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Humeral elevation reduces the dynamic control ratio of the shoulder muscles during internal rotation
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Abstract 

Objectives: To determine the differences in the dynamic control ratio of the glenohumeral joint rotators, during internal rotation at 20° and 60° of humeral elevation in the scapular plan. Dynamic control ratio (DCR) is defined as the ratio between eccentric action of the lateral rotators and the concentric action of the medial rotators.
 
Design: A cross-sectional laboratory study

Methods: Thirty asymptomatic participants (men n = 14, women n = 16, mean age = 29.4 ± 8.9 years, BMI: 24.1 ± 5.4) were tested. Peak torque generated by the concentric action of the MR and the eccentric action of the LR of the shoulder joint and the DCR were evaluated on the dominant arm using an isokinetic dynamometer at 20° and 60° of humeral elevation at a speed of 20°/s.

Results: There was a significant decrease in the DCR at 60° humeral elevation when compared to 20° humeral elevation (p < 0.05). This decrease was due to the significant decrease in eccentric peak torques at 60° humeral elevation when compared to 20°(p < 0.05). However, there was no significant difference in the concentric peak torques between 20° and 60°(p > 0.05). 

Conclusions: The significant decrease in the DCR as a consequence of a decrease in the eccentric peak torque of the LR when the humerus is in a more elevated position suggests that the introduction of humeral elevation can be used as a progression for improving the eccentric action of the shoulder LR and subsequently the dynamic control of the shoulder. 
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Introduction

[bookmark: __DdeLink__1605_798288397]The shoulder joint complex consist of the scapular thoracic, sterno-clavicular, acromio-clavicular and gleno-humeral joints, is a highly mobile but intrinsically unstable joint due to poor congruency and minimal contact between the head of the humerus and the glenoid fossa1. The stability of the shoulder joint complex is largely dependent on dynamic contraction of the rotator cuff muscles1-3. It has been suggested that changes in dynamic shoulder stability can contribute to shoulder injuries and pathologies such as shoulder impingement or instability2-4. Pain in the shoulder region and accompanying impaired dynamic stability of the shoulder joint complex are typically noticeable during elevation of the upper arm and overhead activities such as tennis and volleyball serves when rotation of the humerus at the glenohumeral joint (GHJ) occurs. The shoulder medial and lateral rotators strength in patients with impingement syndrome show both weakness and muscular imbalance of the external and internal rotator muscles 5-8. Evaluation of the strength ratio between medial and lateral rotators is therefore essential to assist the planning of a resistive exercise programme. 

The restraining / breaking eccentric action of the lateral rotators (LR) of the shoulder against the concentric action of the medial rotators (MR) during internal rotation of the upper arm is important to the maintenance of the dynamic stability of the GHJ. The measurement of the balance between these two opposing muscle actions and forces in known as the Dynamic Control Ratio (DCR) 3, 9. A DCR of less than one would indicate a weaker eccentric action of the LR when compared to the concentric action of the MR and considered as a shoulder rotator muscle imbalance3, 9. During humeral elevation, the rotator cuff muscles act with the deltoid muscles in a force-couple mechanism to stabilise the humeral head in the glenoid fossa10. The moment arms of the supraspinatus, subscapularis, inftraspinatus and deltoid muscles have been found to vary significantly in a non-linear fashion throughout humeral elevation in cadavers11. Since muscle torque is defined as the product of its force and its moment arm11, it is reasonable to hypothesize that the DCR and its constituent parts i.e.  the concentric action of the MR and the eccentric action of the LR during internal rotation could be altered significantly when the humerus is in differing positions of elevation. This may due to the altered moment arm and the angle of movement when the humerus is in a more elevated position.

To date, no studies have investigated the effect of humeral elevation on the DCR. Despite the lack of research evidence, it is a common clinical practice to commence a programme of rotator cuff strengthening exercises with no humeral elevation and introduce humeral elevation as a progression, due to the increased demand for control by the scapular stabilizers2, 11, 12. In addition it has been proposed that eccentric strength training of the LR can in effect optimize the DCR of the shoulder rotators and thus reducing the occurrence of shoulder injuries2, 3, 13. Understanding the differences in the DCR during elevation would allow the application of an appropriate progression of prescribed exercises for improving dynamic shoulder stability.

The aim of the study was to investigate the effect of humeral elevation in the scapular plane on the DCR of the GHJ rotators in order to ascertain an appropriate progression of commonly used rotator cuff strengthening exercises.  In order to achieve the aim, the peak-torques produced during the eccentric action of the LR and the concentric action of the MR were measured in 30 asymptomatic subjects at 20° and 60° of humeral elevation.

Methods

Sample size was determined using a power calculation with power level of 80%, 10% mean of difference and a significance level p<0.05, resulting in a necessary sample size of 31 participants. Thirty one asymptomatic participants were incidentally sampled from the university student and staff populations to participate in this study. Exclusion criteria included any underlying medical conditions, systemic or neurological illnesses, previous shoulder dislocation, previous neck and thoracic or upper limb injury that required medical or physiotherapy treatment in the 12 months prior to the study. The study was approved by the Human Ethics Committee of the University.  All participants were informed of the procedures, experimental risks, rationale and were over the age of 18 years.  All participants gave written informed consent to participate in this study, which was conducted according to the Declaration of Helsinki. One participant opted to drop out of the study after completion and eventually thirty participant completed the study (men n = 14, women n = 16, mean age = 29.4 ± 8.9 years, BMI = 24.1 ± 5.4). 

The scapular plane was defined approximately 30° anterior to the frontal plane, as described in a previous study14, and ascertained by goniometry. All the isokinetic tests were evaluated on the dominant arm (the arm used for throwing a ball) using a Biodex Multi Joint System 3 isokinetic dynamometer (Biodex Medical System Inc., Shirley, New York), which was calibrated according to the manufacturer’s instructions. In order to best replicate the speed at which rotator cuff strengthening exercise are commonly performed during testing, a pilot study consisting of repeated observations of four subjects eccentrically resisting the medial pull supplied by an elastic resistance band were performed. As a result of the observations an average speed of 20°/s was selected.  20°/s has therefore been selected to mimic the usual clinical practice in the initial stage of rotator cuff strengthening exercises.

The design of the Biodex machine did not allow testing at 0° of humeral elevation, therefore the minimal available angle of 20° humeral elevation was chosen.  Additionally, an angle of 60° of humeral elevation was chosen as it is within the functional range at which shoulder strengthening exercises are commonly prescribed in clinical settings. During internal rotation at 20° and 60° of humeral elevation in the scapular plane at a speed of 20°/s, peak torque generated by the concentric action of the MR was measured. The dynamometer was then reprogrammed to measure the eccentric action of the LR at the same position, in which the dynamometer passively internally rotates the GHJ and the participant had to slowly resist the pull during the internal rotation. The DCR for the glenohumeral internal rotation is defined as the ratio of the peak torques generated during the eccentric action of the LR divided to the concentric action of the MR 3, 9. 

Testing procedures and encouragement were standardised to reduce the potential of confounding variables affecting the results.  Participants were guided through a standardised warm-up, consisting of upper limb range of motion exercises of shoulder flexion, extension, horizontal abduction and adduction, internal and external rotation mobilisation exercise with an end range hold for 10 seconds for 3 times in each direction with the aim of minimising the risk of injuries and undue fatigue.  The seated testing position was used in order to reduce the recruitment of additional musculature, isolate the muscles of the GHJ and also because it is more functional than the supine testing position15.  Each subject was secured to the seat by diagonal chest straps and pelvic straps, without their feet touching the ground, in order to eliminate the recruitment of lower limb musculature and isolate the GHJ rotators.  The dominant arm of each participant was securely placed in the arm attachment of the machine, with the elbow flexed at 90° in accordance with the instructions of manufacturer, at 20° and 60° of humeral elevation at the scapular plane (Figure 1a and b).  The order of testing angles and the rotational movements were randomised by sealed envelopes to eliminate testing bias. The full range of rotation of each participant was determined by performing a full GHJ internal and external rotational movement on the Biodex 3 Dynamometer. Ten per cent of full range of rotation was deducted from their inner and outer range of motions to minimise stress on the rotators. Three concentric internal rotational movements followed by three external eccentric rotational movements were then performed (or vice versa depending on randomisation) with 30 seconds rest periods between tests to avoid fatigue14. 

Data was analysed using the Statistical Package for Social Sciences version 19 software (SPSS, IBM, New York). The Kolmogorov-Smirnov test was used to determine whether the variables met the parametric assumption of normal distribution.  As all the variables were normally distributed. Paired t-tests were used to determine the differences in the peak torques generated during the eccentric and concentric contractions of the GHJ rotators and the DCR during internal rotation at 20° and 60°. The level of significance was set at 0.05.
Results

Table 1 present values of concentric peak torque of medial rotators (MR), eccentric peak torque of lateral rotators (LR) and DCR at 20° and 60° of humeral elevation respectively. None of the volunteers reported pain during the isokinetic testing. 

There was also a significant difference in the DCR between 20° and 60° of humeral elevation (Table 1, p=0.000). Post-hoc t-test indicated that there was a significant difference in the eccentric peak torques between 20° and 60° humeral elevation (Table 1, p=0.002).  However, there was no significant difference in the concentric peak torques between 20° and 60° humeral elevation (Table 1, p=0.716). 

Discussion

[bookmark: __DdeLink__2437_2145563315]This is the first study to demonstrate the differences in Dynamic Control Ratio (DCR) during internal rotation of the shoulder between 20° and 60° of shoulder elevation in the scapular plane, which is both statistically (p=0.000) and clinically significant (20.3%). The DCR of 0.64 at 20° of humeral elevation was more balanced when compared to the DCR of 0.51 at 60° of humeral elevation.  It is important to note that while the sample size is less than that indicated by the pre-test power calculation, the 20.3% mean of difference is more than double that used in the power calculation (10%). In addition, the statistical significance of the results (p=0.000) are greater than that used in the power calculation (0.05) therefore the results of this study are not at risk of being underpowered. 

The post-hoc t-test demonstrated that there was a statistically significant decrease in the eccentric peak torque of the LR when the shoulder is in a more elevated position (Table 1) while the peak torque of the MR remained unchanged. This decrease in the eccentric peak torque of the LR accounts for the decrease in the DCR when the humerus is in an elevated position. The 20% decrease in DCR as a result of the 25% decrease in the eccentric peak torque and when the humeral in a more elevated position could be considered to be clinically significant and relevant.

The results of the this study are similar to previous studies which reported significant differences in force output (strength) of the shoulder rotators when the position of the GHJ is changed14, 16, 17. It has been suggested that changes in the centre of joint rotation can directly affect  isokinetic peak torque performance during isokinetic dynometry testing14, 18. This may partly explain why the DCR is significantly decreased when the humerus is a more elevated position when the centre of joint rotation is altered. The decreased DCR when the shoulder is in a more elevated position observed in the present study may also explain why the shoulder is normally considered be more unstable when the humerus is more elevated. Differences in length-tension relationships of the shoulder rotators as a result of increased elevation of the humerus at the shoulder may additionally be a contributing factor to the results of the present study. For example research has indicated that the moment arm of the anterior and middle deltoid muscles have been found be progressively greater when measured at 0°, 60° and 90° of humeral elevation11. It is reasonable to hypothesise that similar changes may have occurred at the moment arms of the external rotators.

Shoulder impingement syndrome accounts for up to 60% of painful shoulder diagnoses and is the most frequent cause of shoulder pain13. It can result from muscles imbalance between the medial and lateral rotators2, 19, 20, especially when the shoulder is in a more elevated position.21 This imbalance not only decreases sub-acromial space due to anterior translation and excessive internal rotation but also affects functional movement as the lateral rotators prevent the overload of the joint and control the deceleration of the humerus during internal rotation when working eccentrically.22, 23

It is common clinical practice to commence resistance exercise at lower humeral elevation in order to benefit from greater dynamic control and increased in sub-acromial space24, thus reducing the chance of pathological exacerbation. Research has also specifically suggested  that  shoulder stability exercises in patients with impingement syndrome should be progressed through humeral elevation in the scapular plane2. Further support for the use of elevation as a progression is provided by a recent randomised control trail25, in which eccentric strengthening exercise for the rotator cuff and strengthening exercises for the stabilisers of the  scapula have been found be effective in treating fifty one participants with a diagnosis of shoulder impingement syndrome.  The progression of rehabilitation exercises through elevation in the scapular plane when the DCR and the eccentric peak torque is reduced are  supported by the results of the present study.

The results of the present study may have affected by some practical limitations. It has been reported that a seated isokinetic testing position facilitates the medial rotators through the segmental limb weight, which in turn increases demand on the lateral rotators22.  Consequently, when compared to supine testing position, the seated position has been shown to demonstrate reduced stability of the GHJ15, 16, 26.  However, the supine position is rarely used in activities of daily living making it less functional for rehabilitation exercises and testing.  It has also been demonstrated that optimization of the rotator cuff is hindered due to the altered dynamic stabilization of the scapula in restricted sitting and standing positions during isokinetic dynamometry testing27.  Therefore, the seated position used in the current study may not enable optimal scapular thoracic dynamics, suggesting that values obtained are not as representative to functional activities. 

Additionally, due to the design limitations of the Biodex Multi Joint System 3 isokinetic dynamometer, it was not possible to assess peak torque at 0° of humeral elevation, which is a position known to be used for strengthening exercises of the rotator cuff muscles in a clinical setting25.  A further limitation of the study is that volunteers were from a convenience sample of staff and students at the university.  Although the data was parametric and normally distributed for mean age, gender and BMI, the generalizability of the findings is potentially limited to individuals of 19-56 years of age without shoulder pathologies. One other limitation of the study is the testing speed of 20°/sec which has not accounted for higher speed required in shoulder movement, greater discrepancies might have been identified if a higher testing speed has been used. This study has also only tested the dominant side, a previous study demonstrated that there were significant differences between dominant and non-dominant side in the isokinetic concentric and eccentric profile of the shoulder medial and lateral rotators28.

Future studies could therefore examine the effect of humeral elevation on the DCR and isokinetic profiles of the rotators in people with shoulder pathologies. The isokinetic profile could be tested in different humeral elevations and a higher speed in the concentric and eccentric testing could also be employed.

Conclusion

There was a significant decrease in the DCR attributed to the significant decrease in eccentric peak torque of the lateral rotators during internal rotation of the GHJ when the humerus is in a more elevated position in healthy participants.  This suggests that humeral elevation has clinical relevance for the application of rotator cuff strengthening exercises as the already impaired eccentric control of the lateral rotators will be further challenged by introducing humeral elevation.  Specifically, eccentric training at lower angles of elevation will most likely be more effective due to greater muscle balance and increased sub-acromial space when strengthening of the lateral rotators is indicated to reduce rotator muscles imbalance.  The significant decrease in peak torque during the eccentric action of the lateral rotators occurring at 60° of elevation suggests that introducing humeral elevation can be used as a exercise progression.


Practical implications

· Increased humeral elevation was significantly linked to decreased functional eccentric strength of the external rotators of the shoulder resulting in a functional strength imbalance between lateral and medial rotators during internal rotation.  

· Adequate assessment of the eccentric strength of the lateral rotation in elevated humeral position should be considered.
· Commencing rehabilitation exercises at lower angles benefits from greater dynamic control.

· Elevation of the upper arm at the GHJ has been shown to be an effective progression of rehabilitation exercises of the rotator cuff muscles when performed in the scapular plane. 
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Figures Legends
Figure 1.  Isokinetic testing at 30° (a) and  60° (b) humeral elevation in the scapular plane.
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List of table

Table 1 – Results of the paired t-test of the concentric peak torque, eccentric peak torque and Dynamic Control Ratio (DCR)  in relation to GHJ elevation (Mean ± Standard deviation)

	
	20° Humeral elevation
	60° Humeral elevation
	p

	
	Eccentric action of external rotator
	Eccentric action of external rotator
	

	Mean Peak-Torque (Nm-1)
	37.87 ± 21.49
	28.39 ± 11.01
	0.002*

	
	Concentric action of Internal rotator
	Concentric action of internal rotator
	

	Mean Peak-Torque (Nm-1)
	56.50 ± 20.53
	57.03 ± 24.35
	0.716

	DCR
	0.64 ± 0.17
	0.51 ± 0.08
	0.000*



*p < 0.05, significant difference between 20° and 60° of humeral elevation (paired t test)
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