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Abstract

This investigation reports the development and validation of an instrumented unstable
plafform designed to quantify static and dynamic balance indices. In the first series of
tests, static balance indices were investigated in a group of 293 elite college football
players. In the second series, dynamic balance indices were evaluated in a group of 302
elite college football players. For both groups, balance indices were correlated with injury
history in the lower extremity, physical exam findings, and functional performance data.
For the static balance group, it was noted that limb dominance appears to be a predictor
of ultimate static balance performance in non-injured subjects. In subjects with a history
of lower extremity injury, a trend towards skewing toward the non-involved limb was
noted. Analysis of dynamic balance data demonstrated significant differences between
injured and non-injured groups. For both static and dynamic balance groups, there was a
high correlation of balance results with scores on the 40 yard shuttle run. It appears that
the instrumented unstable balance platform is a sensitive discriminator of neuromuscular
deficits resulting from lower extremity injury.
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Introduction

The primary objective in the rehabilitation following injury to the lower extremity is to
safely promote healing of the affected tissue while restoring normal function to the
affected limb. Re-establishing normal function following lower extremity injury is
comprised of the restoration of joint/fracture stability, the re-establishment of normal
range of motion (ROM), muscular strength and endurance, plus the complete re-training
of the neurosensory or motor control system. Incomplete restoration of normal
neurosensory pathways prevents the athlete/patient from returning to pre-injury levels of
function, despite the restoration of adequate stability, ROM, strength and endurance of
the lower extremity. Adequate motor control aptitude is thought to be the final element
required to complete the rehabilitation process following injury to the lower extremity.
Ironically, motor control is the only factor that has not been specifically defined,
adequately treated, or objectively assessed.

The future of motor control in surgical and clinical application is rapidly expanding with
the expanded research into its role in protective reflexes. Over the past two to three years
there has been a heightened awareness of the role of proprioceptive/motor control
training and assessment following injury or surgery to the lower extremity.
1.4.7.11.12,16.17.19.20,23.27.29.31,34.35,39,40 It is generally believed that injury to the
joint and surrounding structures results in altered proprioceptive feedback that negatively
affects motor control. The implementation of early neurosensory retraining has been
advocated to minimize neuromuscular atrophy and to promote the safe return to full
function. 19.23,29.32
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Proprioception, kinesthesia, and motor control.

Propridception is often confused in the literature with closely related topics such as
kinesthesia, reflexive muscle splinting, postural balance and motor control.
Proprioception is defined as the cumulative neural input to the central nervous system
(CNS) from the mechanoreceptors in the joint capsules, ligaments, muscles, tendons, and
skin. 17.39 It has traditionally been measured by two techniques: either the threshold of
the detection of passive motion or the ability to reproduce passive positioning. 24.18,23
While the most sensitive test of joint proprioception is the threshold to detection of
passive movement, this is not a functionally relevant or clinically applicable test; and thus
its significance must be questioned.

Kinesthesia, on the other hand, is the conscious awareness of joint position and
movement resulting from afferent neural input received in the CNS.15 Incoming
proprioceptive input is integrated with afferent signals from the vision and vestibular
systems in the CNS to monitor limb and body position relative to the center of gravity
(COG).1 Neuromuscular control, also termed “motor control”, integrates the
proprioceptive, kinesthetic, and somatosensory input with efferent muscular output,
utilizing a servomechanism called a biofeedback loop, in producing purposeful
coordinated movement. These neuromuscular pathways are stimulated, facilitated,
maintained, and enhanced through functional movement and exercise.
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Balance therapy.

Balance is defined as the state of bodily equilibrium.23 Postural balance is the ability to
maintain the body’s COG over the base of support provided by the feet. For a body to
remain upright in balance against gravity, many fine orchestrated neuromuscular
adjustments must be made. The motor control of the body’s COG during postural balance
is also governed by a biofeedback loop. The activation of appropriate muscular response
patterns are directly influenced by the complex interaction and integration of all pertinent
afferent neural input at the level of the CNS.39 It is believed that altered proprioceptive
input, due to injury of the lower extremity, will adversely influence the neuromuscular
control of postural balance. Adequate postural balance is required before effective and
efficient locomotion can be achieved. Balance training or therapy stimulates an inhibited
neuromuscular system by imposing functional demands.

The utilization of balance and other functional proprioceptive activities in the
rehabilitation following lower extremity injury is well documented. 5.12.19 However,
reported rehabilitation protocols do not traditionally initiate proprioceptive balance
training until adequate ROM, strength, and, endurance is achieved; usually weeks after
therapy has started. Clinical observations, anecdotal evidence, and initial prospective
data, as seen by the authors, suggests that immediate balance activities can have a
profound effect upon early return of neuromuscular function.
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Purpose.

Until recently, there has been no reproducible or readily accessible means of
documenting neurosensory deficit in the lower extremity and no reliable means of
quantifying the effects of balance and neurosensory specific therapies on recovery rate
and outcome. The purpose of this investigation was to validate the use of an instrumented
unstable platform in documentation and assessment of normal balance aptitude in a large
athletic population. A further aim of this investigation was to compare balance aptitude
scores in a group of elite college football players to their athletic performance, history of
lower extremity injury, and objective physical findings upon orthopaedic examination of
the lower extremity.

Discussion

The re-establishment of neuromuscular control and proprioceptive aptitude is imperative
following injury or surgery to the lower extremity. The awareness of neuromuscular
dysfunction following injury to the lower extremity should stimulate the practitioner to
specifically design a neuromuscular retraining program that meets the specific functional
needs of the involved joint. Incomplete neuromuscular rehabilitation affects athletic
performance and can lead to re-injury. The neurosensory and proprioceptive input from
the lower extremities is very important in overall function and balance. The use of an
objective, reliable, relatively inexpensive and easy method to assess proprioception as it
relates to overall balance and function following lower extremity injury would greatly
enhance the determination for a safe return to play.

As a measurement of proprioception, several studies have examined the joint position
sense at the hip, knee and ankle joints. 2,3,5,6.9.,15.18,23 Barrack et al suggested that a
decrease in joint position sense may increase the chance of acute or chronic injury as a
result of inadequate protective reflexes In 1988.2 The same authors showed that a
complete rupture of the anterior cruciate ligament had increased the threshold of
detection of joint position sense by loss of afferent input. However, it is quite difficult to
extrapolate objective test results of proprioceptive ability utilizing position sense
measurements to overall functional balance aptitude. Testing of static and dynamic
standing balance is more specific in assessing overall functional neuromuscular
capabilities. No balance test is fully capable of isolating proprioception, but is more
functional in assessing integrated neuromuscular control. It must be pointed out that
balance aptitude is also affected by the visual feedback, vestibular acuity, and
neurological deficit. These factors must be realized and then controlled for the accurate
assessment of balance ability.



The review of literature shows few studies about balance testing in the fields of
orthopedics and sports medicine. 46.11.16,20.29.30,40 Several studies have been done in
the fields of neurology and gerontology. 6.18.25,26.33,36 Balance testing, or
stabilometry as described by Tropp et at is an objective method for the study of postural
control. It is a quantification of a modified Romberg test. In 1965, Freeman, a pioneer in
the assessment of balance in the field of orthopedic medicine, used the Romberg test to
compare single limb stance balance performance between involved and uninvolved lower
extremities. 13,14 There were no quantified results but his conclusions were that there
was significant differences between groups. His findings were supported by more recent
studies. Most studies tested single stance balance but this may be insufficient to draw
conclusion about overall balance and function. 10,15,25,37 Ekdahl et at, via the use of a
stable computerized force platform, studied balance in healthy subjects as it relates to age
and sex. They noted that there is no adequate consensus on how standing balance should
be defined. They also suggested that further studies should consider the value of the
functional and force platform tests together in diagnosing well known and defined
lesions.

More recently, Pitman ET at showed direct evidence of proprioceptive function of the
anterior cruciate ligament. 34 Kennedy ET at presented the rich innervation of the soft
tissue of the knee. 26 However, Klein et al quoting previous work by Kennedy, reported
that the rote of proprioception of the mechanoreceptors in the ACL had yet to be
established. 27 At the same time, Branch et al found that when the neuromuscular system
was intact, balance was not affected by impaired joint position sense and absent
cutaneous sensation.7 This would corroborate speculations of Harter et al and Dvir et at
that sensory feedback may be more controlled by Golgi tendon organs and muscle
spindles than by mechanoreceptors located in the joint capsule and articular surfaces. 9,
21 it appears that the sole study of joint position sense may not be sufficient to determine
levels of proprioception as it relates to overall function following a tower extremity
injury.

Horak suggested that sophisticated equipment such as computerized force platforms and
motion analysis machines would enable therapists to more accurately evaluate balance
and overall function. 24 Usage of force platforms with computer interface is expensive
and impractical in the clinical setting. Mechiling adapted a practical clinical assessment
tool called a variable resistance balance board but it had a single axis of pivot in the
frontal plane and therefore had limited application. 3° To date, several other systems have
been developed to obtain more detailed quantitative measurements (Wright’s
ataxiometer, stationary stable force platforms, tilting platforms) with regards to balance
assessment, however are either clinically impractical or to
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Expensive. 8, 10,11,15,16,23,31,39

Many authors, starting with Freeman, have described the benefits of balance and
proprioceptive training following lower extremity injury. 13 Balance therapy, it is
reported, stimulates an inhibited neuromuscular system by imposing functional demands.
19 Testing of balance, it would seem, can have a vital impact on establishing baseline
data and monitoring progress during rehabilitation following rehabilitation of a lower
extremity injury. In an attempt to correlate balance performance to specific lower
extremity injuries, an instrumented unstable platform was utilized in this study.

One of the main purposes of this investigation was to evaluate the feasibility of utilizing
an instrumented balance system in the assessment of balance capabilities. The
verification of the algorithm to compensate for body weight was the initial step in the
validation of the system. In theory, a person of greater weight would have a more
difficult time of stabilizing the platform. In otherwords, a heavier person shifting half of
their body weight from the center would have a more difficult time balancing on a totally
unstable platform than a lighter person shifting the same percent of their weight. This was
evaluated in two ways. First by testing subjects at a given difficulty level and recording
their balance indices, and then adding dead weight and re-testing at the appropriate
change in inflation to accommodate the change in weight per the algorithm, their re-test
balance index should not change. This is based upon the fact that their inherent balancing
aptitude is not different, irregardless of body weight. The test-retest data from the 10
normal subjects showed no significant difference for 0#, 25#, and 50# test conditions.
Secondly, if the entire population in the study group showed a strong positive correlation
with SBI and body weight (r=0.063), the algorithm would be invalid. It has also been
asserted that subject height influences balance aptitude due to increased body sway. In
this series of subjects, height had no relationship with balancing ability.

After looking at the test-retest data of the 20 normal volunteers and the entire study
group, it is apparent that, with the exception of the first test in the series, balance indices
are quite reproducible. The first test seems to be a learning curve. Of clinical importance,
testing of balance aptitude should include ample practice and familiarization on the
device before acquiring data for comparative analysis.

The testing protocol required the subjects to stand with their feet equidistant apart (10
inches), and comfortably situated forward to back. Further evaluation of foot placement
(front to back) is necessary. The subjects were also instructed to bend the knees
(approximately 20-30°). This specific requirement was instituted to evaluate the entire
lower extremity balance aptitude. If the tests were conducted with straight upright hips,
knees, and ankles, the test would mainly be evaluating ankle!calf posturing. Also during
the testing, the athletes were instructed to look straight ahead at the computer screen or
wall, and focus on the target cursor or a point on the wall 3 feet away. This requirement
helped control, not eliminate, vestibular and visual feedback. The subjects also folded
their arms across their chest, minimizing balance control by ballistic arm movement. The
double leg balance test was chosen as one in a series of evaluations of balance indices.



Further tests will include single leg stance balance testing. These tests will also be
evaluated and correlated to performance and injury in the future.Upon analysis of the
normative data for all test subjects, one can see that the frequency of balance index scores
and Right-Left Ratios fall relatively evenly in relationship to a normal Gausian curve.
The balance index frequency distribution is demonstrates some skewness (1.12) and some
kurtosis (2.58). Whereas the RLR frequency distribution shows 0.12 skewness and 0.26
of kurtosis. These findings may be attributed to the fact that the total population includes
some subjects that are or have been injured which will affect their balance index and
RLR data. A much larger subject population would be of benefit here. Analysis of
frequency distributions of sub-groups was not carried out due to relatively smaller sample
sizes.

Analysis of the mean SB I’s of the various individual position sub-groups showed no
statistically significant differences within the groups. However, of clinical importance, is
the fact that sub-groups which required more balance aptitude, had lower overall SBI’s.
In other words, there were notable differences between the “skill” positions and the “non-
skill” positions. Analysis of the mean DBI’s of the various individual position sub-groups
showed no statistically significant difference within the groups. This may be due to the
fact that the test group is fairly homogeneous, i.e. young, health males of the same sport.
After position ranking by DBI, there was observable differences between the “skilll’
positions and the “non-skill”” positions. Having knowledge of approximate normative
balance capabilities for specific sports could have significant implication when evaluating
injured athletes balance aptitudes. Further testing of normal subjects, male and female,
with varying activity levels in a multitude of sporting activities, is warranted. This would
help establish more extensive normative data base in which to reference during the
rehabilitation of lower extremity injuries for particular sports. Statistical analysis of the
gross DBI scores of the elite college football players by history of lower extremity injury
and by present lower extremity orthopaedic findings showed significant differences
among the players that had no orthopaedic history or findings with the group of players
that had significant physical findings and were unable to participation in workouts. These
findings corroborate evidence from other researchers that following a knee injury,
proprioception correlates better with patient satisfaction than do knee scores, stability
testing, and ability to return to sports. 3,6,213 More data is required to further evaluate
this relationship. Perhaps a query of the DBI of subjects with a history of lower extremity
injury and perceived functional capacity would delineate this relationship more.

Upon evaluating the data for subjects with no injury history and negative findings on
physical examination compare to percent right - left differences, it was noted that the
Majority of subjects tended to skew or tilt toward the right side or positive X axis during
the static balance test. Since the objective of the static balance test is to center the
platform and hold it in a neutral position for the duration of the test, the ideal result would
be to have a right - left difference of zero. In other words, equivalent time would be spent
in both the positive (right) and negative (left) segments of the X axis. Non-injured
subjects spent approximately 25% of the test duration tilted to the right (positive x-axis).



We can only attribute this finding to limb dominance as it is well known that a larger
percentage of the population is likely to be right limb dominant. One major deficit in
phase | of the investigation was our failure to collect data on handedness and limb
dominance on each subject. However, when comparing subjects with history or physical
findings of right lower extremity injury, it can be noted that the percentage of time spent
on the positive X axis is lower as compared to non-injured subjects. This indicates a
tendency for skewing toward the non-involved limb. Conversely, in those subjects with
history or physical findings of left lower extremity injury, the tendency is to skew toward
the non-involved right limb, resulting in a higher percentage of time spent on the positive
X axis as compared to non-injured subjects. We believe that a clear trend is evident in
this data, however, additional testing will be required to verify whether or not handedness
and limb dominance contribute overall scores.

Upon evaluating the RLR data for the dynamic balance group versus the involved side
history and/or finding of lower extremity, it is apparent that the skewing away from the
injured limb and limb dominance is not evident as with phase | data evaluating SBI. One
possible explanation for the difference between the SBI test group and the DBI test group
is the fact that visual biofeedback is required to perform the dynamic test and no visual
cues are allowed with the static balance test. This may overshadow the apparent effect of
“limb dominance” seen during the SBI testing.

Although not statistically significant, one can observe the exact opposite with the DBI
testing. Subjects with an injury to one side actually use the opposite side to control the
platform. As can be seen clinically, during dynamic testing, the strategy patient’s use is to
“splint” or “block” the affected limb into extension, and control the platform with the
uninvolved limb when forced to tilt to the involved side. Larger pathological populations
will be needed to adequately evaluate this phenomenon.

Before comparing the performance data of the players and their respective balance
indices, the hypothesis was that athletes with better performance scores would score
better on balance testing. This assumption was false, except for the shuttle run. After
rethinking the relationship, the correlations seem consistent with what one is actually
measuring during the performance testing. The individual performance tests are
measuring speed and acceleration (40 yard dash), strength and power (broad and vertical
jump), quickness (4 square drill), and strength (Cybex isokinetic knee testing).

Only the shuttle run, which evaluates agility, has a positive correlation to SBI testing. In
otherwords, static balance testing appears to be an independent measurable entity all on
its own. The positive shuttle run relationship may be explained by the fact that balance is
required to optimally perform the test. The results were the same for dynamic testing.
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Conclusions

The use of the balance assessment system appears to be a reliable and valid tool in a
patient population consisting of elite college football players, irregardless of morphology.
Balance aptitude did not display any statistically significant relationship with functional
performance, except for the shuttle run. For injury patterns in elite college football
players, dynamic balance testing seemed to discriminate between athletes without
orthopaedic history/findings and athletes who had current injuries and who were unable
to participate in workouts due to those injuries. In this population, percent right - left
differences showed a positive relationship in predicting the injured limb during static
balance testing and was not significant for dynamic balance testing.

Future considerations in balance testing must include:

1) further correlation to lower limb dominance,

2) static single leg testing, 3) dynamic single leg testing,

4) increase pathological population,

5) varying athletic populations,

6) female vs. male relationships,

7) age relationships,

8) duration of test to evaluate “fatigue”,

9) training effects in normals, and

10) training effects following injuries to the lower extremity.

In conclusion, the balance assessment system raises more questions than it answers in the
quest to evaluate proprioception and motor control of the lower extremity. Future studies
need to be instituted to better understand balance and its relationship to proprioception
and neuromuscular control. The investigators conclude that, with further testing and
refinement, an instrumented unstable platform may become a valuable tool in the
diagnosis, evaluation, and rehabilitation of neurosensory deficits resulting from soft
tissue injury to the lower extremity.

Special thanks to Breg, Inc. and Marco Giamarinaro for their on going support in the
development of the system and software.
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Raw Data

(All Balance Tests)

Static Balance Dynamic Balance

Group Mean |SD Min [Max |Mean ([SD Min |Max

Overall 722.47| 248.78| 182| 1719| 705.28| 218.89| 326| 1844
Defensive Back 693.07| 236.68| 247| 1564| 672.62| 182.87| 326| 1204
Defensive Line 767.33| 263.06| 359| 1599| 742.74| 230.09| 410| 1398
Linebacker 788.63| 299.48| 281| 1672| 728.95| 354.21| 326| 1420
Offensive Line 726.28| 232.85| 220| 1719] 713.00| 155.67| 378| 1060
Kicker 678.56| 151.80| 358| 1060| 759.56| 217.39| 402| 1374
Quarterback 661.59| 236.03| 319| 1481| 699.02| 217.65| 424| 1152
Running Back 645.61| 196.05| 316| 1315| 677.76| 253.70| 420| 1844
Tight End 656.33| 176.72| 369| 1109| 726.53| 189.20| 462| 1082
Wide Out 678.28| 246.09| 300| 1643| 670.11| 240.90| 368| 1406

Table 1




Correlations

Catagory SBI DBI
Weight 0.026| 0.063
Height N/A| 0.153

40 Yard Dash 0.142| 0.175

Broad Jump -0.075| -0.285

4 Square 0.064| 0.652

Shuttle Run 0.865| 0.837

Vertical Jump | -0.140| -0.149

Cybex Torgue 0.192| 0.206

Table 2



SBIl Data

(Grouped by Lower Extremity History & Findings)

Group Mean |SD (N)

No History 683.91| 182.94| 40
Head Injury History 672.80| 134.56| 40
Knee Injury History 729.69| 174.86| 134
Ankle Injury History 721.62| 180.68| 135
Foot Injury History 739.06| 197.50( 74
Lower Extremity Fracture History 741.19| 177.45| 34
No Physical Findings 698.56| 180.90| 212
+ Physical Findings 748.83| 172.58| 116
+ Knee Findings 726.11] 176.92] 585
+ Ankle Findings 738.60|1 12092 24
+ Foot Findings 748.56| 17149 26
+ Lower Extremity Fracture Findings | 837.00] 113.26] 11

Table 3




DBI Data
(Grouped by Lower Extremity History & Findings)

Group Mean SD [ (N)
No History of L.E. Injury 685.64| 204.72| 48
Concussion History 725.56| 186.56| 44
Knee Injury History 732.58| 177.45| 114
Ankle Injury History 721.36| 1566.23} 79
Foot Injury History 765.12| 182.36 43
Lower Extremity Fracture History 762.67| 145.69| 37
Lower Extremity Muscle Injury History 772.91| 189.51| 67
No Lower Extremity Physical Findings 698.56| 212.04| 188
+ Lower Extremity Findings (All) 758.36| 226.23| 114

+ Lower Extremity Findings (Able to Practice) 736.49| 202.69| 85

+ Lower Extremity Findings (Unable to Practice) | 853.24| 172.39| 29

+ Knee Findings 748.42| 184.46| 65
+ Ankle Findings 784.08| 234.52| 25
+ Foot Findings 746.25| 102.89] 8
+ Lower Extremity Fracture Findings 289.00 0.00] 1
+ Lower Extremity Muscle Findings 812.64| 328.00| 17

(+ Statistically Significant Between * (P=0.004))

Table 4




Static Balance

(Right - Left Ratio Data)

Group Mean | SD | (N)
No Lower Extremity Findings 0.265|0:115] 212
Right Knee Findings 0.141]| 0.098| 25
Left Knee Findings 0.313]| 0.223| 27
Right ACL Findings 0.158| 0.095| 8
Left ACL Findings 0.420| 0.174| 9
Right Ankle Findings 0.185| 0.095| 10
Left Ankle Findings 0.339| 0.121] 14
Right Foot Findings 0.195( 0.146( 11
Left Foot Findings 0.308| 0.083| 15
Right Lower Extremity Fracture Findings | 0.172| 0.079{ &
Left Lower Extremity Fracture Findings 0.575| 0.245| 6

Table 5




Dynamic Balance
(Right - Left Ratio Data)

Group Mean | SD | (N)
No History of Lower Extremity Injury | 0.001| 0.113| 48
No Lower Extremity Findings 0.010| 0.106| 188
+ Lower Extremity Findings 0.005| 0.108| 114
Right All Findings -0.012] 0.115[ 51}
Left All Findings 0.014| 0.107| 63
Right Knee Findings -0.023| 0.095| 32
Left Knee Findings 0.010| 0.111| 33
Right ACL Findings -0.037| 0.168| 10
Left ACL Findings 0.043| 0.121 4
Right Ankle Findings -0.043| 0.183| 7
Left Ankle Findings 0.092| 0.075| 18
Right Foot Findings -0.015| 0.117 4
Left Foot Findings -0.043| 0.090 4

Table 6




Dynamic Balance

Right - Left Ratio Data

VS

Limb Dominance

Group Mean | SD | Minimum | Maximum | (N)
Right Leg |Test1 0.017] 0.148 -0.410 0.500| 276
Dominant |Test2 | 0.003| 0.146]  -0.380 0.450| 276
Left Leg Test1 || -0.007]| 0.164 -0.290 0.410( 26
Dominant |Test2 | -0.007| 0.147 -0.240 0.260| 26

Table7




