
AN ABSTRACT OF THE THESIS OF

Charles Leddon for the degree of Master of Science in Human Performance presented on
December 10, 2003.
Title: Contributions of Selected Muscles to the Dynamic Stability of the Medial Aspect of
the Elbow.

Abstract approved:

The ulnar collateral ligament (UCL) is the primary restraint against valgus forces

at the elbow. This structure cannot support the entire load placed upon the medial elbow

during overhand throwing motions such as pitching a baseball. In this study we measured

the contributions that different muscle groups make to the stability of the medial elbow,

under conditions intended to reproduce the loads during pitching by varying the forearm

position and loading conditions. We also evaluated the strength of the elbow musculature

for the possibility of a training effect in the dominant arm of 11 male high school baseball

pitchers. We collected surface EMG data in the two forearm positions to determine if the

different positions used in various pitches have an effect on muscular action. We also

tested an isometric and dissipative loading condition to determine if the muscles activity

was load reactive. The four muscle groups tested were the flexor-pronator group (FP), the

extensor-supinator group (ES), the tricep brachii (TB), and the pectoralis major (PM).

We found significantly (p-value = 0.001) higher peak activity levels of the flexor-

pronator group in the neutral forearm position (79.4% MVIC ± 27.0% MVIC full trial
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peak, 30.8% MVIC ± 20.8% MVIC initial l5Oms peak following activation) when

compared to the supinated position (55.5% MVIC ± 29.6% MVIC full trial peak, 16.9%

MVIC ± 14.8% MVJC initial l5Oms peak following activation), which may explain the

link between breaking pitches and medial elbow injury. We found an increase (p-value =

0.001) in force output of the dominant arm (49.3 N/kg ± 12.5 N/kg) over the non-

dominant arm (38.1 N/kg ± 11.0 N/kg). This finding is attributed to a training effect,

which assists in protecting the elbow. These findings help provide baseline muscle

activity information on protection of the medial soft tissue structures of the elbow.
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Contributions of Selected Muscles to the Dynamic Stability

of the Medial Aspect of the Elbow

The overhand throwing motion is an unnatural movement for the human arm,

with baseball pitching in particular, imparting very high stresses on the medial elbow.

The majority of these stresses are applied during the late cocking and early acceleration

phases of the throwing motion, the period during which maximum external rotation of the

shoulder occurs (Figure 1). 18,26,36 Previous studies have reported instantaneous elbow

angular velocities during this time to range from 2300 to 4600 deg/s)8'36 These velocities

create 64 Nm to 120 Nm varus torques within the elbow,17'25magnitudes sufficient to

produce traumatic injuries to the structures on the medial aspect of the elbow, especially

the ulnar collateral ligament (UCL).'7'18'25'26'36

Numerous anatomical and biomechanical factors affect the elbow joint's ability to

resist valgus stress. Many different structures contribute to elbow stability, e.g., bony

articulations, complex ligamentous structures, joint capsule, and muscle groups.23'29'30'32'47

These components all play different roles based on the joint angle and the relative motion

being performed.

The elbow joint is inherently stable due to the configuration of its bony

articulations.29'3° However, under most circumstances, the anterior band of the ulnar

collateral ligament (UCL) is the primary stabilizer of the elbow to valgus stress, 16,19,23,30-

32,47,49 contributing 55% of the static stabilizing effect at 90 deg flexion.3° The lone



2

I!

4
1L_ Late

cocking

1 Follow

a .2' through
* ___________Wind-up

Early

cockinj Acceleration

I 0
Start Hands FOOt Maximal DII

apart' down external release
rotation

Figure 1 Phases ofPitching

Finish

exception occurs when the elbow is fully extended. In this position, the UCL, the

anterior joint capsule, and bony articulations are equally responsible for elbow stability.30

However, the elbow never reaches full extension during the most stressful portions of the

overhand throwing motion.'7"8'32'49

The UCL is composed of three distinct portions: (a) the anterior band, (b)

posterior band and (c) transverse band.25'29'31'32'49 As stated, current research suggests

that the anterior band is the primary restraint against valgus stress at the elbow.9' 19,29-31,47

The posterior band is considered a secondary constraint; both it and the transverse band

provide no additional support against varus stress while the anterior band is intact. 19,29-

31,47 The anterior band of the UCL has been reported to have an ultimate tensile strength

of betweenlO.4 Nm and 32.1 Nm.'4'28'4° The large range of these values is believed to be



due to methodological differences between studies, e.g., different calculations of the

force moment arm, varying velocity of the applied force, and cadaveric properties'4'25'28'4°

The ultimate tensile stress value of the UCL is relatively low compared to the

forces being applied during the throwing motion. 14,28,40 If we calculate the total stress

applied to the UCL during pitching, by using the UCL contribution to stress at an elbow

angle of 900 (54%)56 and the lowest measured amount of valgus stress applied to the

elbow (64 Nm),'7 we obtain a total torque of 34.6 Nm. When we compare this to the

highest reported ultimate tensile stress value of the anterior band, 32.1 Nm,28 it is

apparent that without the contributions of other static and dynamic elbow stabilizers

during throwing, the loads on the UCL would surpass its ultimate failure value. The

ability of the elbow structures to withstand the high stresses applied during overhand

throwing suggests a very important role for the various muscles at the elbow in providing

dynamic joint stability and assisting the UCL in limiting valgus strain.

Kinematic evaluation of the muscles in the medial elbow revealed varying actions

dependent on the relative positions of elbow flexion and forearm pronation.2'3'33'38

Davidson et al.'2 identified the flexor-pronator group as the primary muscle group

overlying the UCL between 30° and 120° of flexion, but no individual muscle was

identified. An et al. using computer modeling techniques, demonstrated that the flexor

carpi ulnaris and the flexor digitorum sublimis are in the best position to support the UCL

at 90° of elbow flexion, based on angles of pull. While these studies provide important

insights, the generalizability of their results is limited by the in vitro or theoretical nature

of the studies, i.e., the absence of dynamic muscle activity to contribute to joint stability.
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In order to support the kinematic findings, many researchers have examined

electromyographic activity of the elbow.7"3'20'22'46 DiGiovine et al.'3 and Sisto et al.46

evaluated EMG activity in normal elbows during a pitching action and reported higher

activity in the elbow flexor muscles during the most stressful periods of the throwing

motion, late cocking and acceleration, but the activity in the extensors was as high if not

higher. This finding suggests that the extensors may play a role in joint compression,

thereby assisting in defense against valgus stress by moving the axis of rotation laterally.

What remains unanswered is whether the EMG activity in the elbow flexors is

intended to help control valgus stress, or if it is present for other functional reasons, such

as controlling hand and wrist position. If the flexor activity is to help control valgus

stress, then it would follow that flexor activity should increase in elbows with UCL

laxity, due to the demand for extra stability. This hypothesis was tested by comparing the

muscle activity from normal elbows to those with medial instability.20'22 Glousman et

al.2° and Hamilton et al.22 both studied pitchers with medial elbow instability with

associated pain and found elevated activity in the wrist extensors, but not in the expected

elbow flexor group.

Buchanan et al.7 approached the problem from a different perspective. They

performed a controlled laboratory study, in which EMG values from four subjects were

recorded and entered into a musculoskeletal model to determine ability of 11 different

muscles to produce varus and valgus movements at the elbow Their findings indicated

that the pronator teres provided the largest contribution to varus moments. While this

was a good step toward the determination of which muscles protect the UCL, the



Buchanan et al. study is limited by three factors: (a) the arm position during testing was

done in only one position of forearm rotation, (b) no comparison was made between the

dominant (throwing) and non-dominant arms to examine the training effect, and (c) the

study was performed solely by having the subject generate force against a load cell

isometrically. Isometric muscle tests are commonly used to evaluate strength and joint

stability, but this protocol does not address the issue of specificity in the throwing

maneuver, which requires the dissipation rather than the creation of force.

Rationale

The research examining the muscular support of the medial elbow during

throwing has produced conflicting results. The present study examined three of the

variables that could alter upper extremity EMG activity patterns: forearm position, hand

dominance, and load application. This is best accomplished in a controlled laboratory

setting, to eliminate as many confounding variables as possible.

The purposes of this study were to: (a) investigate the effect that forearm position

has on activation levels in generating a varus elbow force; (b) determine if there is a

training effect in the generation of varus force between the dominant (throwing) and non-

dominant arms of pitchers; and (c) investigate whether forces generated isometrically

differ from forces elicited by dissipating a force in the flexor-pronator group (FLX-PRO),

the extensor-supinator group (EXT-SUP), the triceps brachii (TRI), and the pectoralis

major (PECT).



Assumptions

We assumed that subject connection to the EMG electrodes and the isokinetic

dynamometer did not alter normal muscle activation patterns during testing. It was also

assumed that the subjects' minor pitching style differences did not affect the muscle

activation patterns. Finally, we assumed that subjects gave maximal effort during testing.

Delimitations

The results of this study can be generalized to high school male baseball pitchers

who throw with a traditional overhand motion. These trained throwers may have

developed different activation patterns, when compared to non-throwers, to assist in

protecting the medial elbow structures.

Generalization of these findings is also limited to an elbow joint position of 90°

flexion. Alteration of elbow angle could potentially change muscle recruitment patterns

and activation levels.

Limitations

This study examined upper extremity muscle activation levels in a controlled

laboratory environment. The results may, or may not mirror those found in the actual

throwing motion. It is also possible that this setting may provide anxiety for some of the

subjects, which may alter their performance on the test.

Due to financial limitations, only 12 subjects were tested. In this 2 x 2 x 2

repeated measures ANOVA, p-values and observed power will be reported; however, the



sheer number of statistical analyses (nine univariate ANOVA) likely diminished the

statistical power of our study.

METHODS

Subjects

Twelve apparently healthy, high school-aged male baseball pitchers, with at least

one year of varsity pitching experience, 15 to 20 years of age, with no history of elbow

trauma to either arm, were recruited to participate in this study through flyers distributed

at local high schools (Appendix D). A general health and injury history, obtained

through the use of a questionnaire, was used to prescreen potential subjects (Appendix

E). In compliance with university regulations, approval for this study was obtained from

the Oregon State University Institutional Review Board (Appendix A and Appendix B).

All subjects, and in the case of minor children, their parent or legal guardian, were

informed of all risks associated with the study. All subjects signed an informed consent

document prior to any involvement in this study (Appendix C). Upon completion of the

study, subjects received $10.00 for their participation.

Instrumentation

Telemetered EMG: We used 25 mm diameter surface electrodes (Medicotest,

Olstykke, Denmark) placed 5cm apart over each of the four specified muscles or muscle

groups. An additional electrode ground was placed on the posterior aspect of each

subject's thigh. All electrodes were connected to the Noraxon telemetered EMG system



(Noraxon, Scottsdale, AZ) transmitter pack. The EMG signals from the flexor-pronator

group (FLX-PRO), extensor-supinator group (EXT-SUP), triceps brachii (TRI), and

pectoralis major (PECT) were sampled at 2000 Hz on four separate chaimels using the

MyoResearch software version 4.0 (Noraxon, Scottsdale, AZ). This software was also

used for EMG signal processing and analysis.

Dynamometer: A KinCom 500-H isokinetic dynamometer (Chattecx, Hixson,

TN) with software version 2.6 was used to collect force data during this experiment. This

unit also provided the required resistance during testing. All testing was done with the

wrist secured to a small (approximately 12 cm x 18 cm), rectangular, padded attachment

on the load cell of the dynamometer.

Some minor modifications were made to accommodate the supine patient

position, including the addition of a standard examination table, aligned next to the built-

in bench, upon which the subject lay in a supine position. One standard bench extension

attachment was connected along with an additional pad to allow for a comfortable

positioning of the upper arm during testing (Figure 2).

The isokinetic dynamometer was configured in the "Evaluation" mode and set for

either isometric testing at 00 of internal/external rotation or isotonic testing between 50

and 5° at 44.5 N, depending on the test condition.
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Experimental Procedures

Figure 2: Testing Position

4

We examined the muscular activation of four muscle groups in the upper

extremity through the use of surface EMG. Electromyographic data were collected from

both the dominant (throwing) and the non-dominant (non-throwing) arms. The muscle

groups included were: (a) the elbow flexor-forearm pronator group (FLX-PRO), (b) the

elbow extensor-forearm supinator group (EXT-SUP), (c) the triceps brachii (TRI), and

the pectoralis major (PECT). These muscles were chosen to give a broad picture of the

muscle activity in the upper extremity during the testing conditions.

Each prospective participant in this study began by completing the informed

consent document (Appendix C). The subject then completed a brief medical history

questionnaire (Appendix E), which was reviewed to determine eligibility for the study.

Qualified subjects then warmed up using an upper body ergometer for five minutes, at a

self-selected pace, prior to being positioned on the isokinetic dynamometer for practice

trials to become familiar with the protocol to be performed.
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Data collection began with the establishment of a baseline EMG value for each

muscle group using a three second maximal voluntary isometric contraction (MVIC),

performed in a similar manner to that used for the placement verification testing

described by Delagi et al.'5(a) FLX-PRO maximal flexion and pronation of the wrist,

(b) EXT-SUP maximal extension of the wrist, (c) TRI maximal extension of the

elbow, and (d) PECT maximal horizontal adduction of the shoulder. The MVIC output

signals were recorded with the Noraxon telemetered EMG system in the MyoResearch

software version 4.0. These values were stored for later use to standardize muscle

activation levels as a percentage of MVIC.

The subject was then positioned lying supine, on the examination table with the

shoulder abducted to 900 and the elbow flexed to 90°. The subject's wrist then was

connected to the load cell on the dynamometer's lever arm via a small square pad

attachment for testing. Each subject performed 3 trials with each arm in each of the four

testing conditions: (a) isometric contraction with a neutral forearm position, (b) isometric

contraction with a pronated forearm position, (c) force dissipation action with a neutral

forearm, and (d) force dissipation action with a pronated forearm. Each trial lasted

approximately 4 seconds (dynamometer setting at 3 sec). A 60 second rest period was

imposed between trials, and a 5 minute rest period was required between testing

conditions to help prevent or minimize fatigue. The order of testing was counterbalanced

for arm and forearm position testing conditions to control for learning effects; however,

all isometric testing was done prior to dissipation testing as a safety precaution.



Additional recovery time was given upon request to reduce the already small possibility

of injury.

Testing consisted of the subject applying pressure with maximal effort, as quickly

as possible, in a varus direction against the dynamometer pad, which was attached to the

load cell of the dynamometer, for approximately 4 seconds. The two testing positions of

the forearm (radio-ulnar joint) used were: (a) the forearm in a neutral position (hand

facing toward the subject's ear) and (b) the forearm pronated 900 (hand facing the

ceiling).

Two different loading conditions were also employed in this ANOVA design.

The first was an isometric test in which the force was applied against a stationary pad.

The second involved resisting a downward or valgus force of 44.5 N through a range of

10 degrees. This force was generated by the isotonic (constant force) mode of the robotic

dynamometer.

Electrode Preparation and Placement

A 5 cm diameter circle of the subject's skin was shaved and cleaned with

isopropyl alcohol swabs prior to electrode application. New, individual use, adhesive

surface electrodes were then applied to each of the 8 electrode and one-ground sites.

Two electrodes were placed over each muscle group, approximately 5 cm apart using

collection sites as described by Delagi et al.'5 (Figure 4). Placement of the surface

electrodes over the correct muscles was verified with voluntary muscle specific actions,

also described by Delagi et al.15
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Data Collection

Four EMG signals from the Noraxon 8-channel telemetered EMG system were

collected in the MyoResearch software (Noraxon, Scottsdale, Arizona). Data collection

occurred at a rate of 2000Hz for 4 seconds, beginning with a simultaneous keystroke for

the dynarnometer and EMG collection platform. The force measured by the

dynamometer load cell was sampled at 100 Hz with the KinCom dynamometer software

over the same time period. These data were processed and stored in the dynamometer' s

database.

Data Analysis

The EMG signal collected with the MyoResearch software is filtered on

collection with a 10 Hz high pass filter to help provide a reduced noise signal. Following

data collection, we processed the EMG signal further by first full-wave rectifying the raw

signal. Following rectification, the signal was smoothed using a root mean square

transformation using a 150 ms window for the full trial peak calculations and a 25 ms

window for calculations on the initial 150 ms peak and integration calculations.
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Test Maneuver Wrist flexion and pronation

Flexor-Pronator Group

Test Maneuver Horizontal Adduction

Tricep

Test Maneuver Wrist extension and supination

Extensor-Supinator Group

Pectoralis

Figure 4. Electrode Placement and Test Maneuvers (Delagi et al. 15)
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After the EMG signals were processed, maximum ("peak") values were chosen by

selecting the highest point at which 3 consecutive samples exceeded a maximal value.

Averages were obtained for the first 150 ms following initial activation. Initial activation

was determined by the first point greater than 2 standard deviation units above the

baseline in the flexor-pronator trial. These values were then converted to a percentage of

MVIC by dividing the discrete values by the maximal EMO readings obtained prior to

testing. Values used in analysis were those from the trial that contained the highest full

peak EMG value.

Maximal force data from the dynamometer were also collected from the

evaluation records for those trials. These values were normalized to N/kg body weight

using the subjects' self reported body weights.

Statistical Analysis

Data analysis was performed using SPSS statistical software, version 11.5 (SPSS,

mc, Chicago, IL). Initial data screening involved an examination of the data with Z-

scores to identify any outliers, and calculation of a Pearson interciass correlation matrix

to determine if the force and the three outcome measures (full trial peak, 150 ms peak,

and 150 ms average) for each muscle were discrete measures. Main effects and

interaction effects of the dependent variables were evaluated using a series of univariate

three-way repeated measures ANOVAs using the factors, Arm Position (2) x Loading

Condition (2) x Arm (2).
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Prior to data screening, we planned to run 13 univariate ANOVAs and control for

Type I error by performing a weighted Bonferroni correction to maintain the

experimentwise alpha level. Statistically significant differences were determined using

the Rosenthal and Rubin variation of the Bonferroni correction, with an a priori

experimentwise a = 0.05 level,3"42 in order to control the Type I error rate while not

reducing power and increasing the chance of making a Type II error3'

RESULTS

Initial data screening revealed that Subject 1 had 10 outliers out of a total 96

collected values (10.4%). We defined an outlier as an individual subject data point >2.8

standard deviations above or below the group means. Only two other outliers were

present in the entire data set. We determined that Subject 1 was the oldest (20 yrs), and

the heaviest (102.7 kg) of all the participants; in effect, he was a college-aged rather than

high school-aged pitcher, and his data were excluded from further analysis. Subject

demographic data for the study are summarized in Table 1.

Demographic Data
Parameter Max Mm Mean SD

Age(yrs) 15 19 17.0 1.3
Mass (kg) 59.1 84.1 72.5 7.6
Height(m) 1.675 1.825 1.78 0.09

Table 1: Subject Demographic Data (N = 11)
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The second part of our data screening showed that the outcome measures 150 ms

peak EMG and 150 ms average EMG were highly correlated across all four muscle

groups (r 0.94 to 0.98). In contrast, the force and full trial peak EMG means were low

to moderately correlated with the 150 ms window EMG values (r = 0.02 to 0.65). The

multicollinearity of the 150 ms peak EMG and 150 ms average EMG values prompted us

to exclude the 150 ms average EMG measures from further analysis, leaving a total of 9

of the original 13 dependent variables to analyze with univariate ANOVAs.

Our a priori order of analysis and critical alpha levels using the Rosenthal and

Rubin sharpened Bonferroni correction method,35'42 listed from most important to least

important outcome variable, were as follows: the FLX-PRO full trial peak EMG (a

0.010), EXT-SUP full trial peak EMG (a=0.009), force (a=0.008), FLX-PRO 150 ms

peak EMO (a=0.007), EXT-SUP 150 ms peak EMG (a0.006), TRI full trial peak EMG

(a=0.004), PECT full trial peak EMG (a=0.003), TRI 150 ms peak EMG (a0.002), and

finally, the PECT 150 ms peak EMG (a=0.001).

Electromyography Results

Flexor-pronator (FLX-PRO) muscles: Full trial FLX-PRO peak EMG values

were significantly greater (79.4% MVIC ±27.0%) when measured in the neutral forearm

position compared to the supinated forearm position (55.5% MVIC ± 29.6%) (p < 0.001;

1-13 = 0.961) (Table 2).
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The FLX-PRO 150 ms window peak EMG values in the neutral forearm position

were nearly twice the magnitude of those in the supinated position, 3 0.8% MVIC ±

20.8%, compared with 16.9% MVIC ± 14.8% (p <0.001; 1-3 = 0.929)(Table 3).

No significant differences were found in the EMG results for the flexor pronator

muscle group between the dominant (pitching) and non-dominant arms, or between the

loading conditions. There were no significant interactions among the independent

variables.

The difference between the FLX-PRO 150 ms window peak EMG group means

for the dominant and non-dominant arms approached statistical significance (p 0.034,

1-3 = 0.570), but did not meet the Rosenthal and Rubin sharpened Bonferroni

significance criterion value of p 0.0 18.

Extensor-Supinator (EXT-SUP) muscles: In our evaluation of the EXT-SUP

full trial peak EMG values, we found higher EMG percentages in the dominant (pitching)

arm (95.1% MVIC ± 56.3%) when compared to the non-dominant arm (71.0% MVJC ±

34.7%) (p =0.024; 1 - 0.626) (Table 4). Analysis of the 150 ms window EXT-SUP

peak EMG values yielded similar results, with the dominant (pitching) arm demonstrating

a higher percentage of MVIC recruitment than the non-dominant arm (p 0.029; 1 -

0.596), Employing the Rosenthal and Rubin weighted Bonferroni correction,35'42 to

protect against Type 1 errors, we applied a per comparison alpha value of p 0.009 and p

0.006, and accepted the null hypothesis of no difference for both of these dependent

measures. (Table 5)
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Triceps Brachii (TRI) and Pectoralis Major (PECT) Muscles: No significant

differences were present for any of the EMG measures involving the triceps brachii (TRI)

or pectoralis major (PECT) muscles.

Medial Elbow Force Results

The dominant arm elbow peak forces (49.3 ± 12.5 N/kg BW) were significantly

greater than those measured in the non-dominant arm, which generated only 38.1 ± 11.0

N/kg BW (p =0.001; 1- = 0.994).

We also observed a significant difference in force output between the isometric

and dissipative loading conditions. The medial elbow forces generated during the

dissipative condition were lower (40.3 ± 10.5 N/kg BW) than the peak force generated

with the isometric condition (47.1 ± 14.4 N/kg BW) over this short burst activity (p =

0.007; 1-j3 = 0.779) (Table 6).

Flexor Pronator - Full Trial Peaks
SOURCE DF Mean Square F Ratio P-Value Power

Arm 1 108.999 0.130 0.720 0.065
Position 1 11989.000 14.245 0.001 0.961
Load 1 938.926 1.116 0.294 0.181
Arm x Position 1 399.697 0.475 0.493 0.105
Arm xLoad 1 104.443 0.124 0.726 0.064
Position x Load 1 6.071 0.007 0.933 0.051
Arm x Position x Load 1 10.439 0.012 0.912 0.051
Error 76 841.627

Table 2: Flexor-Pronator, Full Trial Peak EMG statistical summary chart



Flexor Pronator - I 5Oms Peaks
SOURCE OF Mean Square F Ratio P-Value Power

Arm 1 1563.750 4.683 0.034 0.570
Position 1 4029.288 12.066 0.001 0.929
Load 1 4.367 0.013 0.909 0.051
Arm x Position 1 3.345 0.010 0.921 0.051
ArmxLoad 1 56.624 0.170 0.682 0.069
Position x Load 1 49.241 0.147 0.702 0.067
Arm x Position x Load 1 53.466 0.160 0.690 0.068

Error 76 333.943

Table 3: Flexor-Pronator, l5Oms Window Peak EMG statistical summary chart

Extensor Supinator - Full trial Peaks
SOURCE DF Mean Square F Ratio P-Value Power

Arm 1 11502.389 5.333 0.024 0.626
Position 1 8598.267 3.987 0.049 0.505
Load 1 113.753 0.053 0.819 0.056
Arm x Position 1 3486.293 1.616 0.207 0.241

Arm xLoad 1 1764.746 0.818 0.369 0.145
Position x Load 1 503.898 0.234 0.630 0.076
Arm x Position x Load 1 718.883 0.333 0.565 0.088

Error 76 2156.722
Table 4: Extensor-S upinator, Full Trial Peak EMG statistical summary chart

&xtensor Supinator - l5Oms Peaks
SOURCE OF Mean Square F Ratio P-Value Power

Arm 1 2098.163 4.982 0.029 0.596
Position 1 1190.552 2.827 0.097 0.382
Load 1 3.261 1.409 0.239 0.216
Arm x Position 1 254.249 0.604 0.440 0.120
Arm xLoad 1 221.567 0.526 0.470 0.111
Position x Load 1 442.516 1.051 0.309 0.173
Arm x Position x Load 1 182.386 0.433 0.512 0.100

Error 76 421.149
Table 5: Extensor-Supinator, l5Oms Window Peak EMG statistical summary chart
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much support in the supinated position, that activities performed in supination would put

the medial elbow more at risk to injury.

Within the FLX-PRO muscle group, the flexor carpi ulnaris and the flexor

digitorum superficialis are reported to be in the best position to protect the UCL by both

Davidson et al. and An et al., in their modeling studies.2'12 However, Buchanan et al.7 in

an EMG-based study observed that while the flexor carpi ulnaris and the flexor digitorum

superficialis were in better position to provide a supportive varus torque, the pronator

teres generated the highest varus torques in response to valgus stressors. They also

showed that muscles in a potentially better position to stabilize the elbow, e.g., flexor

carpi ulnaris and the flexor digitorum superficialis showed little EMG activity. This

finding, combined with the results of Pomianowski39 that the pronator teres is relaxed

when the forearm is in a pronated position, would result in its inability to generate

increased tension, thereby showing less activity. These results are important, because in

the current study the pronator teres would have been more directly under the electrodes in

the neutral position, with the flexor carpi ulnaris and the flexor digitorum superficialis in

more direct line under the electrodes while in the supinated position.

The extensor-supinator muscle group is often the source of confusion in the

literature regarding protection of the UCL. The UCL is known to be assisted by a

dynamic compression of the elbow joint axially, and the EXT-SUP group provides

compression along with all other muscles that cross the joint.24'34'50 However, the

explanation for why the EXT-SUP group had as high if not higher activation levels, thus

the FLX-PRO group during the most stressful periods of the pitching motion is
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unclear.'3'46 It is also uncertain why they show a highly increased activity level in elbows

with medial laxity, while the FLX-PRO group shows decreased activity20'22'24

While these increased activation levels were not evaluated in this study, the

dominant arm did seem to show a possible training effect, with increased activity

percentages over the non-dominant arm, 95.1% MVIC versus 7 1.0% MVIC. Both the full

trial peak and the lSOms peak measures did approach an acceptable significance level (p-

value = 0.024 and 0.029 respectively), but were rejected due to the more stringent

evaluation of the Rosenthal and Rubin weighted Bonferroni correction, on those variables

which were determined to be of lower importance a priori.35'42 While no other studies

have examined the type of training effect reported here, this finding poses a very

intriguing question for future research and may help validate the findings of increased

activity in this muscle group.

The findings related to our force measures fall into two very separate categories.

The first states that the dominant arm provided a larger force per unit of body weight than

the non-dominant arm (49.3 N/kg versus 38.1 N/kg). This finding makes intuitive sense

in that the trained arm is stronger than the untrained counterpart. While this training

effect is alluded to in many studies on the subject4'8"°"9'21'43, it is not referred to directly

by any specific studies. Many other training effects, such as increased muscular

hypertrophy noted on exam in the shoulder and elbow4"26'43, decreased elbow carrying

angle4'8"9'21, and increased medial joint line opening are noted45, however no study was

found to have looked at what might be the simplest and most intuitive training effect.
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The second finding showed the dissipative loading condition presented lower

forces then the isometric condition (40.2 N/lb versus 47.1 Nub). Previous studies have

reported that higher forces are present in maximal eccentric contractions, than in

isometric contractions of the same exeion.1'15 Since the dissipative condition was an

eccentric type contraction, it would follow that we should have seen higher forces in that

condition. This presents a possible flaw in the experimental procedure, in which the

range allowed for movement in the dissipative condition was only 10 degrees and the

force applied was well below a maximal range (44.5 N). These two parameters were set

as safety precautions, since the elbow was in a vulnerable position during testing,

however this safety measure may have created a situation in which the expected loading

condition was not applied.

The results of this study can only be generalized to high school male baseball

pitchers who throw with a traditional overhand motion. These trained throwers may have

developed different activation patterns, when compared to non-throwers, to assist in

protecting the medial elbow structures, yet may not be advanced enough to reflect the

patterns which may be seen in athletes competing at higher levels.

Generalization of these findings is also limited to an elbow flexion angle of 90°.

Application of forces at different elbow angles will alter the moment arms and angles of

pull exhibited by these muscle groups2'3'33'38. We quantified upper extremity muscle

activation levels during a controlled laboratory situation intended to recreate the stresses

applied to the medial elbow during the late cocking and acceleration phases of pitching.
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As such, our findings provide valuable information not obtainable from field-based

experiments.

While these are important factors to consider, the limitations imposed by the use

of surface electrodes in this study warrant further discussion. Electromyography with

surface electrodes, while noninvasive and allowing for the measurement of myoelectrical

activity throughout an entire muscle/muscle group, is limited by the nondiscriminatory

nature of the activity recorded1. The possibility for recording activity from other

muscles, i.e., crosstalk, can create an artifact in the data'. Crosstalk is partially controlled

for by the careful placement of electrodes and also by the use of MVIC standardization1.

In our study, a threat to this type of signal distortion did exist in the basic design with the

use of two different testing positions, which could have moved the muscles under the

skin, and introduced cross talk from muscles not accounted for in the MVIC

standardization. While all precautions were taken to minimize this possibility, the

potential existed for crosstalk, caused by the muscle movement in relation to the skin, to

be present in our EMG signals.

Some might argue that our study was limited by low statistical power due to the

size of our sample, in that we tested 11 high school baseball pitchers. The small sample

size required us to employ multiple univariate ANOVAs rather than the preferred

MANOVA approach. In choosing this approach, we had to control for the possibility of

making a Type I error, associated with multiple statistical comparisons of nine dependent

variables, while simultaneously preventing an increased risk of Type II error from loss of

statistical power from a too stringent correction. We elected to evaluate our results with
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an adjusted or "sharpened" Bonferroni correction described by Rosenthal and Rubin.42

This correction does however, bring into question the results of three dependant measures

that approached significance, but did not pass the more stringent requirements imposed.

CONCLUSIONS

Future investigations of the medial forces at the elbow should carefully select the

outcome measures so as to not require large sample sizes to employ a MANOVA design.

Based on our findings, the five most important variables worthy of further study are

FLX-PRO full trial peaks, EXT-SUP full trial peaks, Force, FLX-PRO initial activation

peaks, and EXT-SUP initial activation peaks.

The evaluation of a dissipative loading condition with a larger range of motion

and or a more activity-based force could correct the specificity problem and once

alterations have been made, the next step would be to evaluate both lower and higher

levels of athletes. While all of these suggestions will assist in providing a clearer picture

into the problem presented, it is this researcher's opinion that the best way to look at the

muscular contributions to the protection of the UCL is to use fine wire electrodes. This

would prevent any artifact from movement of muscles under the electrodes while also

providing a clear picture of not just the muscle group's activity, but also the individual

muscles contributions to resisting valgus stressors.
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1. Significance of the Study

The overhand throwing motion is an unnatural movement for the human arm.
Throwing and especially baseball pitching impart very high stresses to the medial elbow.
The majority of this stress is applied during the end of the late cocking phase and the
beginning of the early acceleration phase of the throwing motion, the period during which
maximum shoulder external rotation occurs (Figure 2). 1-3 Studies have shown elbow
velocities during this time to be very high, ranging from 2300 to 4600 degrees per
second. 1,3

These velocities create a varus torque at the elbow measured in a range of
between 64 and 120 Nm. This torque is of sufficient magnitude to produce traumatic
injuries to the structures on the medial side of the elbow, especially the medial collateral
ligament (MCL) 1,2,46 (Figure 3). However, injuries to baseball pitchers' elbows are
prevented by the dynamic support structures (muscles) acting at the elbow to counteract
the applied stresses.70 Conflicting results of published studies add to the confusion over
which muscles provide this injury protection.7'5 The problems associated with previous
studies can be attributed to methodological differences as well as muscle activation
strategies. In this study we will attempt to answer some of the remaining questions by
examining the electrical activity within several muscles in two separate loading
conditions (isometric vs. force dissipation) in each of two arm positions (neutral vs.
pronated). These conditions will also be examined by comparing the throwing arm
measures to the non-throwing arm. This information should assist researchers in
designing effective studies to determine injury mechanisms and preventative
strengthening programs.

Anterior Bundle

Bixicøe

,-.. Ligamern

Figure 1 Figure 2; Medial Collateral Ligament of the Elbow
From Muiiay et al

APART DOWN EXTERNAL RELEASE
ROTATION

Figure 3 Six Phases of Pitching

From Hamilton et al
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2. Methods and Procedures

This study will examine the muscular activation of four muscle groups in the
upper extremity using surface electromyography (sEMG) techniques. The muscles
included are: (a) elbow flexor-pronator group (FP),(b) elbow extensor-supinator group
(ES),(c) the triceps bracbii (TRI), and (d) the pectoralis major (PM).

Electrode Preparation and Placement
Electrode preparation and placement will be performed by the student researcher

(CEL). The subject's skin will be shaved of hair and cleaned with alcohol swabs prior to
placement. New sterile single-use surface electrodes will be used on all four sites as well
as one ground site (right leg). Two electrodes will be placed over each muscle group
approximately 2 cm apart using placement sites and techniques as described by Delagi et
al. 8 (Figures 3 to 6). Placement of the surface electrodes over the correct muscle group
will be verified with voluntary muscle specific actions using the methods described by
Delagi et al.18

Subject Involvement
Each prospective participant in this study will begin by completing the informed

consent procedure outlined later in this document, including the signing of the Informed
Consent document (Appendix A). The subject will then fill out a brief medical history
questionnaire (Appendix B), which will be reviewed to determine eligibility for the study.
Qualified subjects will then be asked to warm up on a stationary bicycle for 5-10 minutes
prior to being positioned on the Kin-Corn 500-H isokinetic dynamometer (Chattecx,
Hixson, TN) for familiarization with the actions to be performed during data collection.

Experimental Procedures
Testing will begin with the establishment of a baseline value for each muscle

using a maximal voluntary isometric contraction (MVIC), performed in the same manner
as the placement verification testing. The sEMG signals will be recorded with Noraxon
Telemyo telemetered EMG system (Noraxon, Scottsdale, AZ). These values will be used
to make comparisons between subjects as a percentage of MVIC.

The subject will then be positioned lying face up on a bench attached to the
isokinetic dynamometer (a force measuring device) with their shoulder abducted to 900
and their elbow flexed to 90°, similar to the overhand throwing position depicted in
Figure 9. The subject's wrist will be connected to the dynamometer with a small
rectangular pad attachment. Each subject will perform 3 trials in each of the four testing
conditions: (a) isometric contraction with a neutral forearm position, (b) isometric
contraction with a pronated forearm position, (c) force dissipation action with a neutral
forearm, and (d) force dissipation action with a pronated forearm. Each individual trial
will require a sub maximal effort on the part of the subject for approximately 4 seconds.
A 60-second rest period will be required between trials and a 5-minute rest period
required between testing conditions to prevent or minimize fatigue. The order of testing
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will be counter-balanced to control for learning effects. Additional recovery time will be
given upon request to reduce the possibility of injury.

Experimental conditions 1 and 2 will consist of the subject using the medial
elbow muscles to exert a maximal effort, i.e., to push as hard as possible against a
stationary force sensing pad of the Kin-Corn dynamometer for approximately 4 seconds
in a varus direction (bending the forearm toward the body). The two testing conditions
differ in the position of the forearm. Condition 1 will place the forearm in a neutral
position (hand facing toward the subject's ear) and Condition 2 will have the forearm
pronated 900 (hand facing the ceiling).

Experimental conditions 3 and 4 will consist of the subject resisting a downward
or valgus force of between 10 and 15 lbs. This force will be generated by the isotonic
(constant force) mode of the robotic dynamometer. These conditions will once again
vary based on the position of the forearm.

Data will be collected by measuring the electrical activity in the four selected
muscles using surface EMG electrodes, as well as force data from the dynamometer. Data
will be collected in the Noraxon MyoResearch software (Noraxon, Scottsdale, AZ) at a
rate of 2000 times per second and the KINCOM isokinetic testing software at 100
samples per second (Chattanooga Corp., Chattanooga, TN)

3. Benefits and/or Risks to the Subjects

Direct benefits to the subjects involved in this research study will include a
monetary compensation of $10.00 to each subject who completes the testing. Subject
involvement will also add vital information to the quest to identify which muscles act in
the throwing motion during the high stress portions of throwing.

The risks associated with the physical exercise testing are similar to those
associated with participation in any physical activity including post-exercise muscle
soreness as well as the potential for muscular or ligamentous injury. This study will
attempt to limit these potential effects by using low force levels during the experimental
conditions as well as providing ample recovery time between trials to prevent fatigue.

A certified athletic trainer will be present during all testing in case of injury and
all testing equipment will be cleaned and sanitized prior to and following each testing
session.

4. Description of Subjects

Sixteen high school and collegiate baseball players with no history of shoulder or
elbow trauma to either arm will be recruited to participate in this study. Testing will be
conducted on each subject's throwing arm and non-dominant arm in order to use each
person as there own control. All subjects will be volunteers solicited from the OSU
baseball team and from high school subjects currently involved in research in the
department. A general health and injury history will be obtained through the use of a
questionnaire (Appendix B). Upon completion of the study, subjects will be
compensated monetarily in the amount of $10.00. In compliance with university
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regulations, approval will be obtained from the Institutional Review Board and all
subjects will be informed of all risks and provide informed consent prior to any
involvement in this study.

5. Informed Consent Document

See Appendix A.

6. Methods of Obtaining Informed Consent

A meeting will be held with each of the potential subject's and minor (any subject under
18 years of age) subjects parent or guardian in which the experimental protocol will be
described. On the date of testing, each subject and minor subject's parent or guardian
will be given a copy of the informed consent document to read and ask questions of the
student investigator (CEL), prior to participation in any experimental procedures.
Following any discussion the subject and minor subject's parent or guardian will be
asked to sign the Informed Consent Form. A copy of the form will then be given to the
subject and/or parent/guardian.

7. Methods to Protect Confidentiality

Each subject will be assigned a code number which will replace their name on all
records for the study except the informed consent document and a single list of all
subjects in the study, their phone numbers and addresses, which will be kept in a locked
file by the principal investigator. These documents will be maintained only as long as is
necessary under the regulations set forth by Oregon State University. Documentation will
only be used in the event that a subject would need to be contacted with information
concerning their health. No individual names or identities of subjects will be revealed;
however, demographic information may be used in any publication resulting from this
study.

8. Copy of Any Questionnaire, Survey or Testing Instrument

See Appendix B.
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OREGON ElATE - .

UNIVEnEITY

Report of Review by the Institutional Review floard for the
Protection of Human Subjects

TO: Rod Harter, ExSS

COPY: Charles Leddon, 122 S.E. Atwood, Corvallis, OR 97333

RE: Contributions of selected muscles to the dynamic stability of the meidal aspect of the
elbow (as reviewed on 05/23/99 and with modifications proposed on 06/08/00).

The referenced project was reviewed under the guidelines of Oregon StateUniversity's
institutional review board (IRB), the Committee for the Protection of Human Subjects, and the

U.S. Department of Health and. Human Services. The IRB 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 program/project's flies 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 IRB 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 IRB.

Date:
Warren N. Suzuki, Chair
Committee for the Protection of Human Subjects
(Education, 7-6393, suzukiw(orst.edu)
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INFORMED CONSENT DOCUMENT

A. Title: Contributions of Selected Muscles to the Dynamic Stability of the Medial
Aspect of the Elbow.

B. Investieators: Charles Leddos, A TC
Rod A. Harter, PhD, ATC

C. Purpose: The purpose of this research is to determine the difference in muscle activation
between the throwing and non-throwing arm of collegiate and high school baseball
pitchers in two different positions and loading conditions.

D. Procedures: I understand that as a participant in this study the following things
will happen:

1. Pre-study Screening.
a. I understand that a medical history will be taken to determine if! have

any prior injuries to my elbow or shoulder, or if I suffer from any
circulatory, neurological, or muscular condition that may result in my
not being asked to participate in this study.

b. I understand that if I have been ill, e.g., upper respiratory infection, flu,
diarrhea, in the last week that I will not be asked to be in this study.

2. What participants will do during the study.
a. My participation will involve one testing session, which will last

approximately one hour.
b. Teating will involve the placement of four sets of two surface

electrodes (small adhesive sticker like patches) over four different
muscle groups in my arm. This will include shaving away a 1.5 inch
cirice of hair and cleansing the area with iaopropyl alcohol prior to
application. I will then be asked to contract my muscle to ensure correct
placement of the electrode.

c. 1 will then be asked to perform 3 repetitions of 4 different muscular
contractions against a load with my arm in a throwing position.
Adequate rest between trials will be allowed to prevent the effects of
fatigue in order to limit the poasibility of muscular or ligamentous
bury.

d. Following Completion of muscle testing (approximately 45 minutes) the
electrodes will be removed from my arm.

3. Foreseeable risks or discomforts.
a. I also understand that with in this study as with any physical activity,

the potential exists for muscle or ligament injury and that some nonnal
post-exercise soreness may be experienced following the testing of the
muscles.

4. Benefits to be expected from the research.
a. I understand that as compensation for my participation, I will receive

$1 5.GO for completing the muscle testing with the electrodes in place.
Additionally, the information gained from this research will help to
increase the body of knowledge about the activation of the upper
extremity muscles in pitching.

Confidentiality:
I. The results of this investigation may be published, but neither my name nor my

identity will be revealed in these publicationa. A code number, rather than my
name will be used to identi' the data collected from me as past of this study. A
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single list of assigned code numbers as well as copies of this Informed Consent
Document will be kept secure by the principal investigator of this study.

F. Compensation for Iniury:
1. 1 understand that Oregon State University does not provide a research subject

with compensation or medical treatment in the event the subject is injured as a
result of participation in this research project.

2. 1 also understand that a certified athletic trainer will be on site during all testing
to provide initial first aid if an injury should occur.

G. Voluntary Participation Statement:
I. I understand that my participation in this study is completely voluntary and that

I may either refitse to participate or withdraw from the study at any time without
penalty. I understand that if I withdraw from the study before it is completed, I
will not receive the $10.00 compensation for my participation.

H. If You Have Any Questions:
I. Further questions about this research study, or related injuries should be

addressed to either Charles Leddon, Biological Control Lab, Women's Building,
Oregon State University, Corvallis, Oregon at (702) 845-d678 or Dr. Rod
Harter, Langton Hall 226, Oregon State University, Corvallis, Oregon at (541)
737-6801.

2. If! have further questions about my rights as a research subject, I should call the
OSU Research Office at (541) 737-0670.

My signature below indicates that! have read and that I understand the procedures
described 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's Signature:

Subject's Name (Printed):

Signature of Investigator:

Signature of Legal Guardian:
(if Subject is under 18)

Phone#:____________

Date:

Date:
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BASEBALL
PITCHERS
NEEDED

HIGH SCHOOL and COLLEGE PITCHERS
Needed for

EXSS STUDY on MUSCLE ACTIVATION is
BEING CONDUCTED SOON

RECEIVE $10
HONORARIUM

AFTER YOU COMPLETE THE STUDY

FOR MORE INFORMATION
CONTACT

CHARLES LEDDON @ 737-6267
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Name:

Address:

Subject Questionnaire

Subject Code:

Street City, State Zip Code

Phone#:________________
Home Work

Age:_____ Height:_________ Weight:_________

Gender: M or F (Circle one) Dominant Side: R or L (Circle one)

1. Have you been ill (flu, common cold, diarrhea) in the last 7 days?

2. Do you have any injuries that require special attention during this test?

If yes, explain:

3. Have you lifted weights in the last 24 hours with your upper body?

4. Have you ever had any injuries to either elbow?

If yes, explain:

5. Have you ever had any injuries to either shoulder?

If yes, explain:

6. Have you ever broken a bone in either arm?

If yes, when and which bone:

7. Have you ever had a surgery to either shoulder or elbow?

Ifyes, explain:

8. Do you have any congenital conditions that affect the muscular, circulatory or neurological systems? If

so, what?
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There are many factors that affect the elbowjoint in the overhand throwing

motions associated with many sporting activities. While most of the current research

focuses mainly on baseball, and more specifically pitching in baseball, other sports such

as volleyball, tennis and javelin present with similar problems and challenges to the

elbow4'9"2"3'49'68. The overhand throwing motion is an unnatural movement for the

human arm, and throwing activities, especially pitching, impart very high stresses on the

medial elbow. These loads have been shown to produce both traumatic and overuse

injuries to the structures on the medial side of the elbow, e.g., the medial collateral

ligament (MCL)26'27'40'41'55.

The anterior band of the MCL is considered to be the primary restraint to valgus

stress at the elbow 5,8,15,16 While the MCL is very important, the articular alignment and

the muscular support also provide invaluable contributions to the elbow's ability to

withstand these stresses1 1,38,46,48,71,72

We will examine the contributions each of these factors to the stability of this

unique joint with a full anatomical review. The anatomy of the elbow joint, however,

only provides a portion of the picture regarding this joint's functions. To obtain a more

complete picture, we must examine the biomechanical factors that affect the joint

mechanics during throwing. This discussion will include information on joint position

influences, a review of the kinetic chain concept, and a description of the six phases of

pitching. Once we have a complete picture of the structure and demands placed on the

elbow, we can begin to look at the problems associated with overhand throwing,

diagnostic concerns and the factors that lead to injury during these activities.
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ANATOMICAL REVIEW

Many structures contribute to the stability of the elbow joint, including bony

articulations, ligamentous complexes, joint capsule, and muscle groups. These

components all play different roles based on the joint position and the relative motion

being performed. The elbow joint is considered to be inherently stable due to the bony

articulations45'46. However, the anterior band of the medial collateral ligament (MCL) is

the primary stabilizer of the elbow to valgus stress 0,25,27,29,36,45-48,60,70,74, with the

exception of when the elbow is in full extension; in this position the medial stability is

split evenly between the MCL, anterior capsule, and bony articulation46. During the

acceleration phase of a baseball pitch, torques placed on the medial structures of the

elbow have been predicted to be between 64Nm and l2ONm9'26'40'78. The sheer magnitude

of these torques suggest the need for support above and beyond just that of the MCL and

bony articulations. It is theorized that this support is provided by muscular activity, but

the understanding of this support is not fully developed2'7'15'16'30'32'69. Within this review

we will examine the articular, ligamentous, and muscular contributions to medial elbow

stability.

Articular Contributions

The elbow joint consists of three articulations: the ulnohumeral, radiohumeral,

and the proximal radioulnar. All three are important in normal function of the elbow.

However, in consideration of medial stability in the elbow, we must first examine the

ulnohumeral joint. The articular surfaces between the humerus and the ulna are
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positioned in a way that makes it one of the most congruent joints in the

36,41,45,46,48,72body . Although this articulation seems to outweigh any other bony

contribution to medial stability, we cannot overlook the contribution of the radiohumeral

joint. This joint provides a mechanical block to medial joint line opening and is

especially important if the integrity of the MCL is in question. The radioulnar joint, while

not providing direct bony stability, does play a role in stability. A closer look at the

anatomy will help to clarifr the ability of these articulations to provide stability to the

elbow joint.

The humeroulnar joint is a unidirectional, diarthrodial joint72.The humerus and

ulna provide a large degree of stability due to their alignment with respect to each other

36,41,45,46,48,72 The articular surface of the humerus is called the trochlea, and is aligned in

approximately 6°-8° of valgus tilt and is rotated internally approximately 3°-5° with

respect to the epicondylar line45'46'72. The ulnar articular surface, semi-lunar notch, has a

similar angulation of 40 to match that of the trochlea, as well as a rotation in the opposite

direction with the same the magnitude as the rotation in the trochlea45'46'72. This

configuration positions the joint in a relative varus alignment while flexed and relative

valgus in extension'4. This alignment also allows for the decrease in surface contact area

between the two articular surfaces as the elbow extends, increasing the pressure applied

to the smaller area14. These matching angulations do, however, allow for a very stable

configuration, especially in full extension. Money and An46 reported an approximate

contribution of 30% resistance to valgus stress and up to 75% resistance to varus stress at

90° of flexion (approximately 30% and 50% in full extension respectively). They also
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reported a near linear decrease in stability with a sequential removal of sections of the

olecranon up to the point at which the insertion of the MCL was compromised45.

Andrews et al.3 contradicted this finding of decreased stability with their report of no

changes within the range of current surgical techniques (up to 8mm). While this joint is

one of the most congruent joints in the body, it allows for a large range of motion,

approximately 1401500 of flexionlextension64'77. It has also been noted that the inherent

stability of this joint is not due to the olecranon or the coronoid processes making contact

with the humerus in their respective fossas as these indentations in the bone are simply

there to allow movement and not as abutments to stop movement448'79. Finally, the

articular surface of the ulna is not continuous with hyaline cartilage in its midsection, but

instead is comprised of a fatty, fibrous tissue45.

The radiohumeral joint is an articulation between the radial head and the

eapitellum of the humerus. Stroyan and Wi1k72 describe the joint as a hinge/pivot joint in

that there is a rotational component, which allows for a pivot around its longitudinal

axis72. This joint is clinically significant to medial instability because of its ability to act

as a physical block to valgus stress and to act as a pivot point which is farther removed

from the MCL. This lengthening of the distance between the pivot point in valgus stress

will allow for a smaller force from any torque applied to the forearm36. In cases of radial

head excision due to fracture we must consider the loss of this restraint and the

shortening of the lever arm.

The introduction of a prosthetic device to replace the radial head has been used in

some instances to try and restore this bony block. Hotchkiss36 showed that this prosthetic
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device did not significantly improve stability. Morrey48 noted that excision of the radial

head did not significantly affect stability unless there was concurrent MCL disruption, in

which case gross instability was present. This finding is in contrast to other authors'

findings36'42. Hotchkiss36 observed no improvement in stability with the use of a radial

head replacement, but the question still remains whether the shift in the pivot point back

to a more lateral position will allow for a reduction of stress on the MCL even if no

change in stability is found36. It has also been shown that the main pathway (60%) for

axial load transmission is through the radiohumeral joint14'45.

The third and final articulation at the elbow is the proximal radioulnar joint,

formed by the rim of the radial head and the lesser sigmoid notch (radial notch) of the

ulna. This articulation allows for pronationlsupination of the forearm. Approximately

2900 of the circumference of the radial head is covered with articular cartilage, but there

is only 180° of motion is at this joint45'46. While the bony formation does not seem to add

any stability to the joint, Pomianowski et al.59 showed that varus and valgus laxity is

definitely dependent on forearm position. They showed, in cadaver experiments, that the

varus and valgus stability was greater with the forearm in supination when compared to

pronation, it was not clear as to what mechanism allowed for this increase in stability59

In summary, the medial stability in the elbow is significantly influenced by the

configuration and location of the of the ulnohumeral, radiohumeral and radioulnar

articulations. We should not underestimate their absolute and relative importance when

discussing the prevention, treatment and surgical options with the overhead throwing

athlete.
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Ligamentous Contributions

Ligamentous stability to the medial elbow is provided by the MCL. Both chronic

and acute disruptions of the MCL result in medial instability in the elbow32'36'4 1,45,74,75,79,

although this instability has proven difficult to diagnose due to the presence of secondary

restraints. The MCL has been reported to consist of three part: the anterior, posterior, and

transverse bundles (Figure 1)252945-47527274 Beckett et al.6 reported that 23% of those

studied had an additional band and that 50% had medial side variations. While both the

anterior and posterior bundles help provide stability to the medial elbow, the transverse

bundle is not believed to have a role in providing stability. The lateral ligaments, while

not providing medial support do provide valuable support to the radiohumeral and

radioulnar joints.

The anterior bundle is considered to be the primary stabilizer of the medial

0,2939,41 ,42,46-48,52,60,70,74,75,79 The anterior bundle has been described as running from

the inferior surface of the medial epicondyle of the humerus to the medial aspect of the

coronoid process, 0.8 mm distal to the tip'"'45'46'64'71. Average length and width of the

anterior bundle have been found to be 27.1mm ± 4.3 and 4.7mm ± 1.2 respectivly47. The

anterior bundle has been further divided into functionally distinct bands, but there is not

agreement as to how many bands are present, or to the function of those bands. Fuss29

determined that there were three functionally distinct fiber types: (a) those which were

tight in extreme joint positions, (b) those tight in intermediate joint positions, and (c) a

band that was tight throughout the full range of motion which he labeled the "guiding

bundle."29 Regan6° also documented three distinct bands in the MCL. He described their
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function as a sequential event, proceeding from the anterior portion being taut in

extended positions while the middle was taut throughout the full range and the posterior

portion was taut in more flexed positions. While these two authors described three

functional bands, most authors document a two band (anterior and posterior) description.

In this description, the two tighten in a reciprocal fashion, with the anterior portion being

taught from flexion to as much as 85° of flexion and the posterior from 600 to 120 degrees

10,12,48,60,70 More specifically, the anterior band is the primary stabilizer at 30, 60 and 90

degrees, while being co-primary restraint along with the posterior band at 120 degrees'°.

Rongieres et al.63 described the MCL using a totally different model, separating the band

into superficial and deep portions. Regardless of the model to which one adheres, it is

apparent that some portion of the anterior bundle of the MCL is taut at any joint angle,

thereby providing stability against valgus forces, but at the same time it is also more

susceptible to injury.

Morrey and An46 reported that the anterior band of the MCL contributes

approximately 30% of the elbow's static restraint to valgus torque when the elbow is

fully extended, but 54% when the elbow is at 90° flexion (elbow position when the

highest valgus torque is generated in throwing). They also reported that the MCL has the

added task of assuming 78% of the distraction restraint at 90°. Jarneson and Fleisig4°

reported the mean ultimate strength of the MCL ranged from 260 N to 642 N (based on

studies by Diliman et al., McBride et al., and Regan et al.). These mean ultimate

strengths correspond to a range from 10.4 N-rn to 32.1 N-rn of varus torque, which the

MCL and more specifically its anterior band is able to withstand before failure. The large
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variance in these estimations is believed to be due to methodological differences, which

include different calculations of muscle moment arms and cadaveric properties40'60.

The posterior bundle of the MCL, while not a primary stabilizer of the elbow, is

very significant in flexion as a secondary restraint. The posterior bundle originates on the

medial epicondyle, posterior and inferior to the axis of rotation, while inserting distal to

the anterior bundle 60,72,74 Morrey46 found no loss of stability with a transection of the

posterior bundle while the anterior bundle was still intact. However, Sojbjerg7° reported

that if the posterior bundle was cut after the anterior bundle, that an increase in instability

was noted. This secondary restraint classification is confirmed clinically in that the

posterior bundle does not show any incidence of injury without pathology to the anterior

bundle1O

The transverse bundle of the MCL is not believed to provide additional support to

the medial elbow as it is intrinsic to the ulna29'41'46'47'60'72'74. This bundle covers the medial

margin of the trochlear notch but does not restrict movement between the ulna and

humerus 46,47,60,72,74

The lateral elbow is supported by the lateral collateral ligament complex which is

comprised of the lateral ulnar collateral ligament, the radial collateral ligament, the

accessory collateral ligament and the annular ,45,53,54,64,72 Morrey and An46

reported in full extension the LCL contributed 14% of the resistance to varus torque and a

5% contribution to distraction, while at 90° of flexion a 9% resistance to varus torque and

a 10% contribution to distraction was found. These contributions are considered

relatively small and tend to be overshadowed by the large role of the bony contributions
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to stability in varus torque and the combined effects of the articulation and the MCL to

distraction forces41'45'46'72

The annular ligament is primarily support for the proximal radioulnar joint.

However, due to the attachment of the radial collateral and the accessory collateral

ligaments to its fibers, it does play a role in supporting against varus ,5354,64

Muscular Contributions

The muscles which act at the elbow can be divided into groups based on their

actions. With varying positions of the forearm, some muscles have different moment

arms and therefore can create different motions1'2'51'58. The primary flexors of the elbow

are the biceps brachii, brachioradialis, and the brachialis. The flexor-pronator group,

which originates at the medial epicondyle and includes the pronator teres, flexor carpi

radialis (FCR), palmaris longus (PL), flexor carpi ulnaris (FCU), and the flexor digitorum

superficialis (FDS) also contributes to flexion.

The two primary elbow extensors are the triceps brachii and the anconeus.

Pronation is performed primarily by the pronator teres and the pronator quadratus

which has its attachments on the distal forearm. Supination is accomplished by the

biceps, supinator and the brachioradialis. The supinator has a common origin with the

last group of muscles which cross the elbow, the wrist extensors. These muscles align

with the extensor carpi radialis longus (ECRL) and brevis (ECRB), and the extensor carpi

ulnaris (ECU) all attach at or near the lateral epicondyle of the humerus.
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While we understand the physical anatomy of the muscles, the muscular

contribution to medial elbow stability is the least understood anatomical component.

There have been many approaches to this question, yet all of them have fallen short of

fully explaining the relative contributions of the elbow musculature in counteracting the

effects of a valgus force applied to the elbow. There have been anatomical studies, which

looked at the relative position of muscles to the 1,38,72 Other studies present

mechanical modeling studies which examined the moment arms as functions ofjoint

angle2"5'58'72. There are also researchers who have evaluated the EMG activity in the

muscles of healthy and injured throwers in order to determine which muscles were firing

during specific times during a pitch 16,30,32,69 The problem is that each of these methods

brings about different conclusions as to which muscles act to stabilize the elbow.

In anatomical studies, many authors have proposed that the flexor-pronator

muscle group provide additional support to the medial l,72 Hyman38 reported that

acute elbow instability is generally not seen when the flexor pronator group remains

intact, however these muscles cannot compensate for a torn MCL. Davidson et al.15

showed that the flexor carpi ulnaris and the flexor digitorum superficialis are the two

muscles in the best anatomical position to provide stability in varying degrees of flexion

(30, 90, and 120 degrees). All of these findings are limited by the fact thatno muscle

activity was observed. Others have developed mathematical models based on lines of

action and muscle moments to determine which muscles pull along the same lines as the

ligaments"2'51'58. An et al.2 supported the findings of Davidson in reporting that the FCU

and FDS provide the correct angle of pull to protect the MCL. Other researchers have



60

pointed out that this finding is only true at certain elbow angles, while at others the

muscles have differing actions"51"8. These studies while useful do not include the

presence of muscle activity.

The third method of looking at this question is with the use of EMG. Buchanan et

al.7 found that the pronator teres was the largest contributor to varus torque, even though

the FCU and FDS should have been able to provide greater moments. At least two studies

have shown that all the muscles crossing the elbow have the potential to produce varus or

valgus moments, but that there was a large variation between subjects7'8°

DiGiovine et al.'6 and Sisto et al.69 evaluated EMG activity in normal elbows

during baseball pitching. These studies showed higher activity in the flexor muscles

during the most stressful periods of the throwing motion, late cocking and acceleration,

but the activity in the extensors was as high if not higher. We question whether the

activity in the flexors is to help control valgus stress or if it is present for other functional

reasons. If the flexor activity is intended to help control valgus stress then it would follow

that their activity should increase in elbows with MCL laxity, due to the demand for extra

stability. This hypothesis was tested by comparing the values from normal elbows to

those with instability. In these tests Glousman et al.3° and Hamilton et al.32 both found

elevated activity in the wrist extensors, but not in the expected flexor group. Hyman38

found actual decreases in the flexorpronator activity observed in injured elbows. These

findings however were collected from pitchers with instability and pain was noted during

these trials. These results pose two questions: first, did the perceived pain cause an

alteration in the pitchers' mechanics or cause a decrease in flexor muscle activity as a
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protective reflex? Second, was there an interruption in a proprioceptive mechanism that

would have increased flexor activity due to the disruption of the MCL in the elbows with

instability? The first question may be able to be answered with the introduction of some

type of neural block to the pain. The second question may be more difficult to answer;

however, Petrie et al.56 found mechanoreceptors in human elbow ligaments and Phillips

et al.57 investigated the possibility of a proprioceptive mechanism in the MCL of the

feline model. Phillips et al.57 concluded that the presence of this mechanism in the feline

model coupled with the known occurrence of this proprioceptive mechanism in other

joint capsules and ligaments of the human model pointed strongly to the possibility of a

proprioceptive protective mechanism in the MCL57.

While the effect of muscular activity is not clearly defined as it relates to medial

stabilization of the elbow, it is still considered to be beneficial to strengthen the flexor

group as well as other muscles which act at the elbow to assist the MCL in its stabilizing

efforts.

BIOMECHANICAL REVIEW

A review of the biomechanics of the elbow joint can provide us with a better

understanding of the factors that affect its stability. A biomechanical analysis can

determine which positions cause the most stress on the MCL, as well as identify the joint

angles and rotations that facilitate the best clinical evaluation of the injured site. Knowing

the movement patterns of the elbow joint complex can help us to understand how the

structures around the ligaments, such as the ulnar nerve, respond during activity.
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The elbow plays an integral role in the progressive transmission of forces from

large muscles in the trunk, shoulder, and upper arm to the forearm, hand, and eventually

the ball in the overhand throwing motion. This model of force and torque transmission

from proximal body segments to distal ones is known as a kinetic chain22'23. The kinetic

chain concept is very important in the understanding of the forces that are applied at the

elbow joint during throwing, but the forces and torques applied by the elbow structures

and musculature also play a role in the completion of this complex movement. We will

discuss the relationship ofjoint position to force and torque application and provide an

overview of the kinetic chain concept. This will be followed by a breakdown of the

overhand throwing motion into six phases: the wind-up, stride, arm cocking, arm

acceleration, arm deceleration, and the follow through27'78, because having a working

knowledge of the throwing motion and the demands placed on the elbow during this

motion are critical in our prevention, evaluation, and rehabilitation of throwing injuries.

Joint Position Influence

The calculation of forces and torques produced about a joint by individual

muscles has taken on many different models. Dowling18 listed four different approaches:

a) optimization, which partitions joint moments according to an "objective function", b)

forward dynamics, a process of combining neural excitations with a neuromuscular

model, c) artificial neural networks, which utilizes a form of parallel computing, and d)

EMG, which estimates the neural drive to each muscle. Dowling'8 contended that EMG

shows the most promise, but has a limitation in that accurate muscle models are difficult
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to develop. The largest problem with these models is the accurate calculation of muscle

moment arms, musculotendon length, and musculotendon velocity in dynamic activity.

Recent and classic studies of the elbow have examined these problems. As the elbow

joint angle changes in flexion /extension, Murray et al.51, reported changes in the muscle

moment arms of at least 30% in only 95° of motion. These differences are complicated

by the change in the pronationlsupination angle which can entirely change the muscle

action and thereby the torque produced at the joint2'37'51. The other complicating factor

for mathematical modeling is two joint muscles, which make the determination of the

direction and magnitude of force exerted by a muscle an exponentially difficult

computation"51'58. Multiple models have been developed to try and account for some of

these conditions1'2'37'51'58, but Dowling'8, suggests extensive work is still needed.

There is, however, some important information on peak moment arms seen in the

literature. Both Murray et al.5' and Pigeon et al.58 reported peak elbow flexor torques are

seen at 75° of flexion and that peak triceps extension torques are seen at approximately

115°. Murray also reported that supination torque for the biceps increase as elbow

extension increases.

Applied studies, such as the work done by Su et al.73, have reported the

differences in grip strength with varying elbow and shoulder joint positions. These

authors measured significantly higher grip strength with the elbow flexed at 90° when

compared to the fully extended elbow73. The combination of these two types of studies

are helping us to better understand the constantly changing torques and forces applied at

the elbow joint during dynamic activities.



64

Many studies have also been conducted to determine which structures of the

elbow are involved in providing stability to the medial elbow, and to what extent they are

involved throughout the elbow's range ofmotion"2'7'"6'30'32'51'58'69. These tests have

provided us with information such as what position is the best for testing medial laxity.

Callaway1° stated that a valgus stress test "should be performed in 90 degrees of flexion

for the greatest sensitivity." Field25 stated that arthroscopically the most medial joint line

opening occurred between 60-75 degrees of flexion with the forearm in pronation.

Schuind et al.67 have also shown how extreme flexion at the elbow can cause an

elongation of the ulnar nerve as well as a decrease in the cubital tunnel through which the

ulnar nerve travels. This finding is significant due to the high incidence of ulnar nerve

symptoms found in the unstable elbow41'72'78

Kinetic Chain Concept

The kinetic chain principle combines the summation of forces principle and the

transfer of momentum principle in an adaptation for coordinated human movement.

According to Fleisig et al.27, "the kinetic chain principle asserts that in a coordinated

human movement, energy and momentum are transferred through sequential body

segments, achieving maximum magnitude in the terminal segment." This is obviously

the case in the overhand throwing motion. The only question is where the chain begins.

Most authors agree that the chain for overhand throwing begins with the legs and

progresses through the hips, trunk, upper arm, forearm, hand and ends with the projectile

being thrown23'24'27'78.
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Herring and Chapman34 studied a model of the arm in which the kinetic chain

concept was tested. Their model was a simple three segment robotic chain, which

allowed for torques to be applied at the ends of each segment. They found that a

sequential proximal to distal application of the torques produced the greatest terminal

segment velocities as well as the longest projectile flight when compared to other

activation sequences, and that the timing of activation also contributed to these results.

These authors further examined the result of torque reversal, the change in the direction

of applied torque at a link in the chain near the end of the range of motion. They found

that while these measures were extremely sensitive to timing controls, there was a

significant increase in terminal velocity and ball flight with coordinated torque reversal34.

Gonzales et al.3' later termed this coordinated torque reversal in the throwing motion as

the agonist/antagonist/agonist bursts concept. These results show the increased

effectiveness with the use of a kinetic chain model as opposed to isolated joint or

segment motions.

The kinetic chain model is based on cause and effect, if a proximal segment

creates a torque or imparts a force on another segment, that moment must be transmitted

or absorbed, energy must be conserved. Therefore, creating moments in the larger

muscles of the body and transmitting them with the additive effect of each successive

segment will allow for the greatest generation of force at the distal segment. The way

that these forces are transmitted throughout the arm in throwing will be discussed in each

of the six phases of throwing.
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Six Phases of Pitching

There is a great deal of variation in the descriptions of the different phases of

throwing in the literature. The number of phases varies from four to six, but all of them

use similar key moments in distinguishing actions being performed. This discussion has

chosen the model presented by the majority of authors who utilize six phases in the

analysis: wind up, stride, arm cocking, arm acceleration, arm deceleration, and follow

through'6'26'27'69'78. Within the discussion on each phase, information regarding observed

motions, the causes of those motions (especially those from the kinetic chain model),

stresses placed on the structures of the elbow, and EMG activity will be presented.

Wind-Up: The wind-up is the initial stage of a throw which begins with first

movement and ends with the beginning of the stride27'78. During this time very low

activity (<20% maximum voluntary contraction (MVC)) was seen in all muscles'6'69, and

no significant stresses were imparted to any elbow structures22. This phase is simply to

position the body in a good starting position.

Stride: The stride phase is initiated when the lead leg begins to move toward the

target and ends when the foot makes contact with the ground27'78. This phase initiates the

kinetic chain at the point furthest from the release point, the legs. Energy and momentum

toward the target is being generated27. Tension also develops in the scapular positioning

musculature in order to properly position the glenoid for the thro 6,27 Other joint forces

and torques also position the shoulder in about 90° of adduction, the elbow at

approximately 90° and they fully extend the wrist16'24'27'69. In this phase tension begins to

develop in the muscles around the elbow and mild compressive forces are created in the
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joint due to the flexion torque produced2"6'"8. The positioning activities are associated

with moderate to high (2 1-60% MVC) EMG activity in the musculature16'27'69

Arm Cocking: During this phase, there is a large transfer of force through the

kinetic chain. This phase begins with stride foot contact and ends with maximum

shoulder external rotation27'78. During this phase, rotation of the hips and torso imparts

energy into the throwing arm. This is accomplished by the stabilization of the scapula

and the glenoid in a fixed abduction position which allows for the rotational force of the

trunk to create an external rotation torque about the shoulder'6'22'24'27. This same

rotational force creates the varus torque imparted to the medial elbow by the forearm24.

This varus torque, creating a valgus moment, continues through the acceleration phase

and is the source of most of the injurious force imparted on the e1bow2227'41'60'64'69'78'79

The peak force produced during this phase at the medial elbow has been calculated to be

64 N-rn26. The primary restraint in this motion is the MCL and has been shown to

provide approximately 54% of the resistance necessary to counteract the valgus force

applied with at the elbow in 90° of flexion31'45'46'69. The stress placed on the MCL, can

therefore be determined by taking 54% of the 64 N-rn torque (34.56 N-rn). This places

the MCL very close to its structural limit of 32.1 ± 9.6 N-rn as calculated by Money et

al.46 and Regan et al.60. This valgus moment also imparts compressive forces on the

humeroradial joint which can cause radiocapitular overload64, that results in avascular

necrosis, osteochondritis dissecans (OCD) and/or osteochondral chip fractures26'64'78. The

more commonly-known pathology from throwing also occurs due to this high valgus
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strain, and is termed "valgus extension overload," it is due to the impinging of the

olecranon into the wall of its fossa, also referred to as the "wedging effect"26'41'64'69.

Wilson et al.79 claimed this impingement causes "an exfoliation of cartilage which

could either form loose bodies or cartilaginous masses on the adjacent surfaces" of the

bone. Both of these overload syndromes are due to exceedingly high compressive forces

which necessitate reactive bony growth. During this phase of throwing the muscle

activity at the elbow is relatively low (<20% MVC) in extension16'22'24'78. The EMG

readings show mild activity in the muscles, which originate on the medial epicondyle

(FCU, FDS, FCR and PT). This flexor-pronator muscle activity would be expected to

help absorb some of the valgus force, but studies done by Glousman et al.30and Hamilton

et al.32 looked at injured versus healthy elbows, there was no increased activation to

attempt to assist with the additional loads which needed to be dissipated. This phase also

presents the only difference between the fastball and curveball pitches in baseball other

than the follow-through. This difference is only in the pronationlsupination and wrist

flexion/extension angles without concurrent EMG activity. This finding leads to the

conclusion that the curveball does not contribute additional forces to the medial elbow as

is commonly believed 20,26,33,65,69

Arm Acceleration: As its descriptive name suggests, this phase is another very

active phase for the musculature of the arm. Arm acceleration is initiated with the

beginning of internal rotation of the shoulder and ends at ball release27'78. This phase is of

very short duration, approximately 0.05-0.10 seconds26'78. In this period, high internal

rotation angular velocities are reported at the shoulder, e.g. 5000°/sec to 8500°/sec'6'35,
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and the elbow in extension from 2200°/sec to 4500°/sec9"4"6'38'61'68'74. Shoulder

musculature showed high (>40% MVC) EMG activity in the stabilizers as well as in the

internal rotators; this combined with the forward momentum of the torso contributes to

the high angular velocities seen at the shoulder and elbow24'78. The fast rotational

component at the shoulder is also helped by the decrease in the forearm's moment of

inertia do to its rapid extension22, which brings its weight closer to the axis of rotation.

Elbow extension does, however, contribute to the valgus extension overload pathology by

forcing an angulated olecranon back into its fossa26'41'64. Compression during

acceleration along with the other stresses applied to the elbow due to the valgus moment

from the arm cocking phase are also present during this phase ofthrowing22'24'26'41'64'69'78

The high valgus load produced is better dissipated by the increased action of the FCU,

FDS, FCR, and the PT'6'24. Also seen during this phase is an increase in triceps activity,

but this is not believed to be solely responsible for the elbow extension during this phase

due to reports that no decrease in ball speed with a triceps neural block24. Once again,

the centripetal force produced up the kinetic chain by the torso and shoulder is

accountable for the high extension 6,22,24,27

Arm Deceleration: The fifth phase of pitching begins with ball release and ends

with maximum internal rotation at the shoulder27'78. The main purpose of this phase is

simply to decelerate the arm and to dissipate excess energy in a controlled manner. The

accomplishment of this goal requires high compressive forces, generated by eccentric

activity of the muscles that stabilize the scapula, externally rotate and horizontally abduct

the arm. At the elbow all of the flexors and extensors create large joint compressive
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here are obviously tensile loads on the soft tissue components. EMG activity is high (>

41% MVC) in all of the aforementioned muscle groups'6. Slightly higher activity is also

seen in the supinators for a curveball over that of the fastball due to the different finger

position at release20'33'65

Follow-Through: This phase is simply the return of the thrower to a position of

balance after completing the throw and involves very little activity in the upper extremity,

but instead is caused by actions of the legs and torso16'22'27

PATHOLOGICAL CONSIDERATIONS

While it is obvious that a traumatic event can compromise the integrity of the

MCL and render the medial elbow unstable, repetitive stress such as that caused by the

throwing motion can also cause damage to or laxity in the MCL41'46'74'75'78'79. This laxity

can also present many secondary conditions, some of which, when painful, can assist in

the discovery of MCL laxity. These secondary conditions are significant, because without

their presence instability might go unnoticed indefinitely. The inability to recognize or

diagnose damage to the MCL is not limited to nonspecific joint laxity; many tears of the

MCL are not readily evident on most standard imaging studies14'19'41'74. The increased

demands being placed on the elbow have caused an increased incidence of elbow injuries

in throwing sports. This increase has led to an more research into the structural, kinematic

and kinetic differences seen across both healthy and injured populations. Hopefully,
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through continued research, we can find more clear answers on how best to prevent,

diagnose and treat the injuries to the elbow joint.

Injuries to the elbow, especially the medial elbow, are primarily due to two

mechanisms11'40'81. Chronic attenuation due to repetitive valgus stress from overhand

throwing and post-traumatic injuries, usually from a fall on an outstretched arm11'40'81

The primary and most debilitating injury to the medial elbow is a sprain of the primary

stabilizer, the MCL'1'40'74 In throwing activities, the MCL is primarily injured via the

chronic attenuation mechanism, which produces valgus laxity. This laxity, if

undiagnosed, can lead to many secondary conditions, including ulnar nerve traction,

muscular strains, lateral compression injuries, avulsion fractures and various

manifestations of valgus extension overload syndrome40'74. Ulnar nerve traction can cause

pain numbness throughout the medial elbow. This traction is caused by the repetitive

stretch applied to the nerve when the joint opens with varus stress, but can also be

produced by a trapping of the nerve by the cubital tunnel retinaculum when the elbow is

flexed 4,14,41,72,81

As we have learned from the mechanics of overhand throwing, both of these

conditions exist simultaneously during the throw, thereby increasing the stretch applied to

the nerve and increasing the chances of injury to this important structure. Muscular

strains to the flexor pronator group are common as well especially in younger throwers,

in whom medial tendonitis is termed "little league elbow"4'9"4'64. Lateral compression

injuries to the radial head are due to the increased pressure applied when the joint is

allowed to open in valgus, but these injuries are generally secondary to MCL tears40.
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Valgus extension overload is a result of the medial soft tissue restraints of the elbow not

being able to fully control the stresses placed on them. Over time, these changes permit a

medial joint line opening during the throwing motion. This creates a wedging effect41, in

which the posteromedial portion of the olecranon process is pinched against the

olecranon fossa, causing bony changes to occur41'74'79. This condition can cause spurring

and loose bodies to form in the joint4"4'41'64'74. While the treatment and rehabilitation

from these injuries varies, the prevention seems to all point to limiting the valgus stress

applied to the elbow.

The symptoms exhibited by these and other secondary conditions above often are

the first signs of medial joint laxity, although an MCL injury can also present with

debilitating symptoms. Unlike most other joints in the body, orthopedic assessment of the

elbow can be very inconclusive74'76. There is still debate as to the best position to test for

medial instability, and most agree that physical exams for laxity are not very

sensitive9'14'25'41'64'74. In fact, partial tears of the anterior bundle of the MCL are

sometimes very difficult to detect clinically, even with the use of MRI, arthrograms, and

CT scans19'25'62'74'75'76 Field25 documented that a partial tear of the MCL could even go

undetected during an arthroscopic evaluation. This is because only 20-30% of the anterior

band, of the anterior bundle, of the MCL can be visualized through the anterior portal,

while only 50% of the posterior band can be visualized though the posterior portal74.

Some techniques have been suggested to find specific lesions, such as the undersurface

tear described by Timmerman and Andrews75, but the majority of diagnosis is still

inexact. Rijke62 presented the use of stress radiography for this diagnosis, by determining
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the medial joint opening seen when a valgus load is placed on the elbow while an x-ray

was taken. He concluded that this method could distinguish between small partial tears

and normal ligaments. This finding is significant in that in order to properly treat any

injury we must first be able to accurately evaluate it.

With all this injury data the questions arise as to how do we prevent and treat

medial laxity. What concerns should we have with different ages, pitches, cultures, and/or

treatments. Differences in medial joint opening and a lateral shift of the proximal ulna

from the throwing arm to the non-throwing arm have been found in college and

professional pitchers19'66. These differences have also been shown to be related to

osteophyte formations and elbow pain, but it is not known if these differences also seen

in younger athletes. Fleisig et al. 28 did examine the differences between kinematic and

kinetic variables in levels of play ranging from little league, high school, college and

professional pitchers. These authors found that kinematic variables (the mechanics of

pitching) did not vary across the differing groups, but that the kinetic values were

significantly different due to the increases in strength28. From this study Fleisig and

associates concluded that both chronic attenuation and the increased forces from higher

level play could explain the increase in elbow injuries in higher levels.

Children have long been suspected of having an increased susceptibility to elbow

injury from pitching. In fact, Lyman43 found that 28% of pitchers in his study, aged 9-14,

had some kind of elbow pain during any given year, but that the incidence was much

higher in those that threw a slider (86% increase). The pitch that common knowledge

proports to be the most damaging however is the curveball. Lyman actually found no
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increased incidence of elbow pain with those who threw the curveball in his study, and

others have reported that there are no differences in EMG values or accelerations

between the fastball and curve33'43. Escamilla2' chose to examine the kinematic patterns

of pitchers from multiple cultures during the Olympic Games, but found that there were

no differences between pitchers' mechanics from the various countries that could help

explain injury mechanisms.

While these studies produce a clouded picture, it is at least helpful to know that

the current surgical techniques for repairing the MCL and thereby restoring the resistance

to valgus loads are relatively successful 50,61 These surgical repairs have been shown to

have similar strengths to pre-injury levels and have a 65-78% return to play rate, as

compared to a 45% return rate in non-surgical treatments 50,61 We have also found that in

our rehabilitation settings we can control the forces placed on these structures by using

flat ground throwing and partial effort

While current research caimot provide a complete answer to our questions about

the medial elbow, we are getting closer to understanding how to prevent, diagnose and

treat this unique joint. There are still many unpreventable conditions that are associated

with throwing activities, prompting considerable discussion regarding the best way of

diagnosing laxity in these ligaments.
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SUMMARY

Obtaining a true understanding of the forces which act at the elbow during the

throwing motion requires consideration of not only the anatomy and musculature of the

joint, but also those forces and torques that are created at the elbow by the transmission

of force through the kinetic chain. Although precise methods for calculation of these

forces and torques are not yet clearly defined, the use of modeling techniques provide us

with a way to estimate the stresses that are placed on the elbow. These techniques have

shown us that the elbow musculature tends to be most active during the arm cocking, arm

acceleration, and arm deceleration phases of the overhand throwing motion. This

correlates well with the determination that the stabilizing structures are under their

greatest stress during these phases, especially the MCL which is subjected to very high

valgus stresses during the arm cocking and acceleration phases. It has indeed been

shown that the MCL' s structural limits are reached and possibly surpassed during these

phases, which necessitates contributions to stability from active stabilizers40. Even

though these active stabilization mechanisms are still unclear, the necessity for their

contribution is evident. There is still a need for research into many aspects of both

overhand throwing and the protective mechanisms of the elbow.
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Appendix D:

Data Sheets



FULL TRIAL PEAKS (% MVIC)

Subject I N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
TFlex/Pro 1667.48 117.0 74.1 87.1 80.4 854.4922 141.1 120.0 150.6 112.0
fEct/Sup 153.8086 334.9 246.0 466.7 219.0 771.4844 55.4 31.3 37.3 33.5
[Tn 1035.156 69.8 80.7 35.4 34.4 483.3984 105.1 181.8 46.5 39.4
[Pec 2143.555 119.4 104.4 119.6 71.8 1660.156 89.6 113.1 108.4 88.2

Subject 2 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2053.223 44.4 43.3 36.9 39.3 1425.781 95.4 127.7 91.5 92.1
Ext/Sup 932.6172 25.9 23.8 24.0 22.1 727.5391 79.5 105.0 89.7 94.6
Tn 590.8203 22.3 15.3 22.2 16.7 2048.34 57.3 29.3 41.5 28.6
Pec 1462.402 64.9 84.3 61.5 84.4 1010.742 95.7 84.5 90.2 88.4

Subject 3 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1826.1 72 93.6 102.3 3020.02 98.7 101.7
Ext/Sup 1066.895 66.6 82.2 1198.73 144.8 120.0
Tn 788.5742 37.2 44.3 2180.176 40.5 50.6
Pec 2946.777 55.8 46.3 1784.668 99.2 88.6

Subject 4 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI 0N2 DSI DS2
Flex/Pro 1123.047 80.2 81.5 66.5 54.1 1701.66 91.0 70.6 85.4 77.0
Ext/Sup 1716.309 73.3 44.2 28.9 27.2 1516.113 66.0 58.5 41.9 53.6
Tn 1520.996 36.9 42.7 49.3 36.1 2177.734 58.7 44.7 48.0 35.5
Pec 2277.832 50.4 42.6 48.4 45.3 1584.473 133.6 106.2 134.1 88.4

Subject 5 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1423.34 138.3 89.5 53.0 61.1 2229.004 89.6 92.6 39.0 48.0
Ext/Sup 644.5313 47.7 59.1 56.8 122.0 2338.867 29.6 18.9 19.7 20.7
Tn 383.3008 133.1 100.0 126.1 67.5 705.5664 78.9 70.6 77.9 67.1
Pec 1093.75 278.3 228.1 258.3 151.1 1840.82 161.8 130.9 170.3 139.0

Subject 6 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2280.2 73 46.5 44.3 44.1 47.3 2072.754 54.2 49.6 41.7 40.9
Ext/Sup 649.4141 116.5 134.6 145.5 96.6 783.6914 236.8 174.5 161.7 176.6
Tn 256.3477 142.9 136.2 429.4 163.8 817.8711 59.7 32.8 116.7 29.8
Pec 2766.113 121.9 79.2 87.1 86.8 2424.316 147.7 119.3 155.3 115.8



FULL TRIAL PEAKS (% MVIC)
Subject 7 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2

Flex/Pro 1352539 109.4 74.5 138.8 61.4 1918.945 51.3 34.7 36.1 25.6
Ext/Sup 808.1055 43.8 43.5 39.3 39.9 1267.09 54.5 43.2 42.8 44.1
Tn 749.5117 42.3 23.8 47.6 37.5 578.6133 42.2 31.2 40.9 34.2
Pec 1767.578 70.2 4T0 7a0 78.3 1296.387 117.1 67.6 92.5 81.9

Subject 8 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1855.469 80.1 75.4 81.2 61.6 1445.313 103.4 95.4 68.1 36.5
irI/Sup 895.9961 62.4 50.1 48.5 52.6 690.918 241.0 167.7 120.5 103.9

Tn 510.2539 64.6 38.8 57.4 67.9 541.9922 58.1 56.3 166.7 50.0
Pec 878.9063 956 84.2 82.8 111.7 1694.336 54.8 53.6 41.8 40.9

Subject 9 N-MVIC NNI NS2 D-MVIC DNI DN2 051 DS2NN2 NSf
Flex/Pro 1525.879 32.8 49.4 10.7 17.8 1738.281 53.5 44.9 15.0 19.1
Ext/Sup 664.0625 96.3 113.6 74.3 109.2 456.543 182.4 153.5 74.9 88.8

595.7031 32.8 32.4 25.0 28,7 612.793 47.4 59.8 47.8 39.4
Pec 1325.684 104.8 76.2 63.5 68.1 1892.09 62.7 53.8 39.6 22.3

Subject 10 N-MVIC NNI NN2 NSf NS2 D-MVIC DNI DN2 DSI DS2
TReiT/Pro 1015.625 114.4 129.6 81.0 124.8 1892.973 85.1 78.8 66.7 24.6
[Ext/Sup 1003.418 70.1 111.7 67.2 61.1 871.582 80.1 73.9 42.6 20.4
[Tn 1171.875 29.0 29.0 61.0 35.0 751.9531 46.4 40.9 41.2 25.3Jfc 1276.855 159.5 169.0 142.8 115.5 1694.336 149.1 108.9 117.0 80.3

Subject 11 N-MVIC NS2 D-MVIC DNINNI NN2 NSI DN2 DSI DS2
FIex/Pro 2539.063 55.7 58.9 21.2 21.1 1762.695 83.4 60.9 32.5 35.6
Ext/Sup 1416.016 106.2 134.0 104.1 120.7 874.0234 111.5 90.2 70.7 113.4
Tn 1174.316 32.0 33.1 38.0 22.5 251.4648 63.1 134.0 401.9 61.2
Pec 1926.27 88.1 69.1 71.2 60.7 1916.504 70.3 57.3 72.9 72

Subject 12 N-MVIC NNI NN2 NSf NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1147.461 92.1 87.7 76.2 78.3 2094.727 121.7 85.7 96.4 71.3
Ext/Sup 1616.211 68.0 65.9 53.6 49.8 2341.309 115.6 91.6 116.3 57.1
Tn 600.5859 57.3 71.5 77.2 58.9 927.734 45.3 43.7 44.7 33.9
Pec 1550.293 89.1 77.0 73.5 74.5 2136.23 101.8 85.3 99.8 97.6

00



150 ms PEAKS (% MVIC)

Subject I N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1667.48 134.7 26.1 44.4 29.0 854.4922 76.9 27.1 70.9 38.6
Ext/Sup 153.8086 155.6 23.8 150.8 19.0 771.4844 13.0 5.1 7.6 6.6
Tn 1035.156 63.7 2.4 108.0 11.8 483.3984 10.6 8.6 8.6 3.5

2143.555 33.8 4.4 97.0 5.9 1660.156 22.1 2.8 20.0 3.5

Subject 2 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
TFlex/Pro 2053.223 13.2 14.4 13.8 12.5 1425.781 22.8 38.2 17.2 16.2
Ext/Sup 932.6172 2.4 1.8 2.1 1.8 727.5391 19.8 29.5 22.5 22.1
Tn 590.8203 7.4 6.6 6.3 5.5 2048.34 6.3 10.3 10.5 10.1
Pec 1462.402 15.4 27.2 26.6 20.3 1010.742 13.8 27.5 24.8 22.5

Subject 3 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
RTex/Pro 1826.1 72 32.0 19.9 3020.02 62.0 34.9
Ext/Sup 1066.895 12.1 18.8 1198.73 67.6 37.5
Tn 788.5742 5.9 13.3 2180.1 76 14.8 11.4
Pec 2946.777 10.1 16.0 i784.668 33.5 27.6

Subject 4 N-MVIC NNI NN2 NSI N52 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1123.047 31.7 20.0 14.& 17.4 1701.66 42.5 26.0 7.9 20.2
Ext/Sup 1716.309 15.5 2.4 2.3 3.0 1516.113 19.0 15.1 2.4 5.2
Tn 1520.996 14.8 13.2 9.3 10.9 2177.734 14.6 13.3 5.3 13.7

èc 2277.832 12.5 7.2 8.1 13.2 1584.473 56.7 31.3 10.5 23.7

Subject 5 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1423.34 18.2 15.3 12.7 9.9 2229.004 7.4 7.1 2.8 4.2
Ext/Sup 644.5313 4.5 4.5 15.2 4.5 38.867 2.3 2.8 1.5 2.8
Tn 383.3008 29.9 26.1 28.7 29.3 705.5664 8.3 6.6 10.7 4.2
Pec 1093.75 5.6 56.5 45.3 24.6 1840.82 52.4 25.7 42.3 13.3

Subject 6 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2280.2 73 14.9 17.2 7.7 15.0 2072.754 24.9 21.4 16.6 15.5
Ext/Sup 649.4141 69.5 75.2 50.8 33.8 783.6914 120.9 69.8 65.1 57.3
Tn 256.3477 58.1 58.1 45.7 43.8 817.8711 21.8 13.7 15.2 14.8
Pec 2766.113 45.5 61.2 43.0 30.0 2424.316 80.6 50.1 64.4 51.6

00



150 ms PEAKS (% MVIC)

Subject 7 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1352.539 82.1 56.7 71.5 22.6 1918.945 48.3 30.9 16.8 16.0
Ext/Sup 808.1055 25.4 11.2 21.5 12.7 1267.09 44.1 22.9 30.6 16.6
Tn 749.5117 19.5 10.7 30.3 21.5 578.6133 27.0 24.5 29.5 27.4
Pec 1767.578 51.8 45.7 38.4 29.7 1296.387 50.7 16.2 74.6 58.8

Subject 8 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1855.469 14.2 99.5 31.1 79.3 1445.313 34.6 25.5 12.7 8.4
Ext/Sup 895.9961 13.4 10.9 8.7 11.2 690.918 29.0 17.5 15.9 17.7
Tn 510.2539 16.3 16.3 21.5 36.4 541.9922 189 18.2 30.2 20.7
Pec 878.9063 25.0 26.1 16.4 82.2 1694.336 18.7 16.6 16.4 21.3

Subject 9 N-MVIC NSI NS2 D-MVIC DNI DN2 DS2NNI NN2 DSI
Flex/Pro 1525.8 79 20.3 22.1 7.0 7.7 1738.281 19.1 12.6 9.4 9.7
Ext/Sup 664.0625 27.9 5.1 7.4 34.9 456.543 46.0 11.2 27.3 28.3
Tn 595.7031 29.5 5.7 11.9 12.3 612.793 18.7 6.8 14.7 13.5
Pec 1325.684 104.4 6.4 18.8 22.3 1892.09 26.7 15.6 19.6 13.2

Subject 10 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DS2DSI
Flex/Pro 1015.625 89.7 58.2 13.7 26.0 1892.973 13.3 22.8 5.3 9.3
Ext/Sup 1003.418 9.5 5.8 5.8 2.9 871.582 3.9 4.5 9.0 7.3
Tn 1171.875 12.5 4.2 7.3 2.9 751.9531 12.0 11.4 21.4 19.8
Pec 1276.855 83.2 31.4 48.9 19.3 1694.336 24.9 23.5 56.5 51.2

Subject 11 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2539.063 27.7 35.6 17.1 7.9 1762.695 22.6 14.1 15.4 17.2
Ext/Sup 1416.016 15.2 14.7 7.6 13.4 874.0234 53.9 9.5 15.1 23.5
Tn 1174.316 9.8 10.0 8.5 11.2 251.4648 24.3 17.5 34.0 38.8
Pec 1926.27 46.8 54.0 56.7 38.7 1916.504 24.8 13.2 59.6 53.1

Subject 12 N-MVIC NNI NSI NS2 D-MVIC DNI DS2NN2 DN2 DSI
Flex/Pro 1147.461 37.4 36.4 15.3 17.7 2094.727 20.2 26.5 18.6 16.4
Ext/Sup 1616.211 8.8 12.8 7.4 6.0 2341.309 14.3 23.1 7.5 5.9
Tn 600.5859 17.1 26.8 18.7 21.1 927.734 20.3 23.7 14.2 9.7
Pec 1550.293 55.6 57.6 35.1 27.1 2136.23 65.7 53.6 53.5 35.5

00



150 ms AVERAGES (% MVIC)

Subject- I N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1667.48 81.8 16.3 28.1 14.8 854.4922 32.4 16.2 33.0 25.2
Ext/Sup 153.8086 91.5 13.6 87.4 15.3 771.4844 5.7 2.3 5.3 3.9
Tn 1035.156 35.3 1.0 55.2 6.2 483.3984 5.2 6.4 4.2 2.8
Pec 2143.555 23.7 2.3 50.6 3.0 1660.156 4.1 1.5 3.8 2.2

Subject-
2 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2

Flex/Pro 2053.223 8.9 8.8 7.9 7.8 1425.781 14.8 24.6 14.6 14.0
Ext/Sup 932.6172 1.6 1.4 1.3 1.3 727.5391 12.3 17.3 13.6 12.3
Tn 590.8203 5.2 5.1 6.4 5.6 2048.34 3.2 4.8 4.4 3.9

Subject-

Pec 1462.402 10.6 18.9 12.0 18.0 1010.742 10.8

DNI

13.8

DN2

10.9

DSI

9.9

DS23 N-MVIC NNI NN2 NSI NS2 D-MVIC
Flex/Pro 1826.172 15.7 14.8 3020.02 28.8 15.7
Ext/Sup 1066.895 5.2 14.0 1198.73 37.7 14.4
Tn 788.5742 3.8 10.0 2180.1 76 10.0 8.2
Pec 2946.777 5.9 13.1 1784.668 22.8 20.0

Subject-
4 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DS1 DS2

Flex/Pro 1123.047 22.9 15.2 8.5 14.6 1701.66 24.2 11.7 4.2 12.4
Ext/Sup 1716.309 7.0 1.6 1.5 2.4 1516.113 4.7 5.4 1.6 3.2
Tn 1520.996 10.1 9.0 7.4 8.8 2177.734 9.9 5.5 4.0 5.7
Pec 2277.832 8.1 5.5 4.2 10.7 1584.4 73 33.6 13.6 6.9 16.8

Subject-
5 N-MVIC NNI NN2 NSI NS2 D-MWC DNI DN2 DSI DS2

Flex/Pro 1423.34 14.0 10.6 11.4 9.4 2229.004 7.4 6.5 2.7 3.8
Ext/Sup 644.5313 2.8 3.8 12.6 4.2 2338.867 2.1 2.0 1.2 1.6
Tn 383.3008 27.9 25.6 26.8 24.2 705.5664 7.5 6.0 9.9 3.6
Pec 1093.75 3.4 41.1 43.9 23.1 1840.82 35.8 21.2 38.2 12.4

Subject 6
-

N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2280.2 73 8.9 10.0 4.2 11.4 2072.754 14.3 11.8 9.9 10.4
Ext/Sup 649.4141 41.9 40.3 21.2 21.7 783.6914 74.3 35.6 31.7 28.3
Tn 256.3477 40.2 40.8 40.1 29.4 817.8711 14.4 8.7 10.7 10.3
Pec 2766.113 36.1 50.6 25.8 21.6 2424.316 58.6 30.3 40.1 39.0

00
00



150 ms AVERAGES (% MVIC)
Subject 7 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2

Flex/Pro 1352.539 58.0 37.6 45.8 14.6 1918.945 35.5 24.7 10.4 8.1
Ext/Sup 808.1055 12.7 5.9 13.5 8.4 1267.09 28.9 18.9 20.2 9.9
Tn 749.5117 16.0 8.7 18.8 16.0 578.6133 16.7 17.2 24.3 20.3
Pec 1767.578 36.4 32.3 28.5 24.0 1296.387 28.9 8.3 45.4 43.2

Subject 8 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1855.469 11.0 55.7 10.1 42.9 1445.313 26.1 19.9 9.2 5.4
Ext/Sup 895.9961 7.3 6.4 4.3 7.6 690.918 21.4 12.8 9.9 i5
Tn 510.2539 9.8 11.4 12.1 21.9 541.9922 11.0 13.2 18.3 14.0
Pec 878.9063 9.5 17.8 6.7 32.1 1694.336 13.1 11.3 12.8 iT

Subject 9 N-MVIC NNI NN2 NS1 NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1525.8 79 15.9 10.2 4.6 5.0 1738.281 14.4 6.6 7.7 6.8
Ext/Sup 664.0625 22.8 4.1 5.7 25.4 456.543 29.4 6.6 21.3 20.9
Tn 595.7031 19.4 5.1 10.0 10.1 612.793 12.5 4.9 10.8 10.1
Pec 1325.684 68.5 3.1 15.5 19.5 1892.09 19.5 8.8 13.2 8.8

Subject 10 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1015.625 54.7 23.3 12.2 20.4 1892.9 73 6.9 14.9 4.2 6.8
Ext/Sup 1003.418 5.9 2.8 3.9 2.1 871.582 2.9 2.9 6.5 5.4
Tn 1171.875 7.7 2.7 5.3 2.2 751.9531 5.9 4.6 16.3 15.7
Pec 1276.855 53.0 15.5 31.5 14.4 1694.336 12.6 15.1 42.1 40.4

Subject 11 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 2539.063 17.0 22.8 10.6 6.4 1762.695 19.6 8.4 10.7 12.8
Ext/Sup 1416.016 9.9 11.7 6.1 9.4 874.0234 29.3 7.1 10.7 14.0
Tn 1174.316 7.1 7.9 6.7 8.9 251.4648 15.6 14.5 25.2 32.4
Pec 1926.27 39.4 34.7 36.0 29.0 1916.504 16.4 10.5 38.6 32.3

Subject 12 N-MVIC NNI NN2 NSI NS2 D-MVIC DNI DN2 DSI DS2
Flex/Pro 1147.461 19.7 24.4 10.3 10.5 2094.727 13.6 16.2 11.6 8.8
Ext/Sup 1616.211 4.8 8.6 4.9 3.9 2341.309 7.6 12.5 3.9 4.1
Tn 600.5859 10.9 23.0 15.2 15.4 927.734 11.4 13.9 10.2 7.1
Pec 1550.293 33.8 38.9 27.0 23.6 2136.23 33.2 45.4 30.7 27.7

'.0
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FORCE PEAKS

Subject I NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 55.1 46.09 54.9 39.34 58.2 49.46 65.9 48.11

Subject 2 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 15.1 17.31 17.82 14.31 16.9 20.01 19.03 15.76

Subject 3** NNI NN2 NSI NS2 DNI DN2 DSI D52
Peak 33 33.5 48.3 43.39

Subject 4 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 21.8 20.91 14.2 20.91 31.9 24.28 30.1 21.81

Subject 5 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 49.2 42.04 43.4 25.63 53.5 44.06 52.4 47.43

Subject 6 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 23.4 16.86 15.5 17.31 33.7 31.47 38.4 31.7

Subject 7 NNI NN2 NSI NS2 DNI DN2 DS1 DS2
Peak 34.8 27.2 38.4 31.25 36.9 32.15 42.5 34.17

Subject 8 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 34.2 23.38 25.9 22.93 51 41.37 37.3 28.55

Subject 9 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 25 23.61 16.2 19.56 40 35.07 24.7 21.81

Subject 10 NNI NN2 NSI N52 DNI DN2 DSI DS2
Peak 33.7 27.2 28.8 27.88 37.8 33.72 41.4 31.7

Subject II NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 45.71 40.02 42.7 37.32 47.4 35.52 39.1 36.42

Subject 12 NNI NN2 NSI NS2 DNI DN2 DSI DS2
Peak 31.9 34.17 28.3 24.95 47.9 35.97 50.4 32.82




