which involves stressing of the spring, short and long plantar

ligaments as well as intrinsic musculature of the foot.

Plantar Fasciitis.

A person that presents with this injury will have pain along the plantar

surface of the foot. Pain maybe localized to the medial tubercie of the calcaneus or

occur in the mid-substance of the fascia as it crosses the longitudinal arches. Pain

may increase with ankle dorsiflexion as the fascia blends with the Achilles' tendon

at the posterior plantar aspect of the calcaneus. Acute onset of plantar fasciitis may
be associated with swelling. Chronic plantar fasciitis can be associated with
tightness along the fascia and increased pain with weight bearing, especially after

long periods of rest. Additionally in chronic plantar fasciitis, osteophyte formation

at the primary fascia origin on the calcaneus (heel spur) may be found on X-ray
78, 144



Medial Longitudinal Arch Sprain.

Clinical presentation of this injury is quite similar to that of plantar fasciitis,
although medial longitudinal arch sprains are generally attributed to acute injury
mechanisms. Pain on the plantar surface of the foot, pain with weight bearing, and
swelling can all be present. With medial longitudinal arch injury, discomfort can
often be localized to the region of the calcaneonavicular ligament; this distinction is
often not observable during immediate post-trauma evaluation as guarding and
inflammation exacerbate the pain. 45, 78

The similarity in presentation of these two conditions often leads to
inefficient or ineffective management. Many people often suffer from continued
discomfort following physicians' recommendations of rest, ice, and good shoes".
The pain associated with plantar fasciitis and medial longitudinal arch sprain has
the potential to be alleviated with proper foot orthotic prescription. This
prescription should come as a result of an appropriate physical examination and
gait evaluation by a qualified medical professional. Whether intended for indefinite
usage or short-term assistance, foot orthotics can be another cost-effective tool for
treatment of foot injuries and can potentially offer additional benefits, both
mechanical and somatosensory 80, 110

FOOT ORTHOTIC DESIGN AND FABRICATION

Foot orthotics can take many forms; however, the more custom the design
and structure of the orthosis, the more likely specific abnormalities of a particular
foot can be accommodated. The first step in good design and prescription is
assessment of the foot and the prevailing condition causing the discomfort.

Assessment of the foot is a necessary for appropriate foot orthotic design.
Static and dynamic assessments are both performed to determine the type and
modifications of the orthotic to be prescribed. In the static assessment foot
positions, joint laxity, joint range of motion, tenderness, and lower extremity
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position in prone, supine, and standing are assessed. In dynamic assessment, the
gait cycle is divided into the component parts of weight acceptance, mid-stance,
and terminal stance so evaluations of foot placement and weight distribution are
assessed along with the timing sequence. A representation of a foot analysis is
pictured Figure A.5.

Many mechanical conditions are recommended for foot orthotic usage
including: abnormal pronation, abnormal supination, rearfoot varus, rearfoot
valgus, forefoot varus, forefoot valgus, plantarfiexed first ray, ankle joint equinus,
leg length discrepancy, pes planus, pes cavus, and abnormal tibial torsion at the
lower leg 107 The outcome of these conditions is often plantar fasciitis or medial
longitudinal arch sprains. Several recent investigations assessed tibia! rotation
changes with orthotics 25, 88, 97, 106 and found that the primary effect of orthotics on

mechanical function takes place during the first 10 to 15% of stance phase 17,25,72,

95, 106, 138

Orthotic Design.

Foot orthotic design can be broadly fit into one of three categories: control,

accommodation, and absorption. These terms are used interchangeable with the

corresponding terms: rigid, semi-rigid, and flexible. Control foot orthotics are

specifically designed to control abnormal movement of the foot. In order to do

this, orthotics are constructed of more rigid type materials such as carbon, plastic,

or acrylic. Semi-rigid foot orthotics are intended to balance a foot that does not
maintain a subtalar neutral position at rest, or produces imbalance as weight is
transferred across the plantar surface of the foot. Flexible foot orthotics are
intended to reduce the amount of forces across the foot or to redistribute forces
from one area of the foot to another during the gait cycle. Various types of foam,

felt, neoprene and similar materials are used to fabricate flexible orthotics. 2,27, 52,

53, 59, 71, 74, 84, 100,107, 110



Figure A.5 Foot Evaluation Form
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Orthotic Fabrication.

Two methods exist for molded-orthotic fabrication: direct and indirect. In

direct fabrication the orthotic is made directly under the weight-bearing foot during

the molding process. For the indirect technique, the foot mold is made and then a

positive cast of the foot is made, with the orthotic being constructed upon the

positive cast. In the indirect technique the foot can initially be molded in a non-

weighted position and the sub-talar joint position can be controlled 107

Once the foot has been molded, the specific purpose of the foot orthotic can

be addressed. For all orthotic types the foot is manipulated to achieve control, re-

alignment, or re-distribution of forces. This is done with the placement of posts.

Posts are additions that can either be incorporated internally into the orthotic itself

or externally, by the addition of exterior surfacing to the orthotic shell. Posting is

used to create balance or leveling of the foot in the frontal plane 58, 107 The post is

placed on the plantar surface of the orthotic to create a horizontal level for the foot

by bringing the ground up to the level of the foot.

How much to post has been controversial. General guidelines indicate that

1mm of correction is used for every 1 degree of abnormal position 58 Various

sources have recommended anywhere from complete correction of abnormal

position to only 60% correction 58, 107 Recent technological advances allow actual

degree corrections tapering in both medial-lateral and anterior-posterior directions.

When anatomical deformities are large, the ability to place the orthotic in the shoe

should be considered. On occasion large deformities are corrected in two locations

in an attempt to counterbalance the large deformity in two areas to create the

neutral plantar surface.

Other orthotic support structures include heel lifts, heel cups, arch supports,

pads and length adjustments. Heel lifts provide motion control in the sagittal plane

correcting for leg length differences, but also transfer weight onto the forefoot.

Heel cups are used to control the sagittal and frontal planes of motion, while

providing added shock absorption during the heel strike phase of the gait cycle.
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Arch supports have been used to correct excessive pronation of the foot by
providing a block of the pronation motion during mid-stance. Indirect posting may
be a result of arch support usage 17, 107 however the pressure on the arch or transfer
of force to the lateral aspect of the foot may cause unnecessary discomfort.
Padding of various shapes, to redistribute pressure from sensitive parts of the foot,
is easily applied with soft open-celled foam. Guidelines for these additions are to
apply padding around the area that is sensitive to diminish added pressure, such as
in heel spurs and dropped metatarsal heads.

Activity preferences, activity level, body type, and shoe wear all are
additional considerations when prescribing foot orthotics. In each case, these
specific characteristics are used to assess the ability of the orthotic to manipulate
foot mechanics, re-align foot structures, or redistribute forces across the foot, while
providing an orthotic that is most accommodating to the lifestyle of the wearer.

In summary, foot orthotics are fabricated on biomechanical principles along
with functional corrections for pain relief. Little research emphasis has been placed
on the effect of orthotics on sornatosensory afferent receptors as they relate to
postural stability. This is in part due to lack of understanding and research of the
postural stability system and in part due to the inability to measure postural stability
in an objective manner. Nigg 110 pointed to factors other than biomechanical

adaptations and pain relief that account for the effectiveness of foot orthotics, and
to this end the postural stability effects of foot orthotics have recently begun to be
investigated.

POSTURAL STABILITY SYSTEM

Anatomy

The postural stability system is made of three sub-systems: visual,

vestibular and somatosensory. Each system is a complex interaction of afferent
sensory input, afferent information interpretation, sensory information integration,
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efferent response, and efferent response integration. Anatomical structures of the

visual and vestibular systems have each been more intensely investigated in their

relationship to postural stability than the somatosensory system, and a brief

anatomical overview of each system is provided. The integration of these systems

increases the complexity of understanding how these systems work together to

provide and effect postural stability.

Visual. The main components of the visual system are the photoreceptors,

rods and cones, the optic nerve that transmits the sensory information to the

subcortical areas of the brain. Rods are stimulated by lightness/darkness

information within the visual field, while cones perceive color. These

photoreceptors additionally aid in the spatial orientation and spatial relationships

within the environment. The optic nerve transmits sensory information to three

areas of the brain: the lateral geniculate nucleus, the pretectal area of the midbrain,

and the superior colliculus. 149

The lateral geniculate nucleus participates in visual perception and acts as a

relay station for visual information traveling to the primary visual cortex

(Brodmanns area 17) of the occipital lobe. The pretectal area of the midbrain

channels information about brightness to an area known as the accessory

occulomotor nucleus that controls pupillary responses 81 The superior colliculus

acts as a coordination center receiving information not only from the visual system,

but the vestibular and somatosensory system as well. The superior colliculi sends

efferent responses via tracts to regions of the brain controlling eye movement and

head and neck movement, as well as the cerebellum responsible for coordination

and balance 81, 149 An additional component of the visual system is an integrated

reflex known as the vestibulo-occular reflex (VOR). This reflex system will be

addressed in the system integration section.

Vestibular. The information provided by the vestibular system relates to

movement and acceleration of the head. Mirror images of the system are located



within each ear. Components of the vestibular system include five vestibular
sensory organs passing neural information along the vestibular axons to vestibular
nuclei located in the brain stern. The sensory organs are housed in the vestibular

labyrinth (inner ear), each containing hair cells bathed in endolymph. Hair cells

within each organ are structured to detect movement and/or acceleration

information and transduce information into neurological impulses 19,24,49, 8 I, 132

This mechanoelectrical change occurs via deflection of the hair cells in a particular
direction depolarizing or hyperpolarizing the nerve to release neurotransmitters '

81 Vestibular information is also integrated with other postural stability

information to assess and maintain balance.

The utriculus and sacculus are two specialized sensory organs providing
information about linear acceleration These organs are round in nature and are

sensitive to the change in speed of head motion. Hair bundles within each organ

extend into the gelatinous endolymph that contains millions of otoconia, particles

of calcite that ultimately provide stimulation to the hair cells when movement
occurs, as the fluid material is free to flow within the sensory organs The

anangement of hair cells in each organ provides unique patterns of stimulation that

is interpreted as motion in a specific direction. The utriculus is most sensitive to
motion in the horizontal plane, while the sacculus is most sensitive to motion in the
vertical plane These conditions predominate when the head in an erect state;

however when the head is maintained in a supine position, the overall sensitivity of
these sensory organs does not predominate

Three semicircular canals, each a distinct sensory organ, provide
information regarding angular acceleration of the head; defined as a change in rate
of rotation about an axis Each canal is aligned to a specific orientation having

an associated sensitivity. The horizontal semicircular canal is stimulated by

rotations about a vertical axis. The anterior vertical semicircular canal is angled
back and laterally 45 degrees from the coronal plane and the posterior vertical

semicircular canal is angled forward and laterally 45 degrees in the opposite
direction The orientation is such that contralateral anterior and posterior

semicircular canals are in alignment.



The vestibular anatomy overview highlights the complexity of right and left

side vestibular system interactions to integrate information and assist in

maintaining postural control. While it is also possible for cochlear sensory organs

to stimulated vestibular responses 24, 118, 119 it is the vestibular interaction with

visual and somatosensory systems that affect ultimately affects postural stability

Somatosensory. The somatosensory system involves many specialized

receptors within the musculoskeletal tissues, afferent nerves bring information to

the central nervous system, the central nervous system, and efferent nerves creating

responsive muscular action.

Receptors. Peripheral receptors important to the maintenance of postural

stability fall into the sub-category of mechanoreceptors. Mechanoreceptors convert

mechanical changes in the soft tissues to neural impulses. These receptors respond

both to stimuli from the external environment and stimuli from changes within the

soft tissues 81,87

The first group of mechanoreceptors is referred to as tenomuscular

receptors. These receptors sense change in length and rate of both tendinous and

muscular tissues. The primary mechanoreceptor of this group is the muscle spindle.

The sensory components of muscle spindles are the intrafusal fibers. The intrafusal

fibers have one of two ending types, primary spindle endings and secondary spindle

endings 81,87 The primary spindle endings are sensitive to both length and

velocity, whereas secondary spindle endings are sensitive only to muscle length.

Both types of ending types can adjust sensitivity via the gamma system. Gamma

motoneurons signal intrafusal fibers to adjust their length according to the

sensitivity needed by the body for mechanoreceptor stimulation 81,87

Golgi tendon organs (GTOs) are another type of tenomuscular receptor

located in the tenomuscular junction of muscles. These receptors are sensitive to

length changes, and act as a force sensor much like a spring. These receptors are,

however, not sensitive to the rate of force change. Golgi tendon organs act

selectively responding only to forces generated within the muscle fibers they are

associated with 81
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The second group of mechanoreceptors form a sub-group within the
classification of cutaneous receptors. These receptors are sensitive to pressure
changes and include Meissner corpuscles, Merkel disks, Ruffini endings, and
pacinian corpuscles. Changes to smaller areas of skin stimulate Meissner
corpuscles and Merkel disks. Meissner corpuscles are active over small areas of
skin and respond to quick changes in pressure, while Merkel disk are sensitive to
consistent vertical depressions of the dermis. Larger areas of the dermis are
stimulated by Ruffini endings and Pacinian corpuscles in the same respective
manner as Meissner corpuscles and Merkel disks.81' 158, 159

A third group of mechanoreceptors associated with somatosensation are

called articular receptors. As the name suggests these receptor types are located in
joint structures. Ruffini endings, Pacinian corpuscles, and Golgi tendon organ-like
endings are receptor types within this group. Ruffini endings can be located in
superficial ligamentous, capsular, articular cartilage such as the menisci of the knee
43, 56, 157, 158 Studies have demonstrated these endings to respond to static joint
position, joint pressure, as well as movement amplitude and velocity 33, 122, 160

Pacinian corpuscles are found in the same soft tissue structures as Ruffini
endings, as well as fat pads, but in the deeper layers. Pacinian corpuscles are

reactive to acceleration and deceleration of joints

Research has demonstrated that Golgi tendon organ-like endings are
inactive when the joint is a rest 157, 160 These structures appear to sense change at
the extreme ranges ofjoint motion 33,17 These Golgi tendon organ-like endings
resemble their counter part structure in the muscle, only activating in a selective
pattern to the tissue with which they are connected.

The last type of mechanoreceptors can be categorized as nociceptors. Free
nerve endings can respond to both mechanical and chemical pain associated with

tissue trauma 43, 44, 56, 158 Located in nearly all tissues in the body, these receptors

are stimulated by excessive force and trauma to tissues, and can be activated in a

secondary manner, as tissues experience pressure from inflammation associated

with trauma 47, 157, 158



Neurological pathways. Stimuli are changed into electrical signals and

travel to the spinal cord along the axonal pathways to the spinal cord. In the spinal
cord information may cause immediate muscular response, such as a reflex, affect
additional input into the system, or continue up to the brain stem.

The current hypothesis of information transport to the central nervous
system (CNS) is called "ensemble coding" 68 This theory allows for integration of

all sensory receptors to essentially supply "the big picture" ofjoint movement. As
this idea of sensory integration is quite new, definitive answers regarding the
components and contributions of the various mechanoreceptors to proprioception

and ultimately postural stability remain.

The efferent response to re-establish postural stability, while a continuos

part of the somatosensory system, is in essence the result of the integration of the

three systems of postural stability described previously. The ability to establish

and control postural stability therefore comes from the integration of these systems.

System Integration.

The brain stem is the region of integration for postural stability. Within this

area, information from the vestibular, visual, somatosensory, and cerebellum are

integrated and filtered to provide or respond to postural stability needs.

One of the vestibular nuclei in the medulla, receives input from the

vestibular system, the somatosensory system and the cerebellum. Response from

this area is sent to the vestibulospinal tracts of the spinal cord. This area provides
much of the stabilizing forces to resist against gravity

The visual input into the postural stability system appears to dominate

response. Observation of walking in the dark or closing one's eyes during balance

demonstrates the large loss of postural stability when visual input is denied to the

brain. Additionally, visual illusions often trigger reflexive muscular response to
counter balance apparent movement 63, 81, I 16, 149 Yet vision can also be mediated

by illusionary somatosensory input. The illusion of muscular weakness, through
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vibration of a muscle, can cause self-activated motion to correct for an apparent

fall. The nature of the sensory input has not been determined to be equally

effective in all people 33, 116, 132,

The VOR is an integration reflex connecting the vestibular and visual

systems, hence the name vestibulo-ocular. The VOR is a short latency (14 ms)

reflex that maintains visual images on the retina during head movement 81, The

vestibular system, as noted earlier, detects head motion and acceleration, sending

afferent signals to the vestibular nucleus. The cerebellum then modulates this

information as it passes to the oculomotor nucleus, which controls the movement of

the eyes This reflex enhances postural stability control by providing reflexive

motor input to the cervical musculature, stimulating head movement that may

reduce overstimulation of the optic nerve 121

Coordinated motion is created through integration of each system

contributing to postural stability The ability to interpret and react to sensory

input ultimately determines one's ability to maintain and correct postural stability.

As we seek additional information and answers about function of the postural

stability system, and the role the somatosensory system plays, methods of

measurement and assessment should be addressed.

MEASUREMENT AND METHODOLOGY

The ability to evaluate postural stability has made great strides in the last 10

years. From the initial testing provided by Romberg 13 to the objective testing

protocols developed by Berg 9,10 postural assessment has come from highly

subjective testing to objective testing working to differentiate between the various

types of postural stability classified today. Computer technology continues to

enhance objective assessment of postural stability, although methodology continues

to be subjective through use of multitudes of testing protocols for postural stability

evaluation. There is general agreement that postural stability can be divided into

three tiers 54, 87, 104 This then implies that evaluation of each level of postural



stability can be assessed. Through previous and current research, outcome

variables by which to measure postural stability objectively are being are being

established.

Static Postural Stability.

Static postural stability is recognized as one type of postural stability. The

definition of static postural stability (static stability) is the ability to limit the

movement of the center of gravity (COG) within a fixed base of support 104 Early

subjective Romberg testing was grounded in this definition of postural stability u

Today the objective measures of average sway velocity 50, 83, 134 sway index 14, 16,66

and sway path length 32, 38, 50, 103 have been shown to be reliable measures of static

postural stability.

Dynamic Postural Stability.

Dynamic postural stability (dynamic stability) is defined at the ability to

move and control the COG within a fixed base of support 104 Several of the Berg

factors are based on the type of postural stability, using both a qualitative and

quantitative assignment score 9. 10 Other tests based on both qualitative

measurement of motion and quantitative measurement f time combining both

subjective and objective variables have been based on controlling and moving the

COG within a time reference. The star excursion test is a clinical example and has

achieved only moderate reliability 51,73, 126

Current technological devices such as force plates and tailored force plate

based devices, such at the NeuroCorn, Biodex Stability System, and the Chattex,

have attempted to objectify the measure of dynamic postural stability. The test

used in all cases is a variation of the ability to lean or control the COG as a person



used in all cases is a variation of the ability to lean or control the COG as a person
is either asked to lean toward a visual target or control movement of the COG,
represented by a cursor on a screen, as the force platform becomes unstabilized. As
with any new measure, reliability needs to be established. For these devices,
reliability for most of the outcome variables of dynamic postural stability have
been established 21, 31, 32, 55, 60, 64, 90, However, validity of these measures is still
undergoing investigation with no clear outcomes to date.

Functional Postural Stability.

By far the most speculative type of postural stability is postural stability that
is considered functional. The definition of functional postural stability (functional
stability) is the ability to move and control the center of gravity within a moving
base of support. This implies that the shape and volume of the support base is
changing over time, such as in walking or other activities where the feet do not

remain fixed. Several attempts have been made to standardized basic every day
activities requiring functional stability, and find objectively measured

characteristics that can define the stability of the activity.

Both clinical and computerized tests have been developed 9, 10, 137 In each

case objective measures are assigned to characteristics of these tests. For many
clinical tests like the timed carioca and tandem walk test, the outcome measure is
time, but no assessment of the quality of the movement is provided. NeuroCom
has developed the most established functional stability assessment tests today.
Specific protocols have been established and age based normative values have been
collected to provide for both feedback and reliability of these functional test.

There is still an inability to provide quality of movement assessments,
although attempts have been made to standardize movements with specific

instructions. This in some cases is a testing limitation along with the task novelty,

which may reduce functional stability scores. For each test there are two or more
outcome measures that should be assessed in conjunction with one another to



provide a fuller picture of postural stability assessment. Aside from the speed

accuracy trade-off relationship, relationships between other test variables are still

yet unclear; and the relationship between specific functional tests is yet to be

demonstrated. The numerous outcome measures are described in the Appendix D

and chapter three of this manuscript.

Measurement of the previously described types of postural stability is

accomplished today mainly through objective computerized technology developed

from subjective clinical tests. Following is a review of the development of the

primary postural stability tests and devices used today.

Instrumentation

Many tests have been created to help assess postural stability. Romberg

developed the first test in 1853. This classic test, still used today, is for the

assessment of large static balance deficits. The test consists of four foot positions

and use of eyes open and eyes closed visual conditions 13

It was not until over a century later (1989) that another test was

validated as a postural stability assessment tool; this test however was intended for

use with elderly persons. Known as the Berg Balance Scale this test incorporates

14 tasks that range from sitting unsupported to stepping up onto a stool. Patients

are rated on a zero to four scale for each task using criteria such as time,

independent performance, and distance measures °. The Berg scale, like the
Rornberg test, is primarily a subjective based assessment of postural stability.

Another test designed for postural stability assessment and initially used for

its ease of administration and assessment is the Star Excursion test. This test was

designed to incorporate dynamic motion of the body into postural stability

assessment. The test requires subjects to extend a lower limb as far as possible in

eight directions around the body. Subjects are not allowed to touch the ground

during the test 73, 127 The Star Excursion test initially showed moderate to poor
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reliability values based on reach distance 73; however, improved standardization of
testing protocol has demonstrated improved reliability 51, 127

The addition of computer technology has greatly aided objective assessment
of postural stability by using ground reaction forces and center ofpressure

calculations to determine center of gravity positions. The inverted pendulum

model of postural stability, dominating postural stability assessment today, is the

basis for many of the technological test devices seen today 62, 104

The Chattecx Stability System. The Chattecx Balance System (Chattecx

Corp., Hixon TN) is a computerized force plate system that can be utilized in a

stable or dynamic mode, providing both linear and angular motion. The Chattecx

system uses independent footplates, each with an anterior and posterior force

transducer, for each limb. Samples are collected at 100 Hz to compute center of

pressure ("balance") position in each an x (medial-lateral) and y (anterior-posterior)

direction, as well as a dispersion index. The dispersion index is a ratio of the
amount of time the center of pressure stays at a distance, in any direction, away
from the mean center of pressure.

Outcome measures for the Chattecx system range in reliability from poor to
high (r = 0.45 0.92) 32, 48, 66, 83 A reliability study by Ohent demonstrated poor to

moderate reliability for normal subjects across all tests and outcome measures 48

Reliability of the linear translations also demonstrated only poor to moderate
reliability in compared studies 32, 48, 66

The Biodex Stability System. The Biodex system (Biodex Medical

Systems, Shirley, NY) incorporates an elevated circular force platform,

approximately two feet in diameter, which allows up to a 20° tilt in any direction.

The force platform sampling rate is 100Hz, determining center ofpressure and tilt
angle. The system offers two testing options: dynamic balance and dynamic limits

of stability.
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Dynamic balance testing provides information regarding a person's ability
to keep the platform in a level position over a period of time. Assessments can be

completed in either unilateral or bilateral stance positions. Information can be

assessed in terms of quadrants (front/back, right/left) and zones (based on degree of
platform tilt). Variables provided are time in each zone or quadrant and balance

indices for overall, anterior/posterior, and medial/lateral ranges. The balance

indices represent the variance of the platform from level in all directions during the

test, a lower number is indicative of better balance. For anterior/posterior and

medial/lateral directions, indices are determined by platform movement in the
sagittal and frontal planes, respectively.12

Dynamic limits of stability testing assess the speed and accuracy with which

a person can shift their COG to targets. Targets are pre-set at 50% the limits of

stability based on height. Outcome variables for this test include test duration and

directional control, which is a percentage calculation of a person's ability to move

the center of gravity in a straight line to the target. The directional control can be

evaluated as an overall score or to each target individually.

Few reliability studies using the Biodex stability system have been

conducted. Wilkerson and Behan 13, 154 conducted two studies for the Biodex

Corporation; however, the results remain unpublished. A recent study assessing the

reliability of dynamic limits of stability testing found both test duration and

directional control measures to be moderately reliable 64 Another published study
using the Biodex stability system found the stability test able to detect differences

between injured and uninjured ankles in only 60% of the subjects System

design and computer limitations appear to limit the device sensitivity for orthopedic

assessment. Additionally, difficult integration with other data collection devices

lead to the lack of published studies using this system.

The NeuroCom Balance Systems. NeuroCom offers a broad variety of

systems for postural stability assessment. Each system incorporates specific tests

for postural stability assessment based on the clinician's needs. The most advanced

systems include programmable rotational perturbation of the force platform; with
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less advanced systems using preprogrammed test protocols with difficulty

selection. Most systems include two force platforms. Each includes four

transducers in the corners of the plate that sample at 100 Hz 137 Data is used to

calculate center of pressure and convert this to center of gravity calculations, based

on the inverted pendulum model and standardized values based on height. A small

platform is housed in a base to allow for anterior-posterior rotation of the plate

around the medial lateral axis of the ankle joint based on foot position. The 6-foot

long force platform is unique to the NeuroCom systems, and is used to incorporate

functional tests of postural stability.

As discussed previously the NeuroCom systems provide tests for each of

the postural stability classifications: static, dynamic, and functional. Additional

tests are provided, on some devices, to distinguish between the three postural

stability systems by introducing systematic conflict and assessing a person's ability

to adapt to conflicting information. The various NeuroCom systems have

undergone considerable reliability testing for the static 23, 90, 133 and dynamic tests 16,

6490.152; however, the functional tests have not undergone the extensive review.

Orthopedic research utilizing NeuroCom functional postural stability tests

has not been evaluated. Most of the validation and sensitivity testing of NeuroCom

tests has been for vestibular and cerebral-vascular conditions and cognitive

dysfunction such as Parkinson's disease 5 16,20,30 The need for validity and

sensitivity assessment of functional postural stability measures for evaluation of
orthopedic conditions is needed.

Although postural stability testing is still under development, clinical

assessments and computerized technology have been used to understand the effects

foot orthotics have on the somatosensory component of the postural stability

system. This is however only one of several areas of investigation in foot orthotic

research.
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FOOT ORTHOTIC RESEARCH

A review of past and current research involving foot orthotics helps to
understand the Nigg 110 framework for foot orthotic effectiveness. There are four
more commonly studied areas and one area of more recent prominence in foot
orthotic research.

Kinematics

Kinematic changes from foot orthotic wear is the most widely studied

component of foot orthotic effect. Kinematics is the study of linear and angular
body motion 155 Outcome measures in kinematic foot orthotic research include
range, velocity, and acceleration ofjoints.

Range of motion describes the amount of movement a joint uses during a
given time frame. Calcaneal motion (sub-talar joint) and tibial motion (talocrural
joint) have both been assessed in conjunction with foot orthotic usage. A decrease
the available range of calcaneal inversion and eversion, based on the type of
orthotic, has been demonstrated in walking 95, 109, 111 and ruiming 2, 106 Only
one study, using over-the-counter pre-molded foot orthotics foundno change in
range motion. It is likely that the lack of conformity of the orthotic to the foot was
unable to control foot motion. Several studies have assessed tibial rotation during
walking all having found that tibial internal rotation decreased with use of foot
orthotics 25, 97, 106, 139

Velocity looks at the rate of movement ofajoint during a given time frame.
Like assessment of range used with foot orthotics, similar joints have been
evaluated. For calcaneal velocity most studies have shown a decreased rate of
movement during both walking 109 and running 2,106,111, 138 One study did not find
velocity changes in walking 46, 95, although McCulloch noted increased calcaneal
eversion duration with orthotic use. Due to increased time for accommodation
during walking and small sample size, it may have been a statistical artifact.

Studies on internal tibial rotation at the talocrural joint are less. Two studies
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support a decrease in internal tibial rotation velocity 25, 97 and one study found no
change in tibial velocity 139 Stacoff ' analyzed velocity during running, while the

other studies assessed walking, which may account for the differences in results.

Acceleration ofjoint motion is often hard to accurately assess during

ambulation, as the time frame for stance is small approximately 0.6 sec 85, 135 For

sub-talar joint motion acceleration data have not been reported, although with raw

data acceleration outcomes can be determines. At present time, only one study

involving tibial rotation has reported mixed results with foot orthotic wear. A

decrease in internal tibial rotation with a semi-rigid foot orthotic and an increase in

tibial rotation with rigid foot orthotic wear 25

An additional study with indirect relation to kinematic foot orthotic wear is

a study by Stacoff 140 This study assessed sport shoe sole properties and showed

that shoes compared to bear-foot conditions decreased rearfoot motion.

Additionally, shoes with modified heel counters, to reduce inversion, provided

improved lateral stability and decreased risk of injury, when performing lateral

movements. This highlights the fact that perhaps orthotics alone cannot eliminate

foot biomechanical dysfunction, but should be used in combination with

appropriate shoe wear.

Kinetics

Kinetics is the study of forces causing movement applied by the body or to

the body through external stimuli 155 Comparatively few studies have assessed

foot orthotic changes on kinetic variables. An initial comprehensive evaluation of

center of pressure patterns in women, assessed forefoot varus and forefoot valgus

deformities with and without foot orthotics. Study outcomes found that center of

pressure changes in the medial lateral direction were significantly reduced in

women with forefoot varus deformity, and showed a similar trend in the valgus

group; however, no differences were noted in either group with the addition of rigid

or semi-rigid foot orthotics Another study looked at children with flexible
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flatfoot and found similar results of kinetic variables. Anterior-posterior force,

medial-lateral force, and vertical torque showed little kinetic change between shoe

condition and shoe with corrective orthotics condition 88

Two recent studies assessed forces and contact area across the plantar

surface of the foot. The first study using normal subjects compared neutral custom

and pre-molded foot orthotics and found decreased forefoot and rearfoot forces

with use of custom fitted foot orthotics. Additionally, contact area for the rearfoot

and the midfoot, although resulting midfoot raw forces actually increased 124 A

second similar study compared normal to rheumatoid arthritis (RA) patients.

Results from this study indicated that loading forces decreased to a larger extent in

the RA group than in the normal group, and the RA group showed a greater change

in forces with increased contact area as compared to the normal group 89

An additional study involving stimulation and assessment of plantar

cutaneous receptors provide support for somatosensory effect of foot orthotics.

Using normal and anesthetized feet, Perry et al found that plantar cutaneous

receptors assist in sensing posterior limits of stability, controlling heel-contact

pressure, and weight transfer across the foot. The importance of adequate plantar

surface contact provides support for enhance stability provided by custom fitted

foot orthotics.

Electromyography

Electromyography (EMG) is the study of muscle activation patterns that

produce motion or respond to external stimuli. EMG studies of the foot fall into

two categories: changes in muscle activation patterns with intervention and

comparison of muscle response time between injured and uninjured limbs. Tomaro

and Burdett 144 conducted initial EMG studies on three muscles of the lower limb

(tibialis anterior, peroneus longus, and gastrocnemius) to determine changes in

muscle activation patterns with and without orthotics using duration time and

average EMG activity. The study involving 10 subjects produced only one
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statistically significant outcome demonstrating increased duration of tibialis

anterior following heel strike. Another study assessing peak muscle activity with

orthotic usage found no change in peak muscle action for the gluteus medius,

gastrocnemius, quadriceps, and hamstring muscles after four weeks of foot orthotic

usage 29 A two-week assessment revealed an increase in peak activity in the

quadriceps muscle, which was not evident at four weeks.

Two additional studies used EMG analysis to assess foot orthotics changes

during more strenuous activities of running and short-squats. Nawoczenski 108 used

root mean square amplitude EMG values averaged over 10 running cycles with

surface EMG was obtained for five lower extremity muscles. Results demonstrated

statistically significant EMG changes in the anterior tibialis and biceps femoris

muscles, consistent with the findings of Tomaro et al. 146 The use of heel wedges

creating calcaneal varus and valgus were used to assess EMG activity in the vastus

medialis oblique and the vastus lateralis muscles during a short-squat activity 65

No significant differences in EMG amplitude were found in this study.

Muscular contribution to medial longitudinal arch structure was evaluated

using EMG analysis to assess the abductor hallicus longus activation in a normal

and anesthetized condition Results indicate the muscle activation under local

anesthesia was only 28% that of normal, additional measures of navicular drop

values demonstrated an average increase of 3mm 40 In combination the muscular

contributions to foot structure cannot be overlooked, and may benefit from foot

orthotic use during injury.

Muscular response to perturbation has been theorized as a strong

contributing factor to chronic ankle and foot injuries 36,43,67,77 EMG research

involving peroneal and anterior tibialis muscles have found mixed results involving

reaction time differences between stable and chronically unstable ankles using

surface electrodes 36, 67, 77, 78 More studies and systematic protocols will help to

clarify the potential deficits in postural stability from chronic and acute injury to

the foot an ankle.

Kojirna et al. 76 has hypothesized that EMG activity in the lower limb may

be more load dependant than muscular peak stretch or stretch velocity dependant as
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previously believed. This hypothesis suggests an increased influence of cutaneous

mechanoreceptors in the role of orthotic effectiveness, and would help to explain

prior results finding lack of significant EMG activity unless changes in loading of

the plantar surface of the foot through orthotic usage were created. The overall

small number of studies in the area of electromyographic analysis makes any

conclusions at this time speculative.

Postural Stability

Although postural stability has long been known as an important factor of

human movement, until recently little scientific research had been done involving

the somatosensory aspect of the postural stability system. Postural stability

research pertaining to somatosensory input is currently flourishing in the

orthopedic arena.

Postural stability research involving foot and foot orthotics continues to

make small strides in the research realm. Stude 142 first published a postural

stability article involving foot orthotics in 1997. He concluded that custom fit foot

orthotics improved stability and lessened fatigue of foot musculature based on

stabilization index and stabilization time outcome measures comparing pre- and

post-tests after playing nine holes of simulated golf In this study both static and

functional testing was involved, however limited explanation of the data and over

reaching generalizations are difficult to interpret.

Two more recent studies assessed of custom molded orthotics on postural

sway 22, 102 One study assessed forefoot varus and found that after six weeks of

orthotic wear medial-lateral sway did not differ significantly from the control group

as compared to initial testing, where both with and without orthotics the forefoot

varus group had increased sway values 22 The second study used subjects with

rear foot varus or valgus greater than 5 degrees and compared them to a control

group. The study used static postural stability testing to assess unilateral postural

sway velocity over a six-week period of time. Results indicated a reduction in



sway velocity was achieved with orthotic usage, however the orthotic group did not

differ significantly from the non-orthotic group. Additionally, there were no

statistically significant changes over time in reduction of sway velocity 102 In both

of these studies static stability tests were utilized and may not have detected

dynamic or functional postural stability changes.

All foot orthotic research has provided beneficial input into the

development of testing protocols, orthotic design, understanding orthotic effects,

and improving quality of life for those persons wearing them. Continued research

in foot orthotic function will advance prescription, design, and lower extremity

assessment involving foot orthotic function.
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OREGON STT
U N V ER S ITY

Report of Review by the Institutional Review Board for the
Protection of Human Subjects

TO: Rod Harter, ExSS

COPY: ?vlarie Hornyik, ExSS

RE: The eftects of 3-months of foot orthotic wear on measures of postural stability in
persons with chronic injury and normal lower limb function

The referenced project was reviewed under the guidelines of Oregon State University's
Committee for the Protection of Human Subjects and the U.S. Department ofHealth and Human
Services. The committee has approved your application. The approval of this application
expires upon the completion of the project or one year from the approval date, whichever is
sooner. The informed consent form obtained from each subject should be retained in
proaram!project's files for three years beyond the end date of the project.

Any proposed change to the protocol or informed consent form that is not included in the
approved application must be submitted to the YRE for review and must be approved by the
committee before it can be implemented. Immediate action may be taken where necessary to
eliminate apparent hazards to subjects, but this modification to the approved project must be
reported immediately to the [RB.

Date:
Warren N. Suzuki, Chair
Committee for the Protection of Human Subjects
(Education, 7-63 93, suzukiw@orst.edu)
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OREGON STATE
UNIVERSITY

Report of Review by the Institutional Review Board for the
Protection of Human Subjects

TO: Rod Hurter, ExSS

COPY: Marie Hornvik. ExSS

RE: The etfects o13-months of foot orthotic wear on measures ofpostural stability in
persons with chronic injury and nor-mat tower limb ftinction (modification proposed on
06/22/00 to an application approved on 11/29/99).

The referenced proposed modification to a previously approved project was reviewed under the
guidelines ofOregon State University's institutional review board (TRB), the Committee for the
Protection of Human Subjects, and the US. Department of Health and Human Se'ices. The I
has approved the modification.

Any additional change to the protocol or inIorrned consent form that is riot included in the
approved application as modified must be submit:ed to the IRE for review and must be approved
by the committee before it can be implemented. Immediate action may be taken where necessary
to eliminate an apparent hazard to subjects. and any actual harm or potential risk not previously
known by the IRE, must be reported immediately to the IRB.

Date:
Waien N. Suki, Chair
Committee for the Protection ofHuman Subjects
(Education. 7-6393. suzukiw'/iorst.edu)
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lOB Jortth

Principal Investigator:

The following project has been approved for continuation under the
guidelines of Oregon State University's Committee for the Protection of
Human Subjects and the U.S. Department of Health and Human Services:

Principal Investigator(s): Rod Harter

Student's Name (if any): Marie Hornyik

Department: Exercise and Sport Science
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year from the date of this letter.

Sincerely.

Date:_____
Institutional Rev7 Board
1RBiorst.edu
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Department of Exercise and Sport Science
INFORMED CONSENT DOCUMENT

A. TITLE: The Effects of 3-months of Foot Orthotic Wear on Measures of Postural
Stability in Persons with Chronic Injury and Normal Lower Limb Function.

B. INVESTIGATORS: Marie L. Hornyik, M.S., ATC
Rod A. Harter, Ph.D., ATC, Associate Professor

C. PURPOSE: To assess the effects of foot orthotics on postural stability (balance)
and to determine whether improved balance remains when foot
orthotics are removed.

D. PROCEDURES: I understand that as a participant in this study the following
things will happen:

Pre-screening: My eligibility has been determined because I meet one of the
following conditions:

a. I have been recruited from a local physician with the diagnosed
condition of medial longitudinal arch injury, and have no history of inner
ear, visual, or other orthopedic disability.

b. I have responded to a recruitment advertisement in the local or
collegiate newspaper and have no history of inner ear, visual, or
orthopedic disability. I understand that I may or may not receive foot
orthotics to wear during the study.

2. Participation Requirements: As a participant in this study, I understand that I
have been assigned to one of the following groups:

a. Injury group that will wear foot orthotics during a portion of this study
and be asked to remove the foot orthotics during a portion of this study.
I understand that I will be asked to attend eight testing sessions (25-35
minutes each) over a four month time period.

b. Non-injured group that will wear foot orthotics during a portion of this
study and be asked to remove the foot orthotics during a portion of this
study. I understand that I will be asked to attend eight testing sessions
(25-35 minutes each) over a four month time period.

c. Non-injured control group that will not wear foot orthotics during the
study. I understand that I will be asked to attend five testing sessions
(25-35 minutes each) over a four month time period.

As a participant in this study I understand that I will be asked to fulfill all or some of
the following requirements:

a. (For persons in the orthotic groups) To wear orthotics in all shoes
during my active hours of the day, including work, physical and leisure
activities.

b. (For persons in the orthotic groups) To have adjustments made as
necessary for proper fitting of the foot orthotics, at my convenience,
with the graduate-student researcher.

c. (For control group) To return once a month on a date specified by the
graduate-student researcher, at a time of my convenience, for four
months to be tested on measures of postural balance, including:
leaning, standing on a foam pad, heel-toe walking, lunging, and
stepping on and off a box. Testing will be conducted in the Sports
Medicine Laboratory (Room 8) in the Women's Building at OSU.
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d. (For persons in the orthotic groups) To return once a month on a date
specified by the graduate-student researcher, at a time of my
convenience, for three months to be tested on measures of postural
balance, including: leaning, standing on a foam pad, heel-toe walking,
lunging, and stepping on and off a box. Testing will be conducted in the
Sports Medicine Laboratory (Room 8) in the Women's Building at OSU.

e. (For persons in the orthotic groups) To remove orthotics, for one
month, during the last month of the study. During the non-wearing
period, I will return once a week, on a date specified by the graduate-
student researcher, for up to four weeks, at a time of my convenience,
to conduct the same testing.

Foreseeable Risks or Discomforts: Foreseeable risks to myself are minimal. I

understand that during static testing procedures, will use a safety harness to
prevent a fall due to any loss of balance. Dynamic testing involves activities of daily
living, such as standing on an uneven surface, lunging or stepping over a curb,
which I can perform without difficulty. I understand that each test lasts no more
than 3-minutes, and all testing is monitored closely by the graduate-student
researcher.

Discomfort from wearing the orthotics is possible. I have received oral and written
instructions on a break-in protocol to avoid discomfort, and have been advised to
contact the graduate-student researcher immediately if discomfort lasts for longer
than 24 hours. I understand that orthotics can require adjustment as a normal
procedure of fitting, and I should contact the graduate-student researcher to make
necessary adjustments.

Discomfort after removal of orthotics is also possible, and I have been instructed on
how to minimize discomforts such as inflammation, muscular soreness and
muscular cramping. I understand that I will be tested once per week, for one
month, when I am not using the foot orthotics; and can request the return of the
orthotics, if I no longer wish to continue my participation in the study.

4. Benefits Expected from Research: I understand benefits of my participation
include opportunity to receive my results on postural balance measures (value
$1 00.00), and, in applicable groups, retaining the orthotics upon completion of the

study (value $100.00).

The results of this study will be used to further refine orthotic wear and
understanding of the mechanism(s) by which orthotics improve human postural
balance. Data will be used to further investigate the potential use of orthotics as a
rehabilitation tool for acute injury.

5. Alternative Course of Treatment: I understand as a participant in this study I can
be categorized into one of the following conditions in regard to alternative
treatment:

a. As part of the injury group I am using orthotics on the recommendation of
a local physician, with alternative treatments presented prior to recruitment.

b. As a participant in one of the non-injured groups, no alternative
treatments are applicable.

E. CONFIDENTIALITY: I understand that to ensure confidentiality, written records will be
assigned a code number known only to study investigators and stored in a locked
cabinet. Computer testing data will be maintained on a password access computer file
as well as a data back-up disk stored in a locked cabinet.
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F. COMPENSATION FOR INJURY: I understand that the University does not provide a
research subject with compensation or medical treatment in the event that the subject is
injured as a result of participation in the research project.

G. VOLUNTARY PARTICIPATION STATEMENT: I understand that my participation in
this study is completely voluntary and that I may either refuse to participate or withdraw
from the study at any time without penalty or loss of benefits to which I am otherwise
entitled. understand that if I withdraw from the study before it is completed, the
compensation that I receive may be less than the full amount. I also understand that
the graduate-student researcher should be contacted (737 -3078) and that information
regarding the reason for withdrawal may be requested.

H. IF YOU HAVE QUESTIONS: I understand that any questions I have about the research
study or specific procedures should be directed to Marie Hornyik, 232 Langton Hall,
OSU at (541) 737 3078 or Dr. Rod Harter, 226 Langton Hall, OSU at 737 6801.

If I have questions about my rights as a research subject, I should contact the RB
Coordinator, OSU Research Office, (541) 737 8008.

My signature below indicates that I have read and that I understand the
procedures above and give my informed and voluntary consent to participate in
this study. I understand that I will receive a signed copy of this consent form.

Subject Signature Printed Subject Name

Address (Street)

City, Zip

Date

Phone

Signature of Principal Investigator Date
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Oregon State University
Department of Exercise and Sport Science

Caller Inclusion Criteria Form
For

The Effects of 3-Months of Foot Orthotic Wear on Measures of Postural Stability in
Persons with Chronic Injury and Normal Lower Limb Function

Name:
Address:

Phone:

Thank you for your interest in this study. The initial step is to create a subject pooi that can be
used to match subjects with lower limb injury of dysfunction. As subjects with lower limb injury enter
the study, you may be selected to be in a control group or in a group that will wear a pair of foot orthotics
during the duration of the study. To be eligible for inclusion in the subject pool it is necessary to confirm
some participant characteristics.

I would like to ask a few questions, and if you wish to continue as a potential subject your
information will be kept on a secure file. If you are matched, then you will be called and scheduled to
come in to sign an informed consent document and begin testing. Should you not be selected as a
participant, you will be sent notification by mail upon conclusion of the study.

AGE:_______ Height: Weight:

Any history of lower limb/leg injury? YES NO

Nature of injury (major surgeries of hip, knee, ankle not eligible):

How long ago (minor injuries with l8mos. Not eligible)?

Have you sustained a head injury that required medical attention? YES NO
(Head injury with LOC not eligible)

Are you susceptible to ear infections? YES
How often and when was your last ear infection?

NO

Do you wear glasses of contacts? YES NO
Do you have any other vision problems? YES NO

Nature (blindness, glaucoma, cataracts, detached retina, etc. not eligible):

Do you have any known neurological deficits that affect your ability to balance?
YES NO
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Orthotic Effects on Postural Balance Study
Investigator: Marie Hornyik
Feb. 2000

Individual Injured Subject Test Schedule Form

Subject Name:

Phone Number:

Initial Visitation Date:

Initial Testing Date:

1 Month Testing Date:

2 Month Testing Date:

3 Month Testing Date:

1 Week Post-Wear Test:

2 Week Post-Wear Test:

3 Week Post-Wear Test:

ID Number:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Final Testing Date: Reminder Call:
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Orthotic Effects on Postural Balance Study
Investigator: Marie Hornyik
March 2000

Individual Non-Injured Orthotic Subject Test Schedule Form

Subject Name:

Phone Number:

Initial Visitation Date:

Initial Testing Date:

1 Month Testing Date:

2 Month Testing Date:

3 Month Testing Date:

1 Week Post-Wear Test:

2 Week Post-Wear Test:

3 Week Post-Wear Test:

ID Number:

Matching ID:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Reminder Call:

Final Testing Date: Reminder Call:
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Orthotic Effects on Postural Balance Study
Investigator: Marie Homyik
March 2000

Individual Control Subject Test Schedule Form

Subject Name:

Phone Number:

Initial Visitation Date:

1 Month Testing Date:

2 Month Testing Date:

3 Month Testing Date:

ID Number:

Matching ID:

Reminder Call:

Reminder Call:

Renlinder Call:

Reminder Call:

Final Testing Date: Reminder Call:
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Oregon State University
Department of Exercise and Sport Science

Testing Questionnaire
for

The Effects of 3-Months of Foot Orthoses Wear on Measures of Postural Stability in
Persons with Chronic Injury and Normal Lower Limb Function

Na me Group: 10

1. Do you wear the orthotics in all your shoes?

If no, which shoes do you not wear orthotics.

How oftenllong do you wear these shoes?

YES

NO C

NO

2. Of waking hours what % do you wear the orthotics? (circle appropriate percentage)

30% 40% 50% 55% 60% 65% 70% 75% 80% 85% 90% 95%
3. Do the orthotics cause discomfort during any particular activity?YES NO

If yes, what activity?

4. Please indicate along the line below how much pain you experience wearing the
orthotics. Zero means no pain and ten means the worst pain imaginable.

0 10

5. Does pain occur limbs when not wearing the orthotics? YES NO

If yes, how long until you begin to notice discomfort?
1/2 hr 1 hr 2 hrs 3 hrs 4 hrs more than 4 hours

6. Do orthotics appear to improve / hinder (circle one) your ability to ambulate during:

Activities of Daily Living? YES NO

Athletic Activity? YES NO Don't Wear During Activity

7. Please indicate any comments you have regarding the wear of the foot orthotic
devices.
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APPENDIX D:
NEUROCOM TESTING PROTOCOLS and RESULTS FOR1\'IS
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Limits of Stability Test Protocol

During the test the location of the subjects center of gravity is represented

by a cursor on the screen, the cursor is to be controlled by shifting weight over the

feet. The overall goal of the test is to lean as quickly and accurately to each of

eight targets positioned in a circle around the subjects initial projected center of

gravity, and that represent the pre-determined limits of stability of the individual

based on height.

The subject is instructed to keep their cursor in the center target until a blue

circle appears in selected target. When the circle appears, the subject moves the

cursor by leaning as quickly and directly to the target, and keeps trying to achieve

the target throughout the eight seconds of the test. At the end of each test, the

subject returns to the center starting position. Subjects are instructed to keep their

body in a straight line using the ankle joint as the axis of motion. This procedure

will be followed for each of the eight targets in the circle. 'When subjects that leave

the center target before the cue or do not maintain a straight body-line the trial for

that particular target will be repeated; additionally when the computer indicates that

a particular trial can not be scored, the trial will also be repeated.

This test is designed to assess static balance and uses the velocity of motion

to determine stability. Stability is defined as the absence of sway velocity (less

motion). The purpose of the assessment is to identity abnormalities in the sensory
contributions to postural stability.

Subjects use the long forceplate, with feet position based on subject height.

The complete test consists of three trials in each of four test-conditions (eyes open

finn surface, eyes closed firn'i surface, eyes open foam surface, and eyes closed

foam surface). Subjects are instructed to stand as motionless as possible during

each test trial and condition. Subjects are directed that they may open their eyes

or take a step to recover balance at any time during testing. In these cases the trial

is marked as a fall, and indicated as such in the analysis. Between each trial

subjects are allowed to relax, but not move their feet. Between the firm and the

foam conditions the subject leaves



Figure D. 1 Form for Limits of Stability Test
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the forceplate, while a closed cell foam cushion is placed, subjects are then

repositioned in the appropriate foot position. Tests are always conducted in the

same order, as the composite test score for all trials is used for the analysis.
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Modified Clinical Test for the Sensory Interaction on Balance (mCTSIB) Test
Protocol

This test is designed to assess static balance and uses the velocity of motion

to determine stability. Stability is defined as the absence of sway velocity (less

motion). The purpose of the assessment is to identity abnormalities in the sensory

contributions to postural stability.

Subjects use the long forceplate, with feet position based on subject height.

The complete test consists of three trials in each of four test-conditions (eyes open

firm surface, eyes closed firm surface, eyes open foam surface, and eyes closed

foam surface). Subjects are instructed to stand as motionless as possible during

each test trial and condition. Subjects are directed that they may open their eyes

or take a step to recover balance at any time during testing. In these cases the trial

is marked as a fall, and indicated as such in the analysis. Between each trial

subjects are allowed to relax, but not move their feet. Between the firm and the

foam conditions the subject leaves the forceplate while a closed cell foam cushion

is placed, subjects are then repositioned in the appropriate foot position. Tests are

always conducted in the same order, as the composite test score for all trials is used

for the analysis.



Figure D.2 Form for mCTSIB Test
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Foreward Lunge Test Protocol

This test is designed to assess movement characteristics as a subject lunges

fonvard with one leg and then returns to a standing position. The test involves

three trials on each leg. For the nature of this study, subjects in the control group

and non-injured othotic group had scores averaged between the two legs. For

subjects with bilateral problems in the injured orthotic group scores were also

averaged between limbs; for subjects with a unilateral injury data from the injured

side was used in the analysis.

Subjects were asked to stand at the far end of the long forceplate and face

the computer screen. Subjects were asked to place their feet such that the cursor

representing their center of gravity was positioned between two feet diagramed on

the screen. Once in this position subjects were then asked to 'hold steady' until a

'Go' cue was seen on the screen. When the 'Go' appeared subjects were directed to

step as far forward as was comfortable, lunge down and then step back as quickly

as possible and remain steady until the trial time was complete. Additionally,

subjects were directed to have their back knee come as close to the forceplate as

possible without touching (although plate contact did not affect results, this

instruction was provided to standardize protocol). All three trials were performed

on leg before switching to the other side. Subjects always tested with the left leg

first to standardize analysis. When subjects initiated the motion prior to the 'Go'

cue appear the trial was repeated.
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Figure D.3 Form for Forward Lunge Test
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Step-Up and Over Test Protocol

This test is designed to assess movement characteristics associated with

stepping up onto an object with one foot, lifting the other foot up-over the object

and down onto the ground on the opposite side. For the nature of this study the

characteristics of interest were the movement time and the impact index. For

control and non-injured subjects composite scores for the three trials on each leg

were averaged. For the injured group, the impact index for the non-injured side

was used to represent changes in the injured limb impacting the surface, and the

movement time for the injured side was used to represent the time taking to

complete the trial on the injured limb.

Three trials were conducted for each leg, with the subjects always testing

with the left leg first to standardize analysis. Subjects were instructed to stand in a

comfortable position in front of an eight-inch box centered on the long forceplate

and face the computer screen. Once in this position, subjects were asked to 'hold

steady' and wait for a 'Go' cue to appear on the computer screen. When the cue

appears, the subject was instructed to step up onto the box with the appropriate

foot, lift the body up by extending the leg, and then step over the box with the

opposite foot, and then bring the initial foot down and remain as steady as possible

until the test time is complete. Each trial should be completed as quickly and

steadily as possible. When the subject began the motion before the cue appeared or

left the forceplate prior to trial time completion, the trial was repeated.
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Figure D.4 Form for Step Up/Over Test
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Tandem Walk Test Protocol

The test is designed to assess characteristics of gait when subjects walk in a

heel-to-toe fashion. The outcome measures used for this study are speed and

endpoint sway velocity which represent the subjects ability to control the stop and

go motions during a postural stability challenging task.

Three trials are performed for this test protocol. Subjects are positioned at

one end of the forceplate facing the computer screen, with one foot centered on a

line running the center of the long axis of the forceplate, and the other foot

positioned next to the first. Subjects were allowed to self-select with which foot to

start. Subjects were instructed to remain steady until a tGo cue appeared on the

computer screen, and then proceed as quickly and steadily down to the end of the

forceplate in a heel-to-toe maimer remaining in the tandem position at the far end of

the forceplate until the test time was complete. If the subject could not remain on

the forceplate until the test time was complete the test was marked as a fall for the

data analysis. Trials were repeated when subjects began motion prior to the 'Go'

cue appearing or if subjects did not ambulate in a heel-to-toe manner.



Figure D. 5 Form for Tandem Walk Test
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APPENDIX E:
STATISTICAL ANALYSES
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General Linear Model

Between-Subjects Factors

G-ECF 1 105
2 103

TIME 1 45
2 45
3 45
4 45
5 45
6 45
7 45

Box's Test of Equality of Covariance Matricesa

8oxs 1 1149.314
F 943
Sf1 900
Sf2 38239593

.865
Tests the null hvpottresw that the obsonied covari5000 matrrces of the dependent varwoles are equal across groups.

a. Destgn: tntorcept*MATCH+GROUF±TIME-GROUF TIME

Levene's Test of Equality of Error Variancesa

F df c12 Sin.
1.028 20 294 .431

LOSMV 1.119 20 294 .329
TMT .781 0 294 .737

1.093 0 294 .356
U/Ornt .580 20 294 .925
UCimcac: .332 20 294 997
LDIST 1.135 20 294 .290
LCCNT,ACT .409 CO 294 .990
CISIB 55-i 0 294 .922

Tests the n.urt h1 oothess that the error vsrwn.ce of n.e deoencent variaoe s eoual across groups.
a. Des:gr.: crteroa:t-\tATCH-GROLJP-TiNtE-GROUP TME
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Multivarlate Testax

H
2

FcVs Lames: Root 215 28: 6846.95i 9000 285.000 0CC

I

..14°Oo POw's Trace 072 :.5:S 9 CCC 280.0CC .008
.'/s'Lamooa 92: 2625 9.000 285.0CC

i .006
Ho -lung srac 08 ° 000 2o 020 vCo

CRC UP PWas Trace 566 12.541 18.000 572.000 .000
0045' Lambda .506 12865x 18.000 570.000 .003
Hc:e!Iin;'S Trace 8:6 13 :90 13000 553.0CC 000
Ro'/s Larcest Rcct 600 19 C6 9 000 286 000 000
ROars Trace 378 2155 54000 1740.OEO
WiRe' LamOda 652 2.361 54000 1457.815

.000

.000
Hc:elHnc's Trace 489 2556 54000 1700.000 .000
RcOs Largest Root 385 12 9000 290.000 000

GRC'JP TIME Fillaus Trace 197 545 108 000 2637.000 1.000
Wuiks Lamoca 817 543 ioa :000 2087.352 1.000
Hctelling's Trace 207 .5cC 108.000 2549 .000 1.000
Rcv's Larcest Root 079 1,917c

: 12.000 793.000 032
a. Exact atatussc

b. The statistic is an upoer bcund on F that yields a tower bound on the sucrxficanca level.
c. Design: ntercept+LIATCH-GROUFcC1ME--GROUF TIME

Tests of Between-Subjects Effects

Source Deoendenr Variable
Type III Sum
of Scuares df Mean Scuare F Sig

Intercept LOSOC 493553.844 1 493553.844 08321.337 .000
LCSMV 1729.627 1 1729.527 816.577 .000
TMT 150187.204 1 15018720° 1186.224 000
TESWAY 1329.251 1 1329.251 925.557 .000
U/Omt 81.204 1 81.204 3349.579 .000
JCumpac: 139286.137 1 139966 IcC 573.913 .000
LDIST 130404.719 1 130404.719 4301 392 .000
LOONTACT 77270 1 77270 1753510 000
OTSIE 25.155 1 26.155 163::3 .000

MATCH LCSDC 26.000 1 26.000 u 2019 .156
LOSIl': 1.240 1 1 249 590 .443
TMT 105.735 1 1CS.755 .843 359
TESOVAY 1.501 1 4.51

:

3.173 .078
U::Ornt 1.0425-03 1 1 0425-03 .043 .526

° 1C:I 1 i3:: cC5 012
LIS
LCONT.-\CT -1.2465-02 1 4,2465-02 .964 .327
CSE -E - °-"E 2 5 60
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Tests of Between-Subjects Effects

c.
Oe:encer: Vs-woe of Scsres leer Occurs F SU.

00000 LoS:c 371.084 2 165527 14405 .000
LOSMU 34.185 2 17.094 F .000

258 390 2 144.195 1.139
TESV;A 15605 2 8.454 5.908
UOm: 1 654 2 827 31 08 .000
U/Orrnpact 806.578 2 408 259 1.653 .192
LGST 509.219 2 304 510 10 Q45 .060
LOONT9CT 706 2 353 8.015 .000
CTSIS 3 445E-3 2 1.7248-02 985 .26'
LOSOC 54Q,354 6 106.732 8 287 .000
LOOM'! 8,07 5 1.346 525 .702

588 98 6 98.015 774 .551
TESOVAY 27.251 6 4.542 3.174 .005
U/Ornt .164, 6 2.7880-02 1.130 .245
U/0rnpuc: 790.305 6 131717 .540. .778
LOIST °320 5 15.588 .514 .757
LCONTACT .329 6 5.4520-02 1.244 .284
OTSIS .363 6 6.3770-02 3.580 002000UP TME L0000 173.025 12 14.420 1.120 F .344
LOSMV 5.585 12 .465 .220 .997
TMT 369,350 12 32.446 256 .995
T830IAY 17.959 12 1.497 1,046 .407
U/Omt .143 12 1.1SOE-02 .491 .920
U/Ornpuct 525.338 12 43.778 .179 .959
LDST 94.570 12 7.861 .260 .994
LCONTACT .162 12 1.6160-02 .344 .980
CTSS 8.9978-02 12 7,4970-03 .421 .955

Error LOSDO 3773.600 293 12.879
LOSMV 620.616 293 2.118
TMT 37096.564 293 126.610
TES%VAY 419.201 293 1.431
U/Omt 7.103 293 2.424E-02
U!Ornpsct 71466.659 293 243.914
L0ST 8552.541 293 30.317
LCONT4CT 12.911 293 4.406E-02
CTSB S :i9 293 1.7818-02

Tctw LOSDC 2215729,000 315
LCSMV 7971.540 315
TNIT 872740.310 315
TES'NAY 5782,750 315 F

U,Cmt 370.551 315
U.'O'imsct 515762.750 315 F

LD]S7 551544500 315
LCCNTACT 312.396 315 F

CTSIB 112.100 315



Post Hoc Group Comparisons

Scheffe

95% Confidence
Mean Interval

Lower UpperDependent (I) (J) Difference
Variable GROUP GROUP (I-J) Sig. Bound Bound
LOSDC 1 2 262* 000 -384 -1.40

3 j,7Q* 003 -293 -.48

2 1 2.62* .000 1 40 3 84

3 .91 .185 -.31 213
3 1 70 .003 .48 2.93

2 -9! 185 -2,13 .31

LOSMV 1 2 7 048E-02 940 423 564

3 .731* 002 238 1.225

2 1 -7.048E-02 .940 -.564 423

3 ,661 005 167 I 155

3 1 - 731* .002 -1 225 -.238

2 .661* 005 -1 155 -.167

TMT 1 2 -1.622 .580 -5,442 2.198

3 -2 276 343 -6.096 1543

2 1 1 622 .580 -2.198 5.442

3 -.654 915 -4474 3165
3 1 2.276 .343 -1.543 6.096

2 .654 .915 -3165 4474
TESVVAY 1 2 .566* .003 .158 973

3 244 .340 -.164 .652

2 1 - 566* 003 -.973 - 158

3 -.322 .153 -.730 8.6E-02

3 1 -244 340 -652 164

2 322 .153 -8.579E-02 .730

U/Omt 1 2 11267* 000 5.9884E-02 16545

3 .17510* 000 .1223! .22788

2 1 1l267* 000 -16545 -60E-02
3 62l29E02* 015 96464E-03 11521

3 1 - 17510 .000 -22788 -.12231

2 6,243EO2* .015 -.1 1521 -9 6E-03

U/Oimpact 1 2 2.571 .498 -2.780 7,923

3 -1276 .842 -6 628 4 075

2 1 -2.571 .498 -7.923 2.780

3 -3848 211 -9.199 1504
3 1 1276 .842 -4075 6 628

2 3848 211 -1.504 9 99
LDIST 1 2 -3 390 .000 -5.257 -1524

3 -1 981* 034 -3.848 -114
2 1 3390 .000 1.524 5257

3 1410 .180 -.457 3.276

3 1 1 981* .034 114 3 848

2 -1.410 .180 -3,276 .457

LCONTACT 1 2 -6 833E-02 064 - 3960 2.9E-03
3 4,7000E-02 .270 -2,43E-02 .11827

2 1 68333E-02 .064 -2 94E-03 .13960
3 .11533 .000 4.4062E-02 18660

3 1 -4.700E-02 270 - 11827 2.4E-02
2 :h1533 000 -18660 -440-02

CTSIB 1 2 2,476E-02 .409 -2.074E-02 7.OE-02

3 6 667E-03 937 -3883E-02 5 2E-02

2 1 -2.476E-02 .409 -7.026E-02 2 IE-02
3 -1 810E-02 620 -63590-02 2 7E-02

3 1 -6.667E-03 937 -5.2160-02 3 9E-02
2 1.810E-02 .620 -2740E-02 6 4E-02

The mean difference is significant at the .05 level.
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Post Hoc Time Comparisons
Scheffe

Mean Difference P-value 95% Confidence Interval
(I-J)

Dependent (I) (J) TIME Lower Bound Upper
Variable TIME Bound
LOSDC 1 2 1.29 .822 -1.42 4.00

3 .56 .997 -2.1 3.26
4 -.62 .995 -3.33 2.09
5 -1.38 .769 -4.0 1.33
6 -1.53 .664 -4.24 1.18
7 -3.36 .004 -6.01' -.65

2 1 -1.29 .822 -4.00 1.42
3 -.73 .988 -3.44 1.98
4 -1.91 .387 -4.62 .80
5 -2.67 .057 -5.3l 4.24E-02
6 -2.82 .034 -5.53 -.11
7 -4.64 .000 -7.3l -1.94

3 1 -.56 .997 -3.21' 2.15
2 .73 .988 -1.98 3.44
4 -1.18 .877 -3.8l 1.53
5 -1.93 .372 -4.64 .78
6 -2.09 .273 -4.80 .62
7 -3.91 .000 -6.6; -1.20

4 1 .62 .995 -2.0l 3.33
2 1.91 .387 -.80 4.62
3 1.18 .877 -1.53 3.89
5 -.76 .986 -3.41 1.95
6 -.91 .963 -3.62 1.80
7 -2.73 .046 -5.44 -2.43E-02

5 1 1.38 .769 -1.33 4.09
2 2.67 .057 -4.24E-02 5.38
3 1.93 .372 -.71 4.64
4 .76 .986 -1.91' 3.46
6 -.16 1.000 -2.86 2.55
7 -1.98 .342 -4.6 .73

6 1 1.53 .664 -1.11 4.24
2 2.82 .034 .11 5.53
3 2.09 .273 -.62 4.80
4 .91 .963 -1.80 3.62
5 .16 1.000 -2.51' 2.86
7 -1.82 .450 -4.53 .89

7 1 3.36 .004 .61' 6.06
2 4.64 .000 1.9 7.35
3 3.91 .000 1.20 6.62
4 2.73 .046 2.43E-02 5.44
5 1.98 .342 -.73 4.69
6 1.82 .450 -.8 4.53

LOSMV 1 2 -.296 .988 -1.392 .800
3 -.502 .847 -1.591 .594
4 -.358 .968 -1.454 .738
5 -.384 .954 -1.480 .712
6 -.458 .897 -1.554 .638
7 -.484 .868 -1.580 .612

2 1 .296 .988 -.800 1.392
3 -.207 .998 -1.303 .889
4 -6.222E-02 1.000 -1.151 1.034
5 -8.889E-02 1.000 -1.181' 1.007
6 -.162 1.000 -1.251 .934
7 -.189 .999 -1.281' .907

3 1 .502 .847 -.594 1.598
2 .207 .998 -.88c 1.303
4 .144 1.000 -.952 1.240
5 .118 1.000 -.971 1.214
6 4.444E-02 1.000 -1.052 1.140
7 1.778E-02 1.000 -1.071 1.114

4 1 .358 .968 -.731 1.454
2 6.222E-02 1.000 -1.03 1.158
3 -.144 1.000 -1.24( .952
5 -2.667E-02 1.000 -1.123 1.069
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5

6

7

6

7

1

2

3

4

6

7

1

2

3

4

5

7

1

2

3

4
5

6

-.100

-.127

.384

8.889E-02
-.118

2.667E-02
-7.333E-02

-.100

.458

.162

-4.444E-02

.100

7.333E-02
-2.667E-02

.484

.189

-1.778E-02

.127

.100

2.667E-02

1.000

1.000

.954

1.000

1.000

1.000

1.000

1.000

.897

1.000

1.000

1.000

1.000

1.000

.868

.999

1.000

1.000

1.000

1.000

-1.19'

-1.223

-.712

-1.007

-1.21

-1.06

-1.16

-1.19'

-.63

-.934

-1.140

-99'
-1.023

-1.123

-.612

-.907

-1.11.

-.96

-.99

1.06

.996

.969

1.480

1.185

.978

1.123

1.023

.996

1.554

1.258

1.052

1.196

1.169

1.069

1.580

1.285

1.078

1.223

1.196

1.123

TMT 1 2 -.276 1.000 -8.752 8.201

3 -.998 1.000 -9.47 7.479

4 -.496 1.000 -8.972 7.981

5 -3.584 .891 -12.061 4.892

6 -3.140 .940 -11.617 5.337

7 -2.531 .980 -11.00 5.946

2 1 .276 1.000 -8.201 8.752

3 -.722 1.000 -9.19 7.755

4 -.220 1.000 -8.69 8.257

5 -3.309 .924 -11.78' 5.168

6 -2.864 .962 -11.341 5.612

7 -2.256 .989 -10.732 6.221

3 1 .998 1.000 -7.47 9.475

2 .722 1.000 -7.751 9.199

4 .502 1.000 -7.971 8.979

5 -2.587 .977 -11.064 5.890

6 -2.142 .992 -10.61 6.335

7 -1.533 .999 -10.010 6.944

4 1 .496 1.000 -7.981 8.972

2 .220 1.000 -8.257 8.697

3 -.502 1.000 -8.97 7.975

5 -3.089 .945 -11.56' 5.388

6 -2.644 .974 -11.121 5.832

7 -2.036 .994 -10.512 6.441

5 1 3.584 .891 -4.892 12.061

2 3.309 .924 -5.16 11.786

3 2.587 .977 -5.890 11.064

4 3.089 .945 -5.38 11.566

6 .444 1.000 -8.032 8.921

7 1.053 1.000 -7.424 9.530

6 1 3.140 .940 -5.337 11.617

2 2.864 .962 -5.612 11.341

3 2.142 .992 -6.331 10.619

4 2.644 .974 -5.832 11.121

5 -.444 1.000 -8.921 8.032

7 .609 1.000 -7.86 9.086

7 1 2.531 .980 -5.94' 11.008

2 2.256 .989 -6.221 10.732

3 1.533 .999 6.941 10.010

4 2.036 .994 -6.441 10.512

5 -1.053 1.000 -9.530 7.424

6 -.609 1.000 -9.08' 7.868

TESWAY 1 2 .151 .999 -.754 1.056

3 9.556E-02 1.000 -80 1.000

4 .644 .374 -.260 1.549

5 .527 .633 -.37E 1.431

6 .582 .509 -.323 1.487

7 .827 .103 -7.812E-02 1.731

2 1 -.151 .999 -1.05' .754

3 -5.556E-02 1.000 -.960 .849



3

4

5

U/Omt 1

2

3

4

5

[.1

4 .493 .704 -.411

5 .376 .900 -.521

6 .431 .821 -.474

7 .676 .313 -.221

1 -9.556E-02 1.000 -1.001

2 5.556E-02 1.000 -.841

4 .549 .583 -.351

5 .431 .821 -.474

6 .487 .717 -.411

7 .731 .218 -.174

1 -.644 .374 -1.541

2 -.493 .704 -1.391

3 -.549 .583 -1.454

5 -.118 1.000 -1.022

6 -6.222E-02 1.000 -.967

7 .182 .998 -.722

1 -.527 .633 -1.431

2 -.376 .900 -1.280

3 -.431 .821 -1.336

4 .118 1.000 -.787

6 5.556E-02 1.000 -.849

7 .300 .965 -.605

1 -.582 .509 -1.487

2 -.431 .821 -1.336

3 -.487 .717 -1.391

4 6.222E-02 1.000 -.843

5 -5.556E-02 1.000 -.960

7 .244 .988 -.660

1 -.827 .103 -1.731

2 -.676 .313 -1.580

3 -.731 .218 -1.636

4 -.182 .998 -1.087

5 -.300 .965 -1.205

6 -.244 .988 -1.149

2 -1.22222E-03 1.000 -.1183

3 1.O111E-02 1.000 -.1070

4 4.0000E-02 .960 -7.71399E-0

5 2.8000E-02 .994 -8.91399E-0

6 3.4111 E-02 .982 -8.30288E-0

7 6.7444E-02 .645 -4.96954E-0

1 1.2222E-03 1.000 -.1159

3 1.1333E-02 1.000 -.1058

4 4.1222E-02 .953 -7.59176E-0

5 2.9222E-02 .992 -8.79176E-0

6 3.5333E-02 .978 -8.18065E-0

7 6.8667E-02 .624 -4.84732E-0

1 -1.O1111E-02 1.000 -.1272

2 -1.13333E-02 1.000 -.1284

4 2.9889E-02 .991 -8.72510E-0

5 1.7889E-02 .999 -9.92510E-0

6 2.4000E-02 .997 -9.31399E-0

7 5.7333E-02 .801 -5.98065E-0

1 -4.00000E-02 .960 -.1571

2 -4.12222E-02 .953 -.1583

3 -2.98889E-02 .991 -.1470

5 -1.20000E-02 1.000 -.1291

6 -5.88889E-03 1.000 -.1230

7 2.7444E-02 .994 -8.96954E-0

1 -2.80000E-02 .994 -.1451

2 -2.92222E-02 .992 -.1463

3 -1.78889E-02 .999 -.1350

4 1.2000E-02 1.000 -.1051.

6 6.1111E-03 1.000 -.1110

7 3.9444E-02 .962 -7.76954E-0

1 -3.41111E-02 .982 -.1512

2 -3.53333E-02 .978 -.1524

3 -2.40000E-02 .997 -.1411

4 5.8889E-03 1.000 -.1112

5 -6.11111E-03 1.000 -.1232

7 3.3333E-02 .984 -8.38065E-0

1.398

1.280

1.336

1.580

.809

.960

1.454

1.336

1.391

1.636

.260

.411

.356

.787

.843

1.087

.378

.529

.474

1.023

.960

1.205

.323

.474

.418

.967

.849

1.149

7.812E-02

.229

.174

.723

.605

.660

.11592

.12725

.15714

.14514

.15125

.18458

.11836

.12847

.15836

.14636

.15247

.1858 1

.10703

.1058 1

.14703

.13503

.14114

.17447

7.71 40E-02

7.59 18E-02

8.7251 E-02

.10514

.11125

.14458

8.91 40E-02

8.791 8E-02

9.9251 E-02

.12914

.12325

.15658

8.3029E-02
8.1807E-02

9.31 40E-02

.12303

.11103

.15047

141
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7 1 -6.74444E-02 .645 -.1845 4.9695E-02

2 -6.86667E-02 .624 -.18581 4.8473E-02
3 -5.73333E-02 .801 -.17447 5.9807E-02
4 -2.74444E-02 .994 -.1445 8.9695E-02
5 -3.94444E-02 .962 -.1565 7.7695E-02
6 -3.33333E-02 .984 -.15047 8.3807E-02

U/Oimpact 1 2 -.200 1.000 -12.077 11.677

3 -2.122 .999 -13.99 9.755

4 -1.189 1.000 -13.061 10.688

5 1.367 1.000 -10.510 13.243

6 2.011 .999 -9.86 13.888

7 2.556 .996 -9.321 14.432

2 1 .200 1.000 -11.677 12.077

3 -1.922 .999 13.79 9.955
4 -.989 1.000 -12.861 10.888

5 1.567 1.000 -10.311 13.443

6 2.211 .998 -9.661 14.088

7 2.756 .995 -9.121 14632
3 1 2.122 .999 -9.75 13.999

2 1.922 .999 -9.95 13.799

4 .933 1.000 -10.943 12.810

5 3.489 .981 -8.38 15.366

6 4.133 .956 -7.743 16.010

7 4.678 .921 -7.19 16.555

4 1 1.189 1.000 -10.68 13.066

2 .989 1.000 -10.88 12.866

3 -.933 1.000 -12.810 10.943

5 2.556 .996 -9.321 14.432

6 3.200 .988 -8.677 15.077

7 3.744 .973 -8.132 15.621

5 1 -1.367 1.000 -13.243 10.510

2 -1.567 1.000 -13.443 10.310

3 -3.489 .981 -15.361 8.388

4 -2.556 .996 -14.432 9.321

6 .644 1.000 -11.232 12.521

7 1.189 1.000 -10.68 13.066

6 1 -2.011 .999 -13.88 9.866

2 -2.211 .998 -14.08 9.666

3 -4.133 .956 -16.010 7.743

4 -3.200 .988 -15.077 8.677

5 -.644 1.000 -12.521 11.232

7 .544 1.000 -11.332 12.421

7 1 -2.556 .996 -14.432 9.321

2 -2.756 .995 -14.632 9.121

3 -4.678 .921 -16.551 7.199

4 -3.744 .973 -15.621 8.132

5 -1.189 1.000 -13.061 10.688

6 -.544 1.000 -12.421 11.332

LDIST 1 2 .389 1.000 -3.754 4.532

3 -.244 1.000 -4.387 3.899

4 .467 1.000 -3.671 4.610

5 .511 1.000 -3.637 4.654

6 .522 1.000 -3.621 4.665

7 -1.078 .990 -5.221 3.065

2 1 -.389 1.000 -4.532 3.754

3 -.633 .999 -4.77' 3.510

4 7.778E-02 1.000 -4.061 4.221

5 .122 1.000 -4.021 4.265

6 .133 1.000 -4.01( 4.276

7 -1.467 .952 -5.610 2.676

3 1 .244 1.000 -3.89 4.387

2 .633 .999 -3.51( 4.776

4 .711 .999 -3.432 4.854

5 .756 .999 -3.387 4.899

6 .767 .998 -3.371 4.910

7 -.833 .998 -4.97' 3.310

4 1 -.467 1.000 -4.610 3.676

2 -7.778E-02 1.000 -4.221 4.065

3 -.711 .999 -4.854 3.432

5 4.444E-02 1.000 -4.09c 4.187
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6 5.556E-02 1,000

7 -1.544 .939

5 1 -.511 1.000

2 -.122 1.000

3 -.756 .999

4 -4.444E-02 1.000

6 1.111E-02 1.000

7 -1.589 .930

6 1 -.522 1.000

2 -.133 1.000

3 -.767 .998

4 -5.556E-02 1.000

5 -1.111E-02 1.000

7 -1.600 .928

7 1 1.078 .990

2 1.467 .952

3 .833 .998

4 1.544 .939

5 1.589 .930

6 1.600 .928

LCONTACT 1

3

4

7

2 -5.03333E-02

3 -8.55556E-03

4 -2.20000E-02

5 2.5111E-02

6 3.6667E-02

7 4.8667E-02
1 5.0333E-02

3 4.1778E-02

4 2.8333E-02

5 7.5444E-02

6 8.7000E-02

7 9.9000E-02

1 8.5556E-03

2 -4.17778E-02

4 -1 .34444E-02

5 3.3667E-02

6 4.5222E-02
7 5.7222E-02
1 2.2000E-02

2 -2.83333E-02

3 1 .3444E-02

5 4.7111E-02

6 5.8667E-02

7 7.0667E-02
1 -2.51111E-02

2 -7.54444E-02

3 -3.36667E-02
4 -4.71111E-02

6 1.1556E-02

7 2.3556E-02
1 -3.66667E-02

2 -8.70000E-02

3 -4.52222E-02

4 -5.86667E-02

5 -1.15556E-02
7 1.2000E-02

1 -4.86667E-02

2 -9.90000E-02

3 -5.72222E-02

4 -7.06667E-02

5 -2.35556E-02

6 -1 .20000E-02

-4.087 4.199

-5.687 2.599

-4.654 3.632

-4.26 4.021

-4.89 3.387

-4.187 4.099

-4.13: 4.154

-5.732 2.554

-4.66 3.621

-4.271 4.010

-4.910 3.376

-4.19 4.087

-4.154 4.132

-5.743 2.543
-3.061 5.221

-2.671' 5.610

-3.310 4.976

-2.59 5.687

-2.554 5.732

-2.543 5.743

-.20851 .10784

1.000 -.16673 .14962

1.000 -.18017 .13617

.999 -.13301' .18328

.995 -.12151 .19484

.976 -.10951 .20684

.972 -.10784 .20851

.989 -.11640 .19995

.999 -.12984 .18651

.820 -8.27286E-02 .23362

.695 -7.11731E-02 .24517

.544 -5.91731E-02 .25717

1.000 -.14962 .16673

.989 -.19991 .11640

1.000 -.17162 .14473
.997 -.12451 .19184

.984 -.11291 .20340

.947 -.10091 .21540

1.000 -.13617 .18017

.999 -.18651 .12984

1.000 -.14473 .17162

.980 -.11101 .20528

.940 -9.95064E-02 .21684

.862 -8.75064E-02 .22884

.999 -.1832 .13306

.820 -.23362 8.2729E-02

.997 -.19184 .12451

.980 -.2052 .11106
1.000 -.14662 .16973

1.000 -.13462 .18173
.995 -.19484 .12151

.695 -.24517 7.1173E-02

.984 -.20340 .11295

.940 -.21684 9.9506E-02
1.000 -.16973 .14662
1.000 -.1461 .17017
.976 -.20684 .10951

.544 -.25717 5.91 73E-02

.947 -.21540 .10095

.862 -.22884 8.7506E-02
1.000 -.18173 .13462

1.000 -.17017 .14617

IB 1 2 4.444E-02 .871 -5.653E-0: .145

3 7.111E-02 .389 -2.986E-02 .172

4 7.333E-02 .349 -2.764E-02 .174

5 9.556E-02 .079 -5.418E-03 .197

6 9.778E-02 .066 -3.196E-03 .199

7 .109 .024 7.915E-03 .210

2 1 -4.444E-02 .871 -.14 5.653E-02

3 2.667E-02 .989 -7.431E-0: .128
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4 2.889E-02 .984 -7.208E-0 .130
5 5.111E-02 .773 -4.986E-0 .152
6 5.333E-02 .735 -4.764E-02 .154
7 6.444E-02 .519 -3.653E-0 .165

3 1 -7.111E-02 .389 -.172 2.986E-02
2 -2.667E-02 .989 -.12 7.431E-02
4 2.222E-03 1.000 -9.875E-02 .103
5 2.444E-02 .993 -7.653E-02 .125
6 2.667E-02 .989 -7.431E-02 .128
7 3.778E-02 .938 -6.320E-02 .139

4 1 -7.333E-02 .349 -.174 2.764E-02
2 -2.889E-02 .984 -.130 7.208E-02
3 -2.222E-03 1.000 -.103 9.875E-02
5 2.222E-02 .996 -7.875E-02 .123
6 2.444E-02 .993 -7.653E-02 .125
7 3.556E-02 .953 -6.542E-02 .137

5 1 -9.556E-02 .079 -.197 5.418E-03
2 -5.111E-02 .773 -.152 4.986E-02
3 -2.444E-02 .993 -.12 7.653E-02
4 -2.222E-02 .996 -.123 7.875E-02
6 2.222E-03 1.000 -9.875E-02 .103
7 1.333E-02 1.000 -8.764E-02 .114

6 1 -9.778E-02 .066 -.19 3.196E-03
2 -5.333E-02 .735 -.154 4.764E-02
3 -2.667E-02 .989 -.12 7.431E-02
4 -2.444E-02 .993 -.12 7.653E-02
5 -2.222E-03 1.000 -.103 9.875E-02
7 1.111E-02 1.000 -8.986E-02 .112

7 1 -.109 .024 -.210 -7.915E-03
2 -6.444E-02 .519 -.16 3.653E-02
3 -3.778E-02 .938 -.13 6.320E-02
4 -3.556E-02 .953 -.137 6.542E-02
5 -1.333E-02 1.000 -.114 8.764E-02
6 -1.111E-02 1.000 -.112 8.986E-02

Based on observed means.
* The mean difference is significant at the .05 level.




