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Objective: Current imaging methods used to examine patients with subacromial impingement syndrome (SIS) are limited by their semi-quantitative nature and their capability of capturing dynamic movements. This study aimed to develop a quantitative analytic model to assess subacromial motions using dynamic ultrasound and to examine their reliability and potential influencing factors.
Method: We included 48 healthy volunteers and examined their subacromial motions with dynamic ultrasound imaging. The parameters were the minimal vertical acromiohumeral distance, rotation radius, and degrees of the humeral head. The generalized estimating equation (GEE) was used to investigate the impact of different shoulder laterality, postures, and motion phases on the outcome.
Result: Using the data of the minimal vertical acromiohumeral distance, the intra-rater and inter-rater reliabilities (intra-class correlation coefficient) were determined as 0.94 and 0.88, respectively. In the GEE analysis, a decrease in the minimal vertical acromiohumeral distance was associated with the abduction phase and full-can posture, with a beta coefficient of −0.02 cm [95% confidence interval (CI), −0.03 to −0.01] and −0.07 cm (95% CI, −0.11 to −0.02), respectively. The abduction phase led to a decrease in the radius of humeral rotation and an increase in the angle of humeral rotation, with a beta coefficient of −1.28 cm (95% CI, −2.16 to −0.40) and 6.60° (95% CI, 3.54–9.67), respectively. A significant negative correlation was observed between the rotation angle and radius of the humeral head and between the rotation angle and the minimal vertical acromiohumeral distance.
Conclusion: Quantitative analysis of dynamic ultrasound imaging enables the delineation of subacromial motion with good reliability. The vertical acromiohumeral distance is the lowest in the abduction phase and full-can posture, and the rotation angle of the humeral head has the potential to serve as a new parameter for the evaluation of SIS.
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INTRODUCTION
Subaromial impingement syndrome (SIS) is the most common cause of shoulder pain, with a reported prevalence of 48% in a survey of 35,150 patients with shoulder complaints (van der Windt et al., 1995). The incidence of SIS is high among athletes with repetitive overhead activities of the arm, such as volleyball players and swimmers (Lo et al., 1990). Various physical tests have been applied for the diagnosis of SIS, such as the painful arc, Neer’s impingement, and Hawkins-Kennedy tests, but their sensitivity and specificity are mostly unsatisfactory (Chang K.-V. et al., 2020). Owing to the limitations of physical examinations, several imaging methods have been developed to better assess SIS. In 2018, Cunningham et al. measured the angle of the greater tuberosity in relation to the center of rotation of the humeral head on radiographs and found that an increase in the aforementioned angle was associated with rotator cuff tendon tears (Cunningham et al., 2018). In 2019, Kenmoku et al. used magnetic resonance imaging (MRI) to evaluate 73 asymptomatic shoulders and 110 shoulders with SIS, revealing that shoulders with SIS had significant restriction of glenohumeral rotation (Kenmoku et al., 2019). However, the two imaging tools mentioned above are not widely used for the evaluation of SIS, considering their accessibility, cost-effectiveness, portability, and capability of dynamic assessment.
In recent years, ultrasound has emerged as the first choice for analyzing musculoskeletal disorders (Chang P.-H. et al., 2020; Wu et al., 2021), including SIS, based on its high resolution on superficial soft tissues and the allowance of real-time imaging. Its capability in delineating rotator cuff disorders has been demonstrated to be comparable to that of MRI (Roy et al., 2015). Until now, there have been two major types of dynamic ultrasound methods for SIS assessment. The first is used to measure the acromiohumeral distance at fixed angles of arm abduction (de Oliveira et al., 2020). The second is used to observe the deformation of the subacromial soft tissue or reciprocal position of the humeral head in relation to the acromion during shoulder elevation (Bureau et al., 2006). The main disadvantage of the first approach is that the acromiohumeral distance determined under static conditions (such as 0° and 60° of shoulder abduction) is incapable of reproducing abnormalities seen during shoulder movements (de Oliveira et al., 2020). However, although the second approach allows the detection of uncoordinated subacromial motion (Bureau et al., 2006), its application in clinical assessment and follow-up is limited by the semi-quantitative nature of the grading scenario (Chang et al., 2016; Chang et al., 2017). In this regard, this study aimed to develop quantitative indicators of subacromial motions using dynamic ultrasound imaging and to examine their reliability and potential influencing factors.
MATERIALS AND METHODS
Participants
As the present study was the first attempt to validate the methodology of subacromial reciprocal movement quantification, we included only participants without any shoulder symptoms who visited the department of physical medicine and rehabilitation. The inclusion criteria were as follows: 1) > 20 years of age, 2) capable of completing a questionnaire, 3) denying any shoulder discomfort, 4) with no limitation of range of shoulder motion, and 5) without antecedent surgeries and interventions on the shoulder regions. The exclusion criteria were as follows: 1) cognitive impairment, 2) active medical condition (e.g., unstable angina), 3) known neuromuscular disorders that were likely to affect muscle strength (e.g., stroke and myasthenia gravis), and 4) rotator cuff tendon tears identified on ultrasound imaging. A total of 48 people were recruited and divided into six subgroups based on the stratification of the differences in sex and age. The institutional review board of the hospital approved the research proposal (IRB No. 201910036RINC), and written informed consent was obtained from all participants prior to formal enrollment.
Evaluation of Shoulder Symptoms and Function
The Shoulder Pain and Disability Index (SPADI) was used to evaluate shoulder symptoms and function, comprising two subscales with 13 items: pain (five items) and disability (eight items) (Yao et al., 2017). Each item is scored from 0 (no pain/disability) to 10 (maximal pain/disability), and their summation is then transformed to a 100-point scale. In the present study, the participants were required to report a score of 0 for their bilateral shoulders on the SPADI score.
Shoulder Ultrasound Examination
Scout scanning was performed for the long head of the biceps tendon, subscapularis tendon, supraspinatus tendon, and infraspinatus tendon. The subacromial-subdeltoid bursa was examined though the short-axis view for the supraspinatus tendon with the shoulder in internal rotation. It was shown as a hypoechoic stripe interposed between the superficial and deep hyperechoic peribursal fat. The thickness of the subacromial-subdeltoid bursa was defined as the depth of the aforementioned hypoechoic stripe in addition to the superficial peribursal fat and a value of >2 mm was considered abnormal (Chang et al., 2017). The diagnostic criteria of pathology were based on previous literature (Han et al., 2021; Wu et al., 2021) and patients with tears of any of the aforementioned tendons were excluded from this study.
During the dynamic examination, the participants were seated with both arms naturally positioned beside the trunk (Figure 1A). A smartphone was secured on the arm being examined distal to the insertion of the middle deltoid muscle. The application software, GPS Status and toolbox version 8.4.177 (Hungary, 1,033 Budapest, Hévízi u. 5.) (Chang et al., 2019), was installed on the smartphone to measure the angle of abduction during arm elevation. A linear ultrasound transducer (5–18 MHz; HI VISION Ascendus, Hitachi) was placed along the scapular plane with its mid-point on the lateral edge of the acromion, where the humeral head, supraspinatus tendon, and acromion could be clearly visualized. The participants were invited to actively abduct the arm to the level where the greater tuberosity had rotated to a position underneath the acromion (Figure 1B) followed by a natural return to the initial position. They were suggested to raise and drop their arms at a speed while attempting to reach an overhead object.
[image: Figure 1]FIGURE 1 | The posture of the upper extremity and ultrasound imaging of the subacromial region at the starting (A) and abducted (B) position. In (B), the greater tuberosity (red circles) is about to pass the lateral acromial edge (white circles). DEL, deltoid muscle; HH, humeral head; SS, supraspinatus tendon; ACR, acromion; double-head dashed line, vertical acromiohumeral distance.
During the dynamic test, there were two postures: one with the thumb pointing upward (full-can posture) and the other with the thumb pointing downward with the arm internally rotated (empty-can posture). The participants were asked to abduct and adduct the arm for five repetitions in each posture. The motions were recorded, and video clips were retrieved for further analysis.
Quantitative Analysis of Subacromial Motion
The video clips were trimmed, and the middle three cycles of subacromional motion were kept for analysis. Serial images were retrieved at a rate of four frames per second. Each image was labeled sequentially on the lateral edge of the acromion and the greater tuberosity of the humeral head (Figure 1). If the greater tuberosity could not be identified from the contour of the bony cortex, we selected the most prominent point of the humeral head instead. In our computer program, the lateral edge of the acromion was designated as the reference point, and the trajectory of the greater tuberosity relative to the reference point was plotted on the X and Y axes (Figure 2A). The curve delineated on the X-axis was shown in the sine wave pattern. Each peak of the sine wave indicated the moment when the greater tuberosity rotated underneath the acromion (Figure 2B). Each wave’s trough denoted the moment when the greater tuberosity returned to its initial position. The period after the trough and before the next peak was defined as the abduction phase, whereas the period after the peak and before the next trough was defined as the adduction phase.
[image: Figure 2]FIGURE 2 | The coordinate of the greater tuberosity in relation to the lateral acromial edge during the three repetitions of arm abduction and adduction (A); the location of the greater tuberostiy on the horizontal (X) and vertical (Y) axes in accordance to time (B). The peaks and troughs (black arrowheads) on the trajectory of the X axis are used to define the abduction (Ab) and adduction (Ad) phases. The blue arrows in the abduction phase and the red arrows in the adduction phases indicated the points where the minimal vertical acromiohumeral distances were obtained. The locations during the abduction (C) and adduction (D) phases are fitted on a circle to calculate the rotation radius (r) and angle (Ѳ) of the humeral head.
We identified six points on the Y-axis indicating the minimal vertical acromiohumeral distance in each phase (Figure 2B). The minimal vertical acromiohumeral distance was adapted from the common radiographic measurement of the distance between the infero-lateral edge of the acromion and the apex of the greater tuberosity of the humerus, which must be obtained during a static condition. As SIS is a syndrome occurring amid shoulder movements, we believed that our parameters acquired during dynamic motion could better reflect the patients’ clinical situations.
Values from the same abduction or adduction phases were averaged for the analysis. Furthermore, in an attempt to obtain the radius and angle of the humeral head rotation (Figures 2C,D), we used the least squares circle fitting method to fit the set of 2D points to depict the trajectory of the greater tuberosity. The goal of the least squares circle fitting method, as an optimization problem for identifying the best solution from all feasible pathways, is to minimize the cost function [image: image] defined as
[image: image]
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In the above formula, [image: image] and [image: image] are the X and Y coordinates of a 2D point describing the trajectory of the greater tuberosity, [image: image] is the total number of points, [image: image] and [image: image] are the X and Y coordinates of the center of the least squares circle. [image: image] is the radius of the least squares circle, and the physiological meaning of [image: image] is the radius of the humeral head rotation. By using the least squares circle fitting method, three output parameters ([image: image], [image: image], and [image: image]) corresponding to the set of 2D points being fitted can be obtained.
The angle [image: image] shown in Figures 2C,D, i.e., the angle of the humeral head rotation, was calculated using the formula:
[image: image]
where [image: image] and [image: image] are the X and Y coordinates of the leftmost point, and [image: image] and [image: image] are the X and Y coordinates of the rightmost point shown in Figures 2C,D. Thereafter, by using the least squares circle fitting method described above to fit the set of 2D points, the corresponding radius ([image: image]) and angle ([image: image]) of the humeral head rotation can be obtained. Data analysis was performed using Python (Python Software Foundation. Python Language Reference, version 3.8.3).
Furthermore, the rotation radius and angle of the humeral head were parameters specifically developed to depict dynamic subacromial motion and could not be obtained by using static shoulder ultrasound imaging. In addition, the movement of the humeral head in relation to the glenoid fossa of the scapula during arm abduction/adduction mimicked a circular trajectory. As the aforementioned parameters were estimated by the changes of the greater tuberosity’s coordinates in accordance to time, we believed that the contained clinical information would be more abundant than the acromiohumeral distance only.
Statistical Analysis
The reliability of the quantification of subacromial motion was tested before formal enrollment. Ten video clips were recorded from the bilateral shoulders of five healthy volunteers. Quantitative analysis was performed for each video clip by the primary investigator twice, 24 h apart, to calculate the intra-rater reliability. The same measurement process was repeated by the second investigator to obtain the inter-rater reliability. The intra-class correlation coefficient (ICC) and corresponding 95% confidence interval (CI) were used to determine the reliability using the two-way mixed model. The following formula was employed to calculate the standard error of measurement (SEM): the pooled standard deviation x [image: image]. The minimal detectable change (MDC) was derived as follows:
[image: image]
Continuous variables were expressed as mean ± standard deviation and were analyzed by Student’s t-test, analysis of variance, or Mann–Whitney U test (for non-normally distributed data). Likewise, the paired t-test or Wilcoxon signed-rank test (in case of a lack of normal distribution) was employed for univariate analysis of the correlated data. Categorical variables (presented as numbers with percentages) were analyzed using the chi-square or Fisher’s exact test (in case of sparse data). The Bland-Altman plot was employed to examine the agreement between the two measurement techniques. The generalized estimation equation (GEE) model was used to investigate the association of the quantitative measurements (dependent variables) with age, sex, shoulder laterality, body status, and differences in the shoulder motion phases and tested postures. MedCalc 14.0 (MedCalc Software, Ostend, Belgium) and SPSS 21.0 (IBM SPSS Statistics for Windows, Version 21.0, Armonk, NY, United States) were used for analysis, and a p-value of <0.05 was considered statistically significant.
RESULTS
Basic Characteristics
A total of 48 participants were included in the present study following the exclusion of two patients with rotator cuff tendon tears. The flow diagram of participant recruitment is presented in Figure 3. Body weight and height values were higher in the male subgroups than in the age-matched female subgroups. Because we enrolled participants without shoulder complaints, the prevalence of shoulder pathologies on static ultrasound images was low, with no differences in the proportion across the subgroups (Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Flow diagram of participant recruitment.
Intra-Rater and Inter-rater Reliability
Reliability was examined using the data of the minimal vertical acromiohumeral distance because the other parameters were estimated by the function for circle fitting. In terms of the intra-rater analysis, the ICC, SEM, and MDC were 0.94, 0.05, and 0.14 cm, respectively, and in terms of the inter-rater analysis, the ICC, SEM, and MDC were 0.88, 0.08, and 0.23 cm, respectively.
Minimal Vertical Acromiohumeral Distance
In the univariate analysis, the average values in the abduction phase were significantly smaller in the adduction phase across the different subgroups (Table 1 and Supplementary Figure S1). Similarly, the values were lower values in the full-can posture than in the empty-can posture. No significant differences were identified in the comparisons between the right and left shoulders. In the GEE analysis, the abduction and full-can postures were associated with a decrease in the minimal vertical acromiohumeral distance, with a beta coefficient of −0.02 cm (95% CI, −0.03 to −0.01) and −0.07 cm (95% CI, −0.11 to −0.02), respectively (Table 2).
TABLE 1 | Values of the minimal vertical acromiohumeral distance and rotation radius and angle of the humeral head in the different shoulder laterality, shoulder postures and motion phases.
[image: Table 1]TABLE 2 | Association of the minimal vertical acromiohumeral distance, rotation radius and rotation angle of the humeral head with gender, age, body status and shoulder laterality, shoulder postures and motion phases.
[image: Table 2]Rotation Radius of the Humeral Head
In the univariate analysis, the rotation radius of the humeral head was significantly shorter in the abduction than in the adduction phase in most of the subgroups, except for the subgroup of right shoulders in the empty-can posture (Table 1 and Supplementary Figure S2). In the GEE analysis, the abduction phase was associated with a decrease in the rotation radius, with a beta coefficient of −1.28 cm (95% CI, −2.16 to −0.40) (Table 2).
Rotation Angle of the Humeral Head
In the univariate analysis, the rotation angle of the humeral head was significantly larger in the abduction than in the adduction phase in most of the subgroups, except for the subgroup of right shoulders in the empty-can posture (Table 1 and Supplementary Figure S3). In the GEE analysis, the abduction phase was associated with an increase in the rotation angle, with a beta coefficient of 6.60° (95% CI, 3.54–9.67) (Table 2). In addition, the increase in age was also related to a larger rotation angle, with a beta coefficient of 0.48° (95% CI, 0.03–0.94).
The rotation angle of the humeral head in the abduction phase was assessed in comparison with the actual angle of arm abduction measured by the smartphone application. Significant discrepancies between the angle measurements were observed in all subgroups, with mean differences ranging from 5.10° to 12.40°, as shown in the Bland-Altman plot (Supplementary Figure S4).
Correlation Analysis
A significant negative correlation was observed in all subgroups between the rotation angle and radius of the humeral head (Supplementary Figure S5) and between the rotation angle of the humeral head and the minimal vertical acromiohumeral distance (Supplementary Figure S6). On the other hand, a significant positive correlation was observed in some subgroups between the radius of humeral head rotation and minimal vertical acromiohumeral distance (Supplementary Figure S7).
DISCUSSION
This study aimed to delineate subacromial motions using quantitative dynamic ultrasound, contributing to several important findings. First, the intra-rater and inter-rater reliabilities of this imaging method were acceptable, allowing comparisons of the parameters among different individuals. Second, a decrease in the minimal vertical acromiohumeral distance was observed in the abduction phase and full-can posture. Third, the abduction phase was associated with a shorter rotation radius and a larger rotation angle of the humeral head. Fourth, a significant discrepancy was identified between the rotation angle of the humeral head and the actual angle of arm abduction.
The acomiohumeral distance is the most common sonographic parameter for the evaluation of SIS. In 2018, Kozono et al. assessed 11 patients with rotator cuff tendon tears and 10 healthy controls and reported a decrease in the acomiohumeral distance in the patient group (Kozono et al., 2018). In 2020, de Oliveira et al. investigated 45 recreational athletes and found that the acomiohumeral distance did not decrease in the painful shoulders compared to the asymptomatic shoulders (de Oliveira et al., 2019). As the acomiohumeral distance reported by the antecedent studies was calculated while the shoulders were maintained at a fixed degree of abduction, the data might not be relevant for disorders that occur only during motion. In this regard, Bureau et al. developed a semi-quantitative method to grade SIS during shoulder elevation: Grade 0, no impingement; Grade 1, pain with no soft tissue impingement; Grade 2, pain with soft tissue impingement; and Grade 3, pain with upward migration of the humeral head (Bureau et al., 2006). Using the aforementioned methods, Chang et al. demonstrated the association between effusion encircling the long head of the bicep tendon and different severities of impingement (Chang et al., 2016) with the predictability of the dynamic sonographic results for the effectiveness of ultrasound-guided subacromial injection (Chang et al., 2017). However, the grading system is based on the examiner’s perception of subacromial motion and soft tissue deformation, which may sometimes lead to disagreement among different investigators. Therefore, the main strength of our method lies in the retrieval of quantitative data of the humeral head trajectory.
Our study revealed that the shoulders in the abduction phase had a smaller vertical minimal acromiohumeral distance than that of shoulders in the adduction phase. During the abduction phase, the concentric contraction of the deltoid and supraspinatus muscles exerts an upward and medially deviated force on the humeral head, which brings the humeral center of rotation in proximity to the acromion and scapular glenoid cavity. On the other hand, during the adduction phase, the deltoid and supraspinatus muscles are elongated owing to eccentric contraction, and the gravity pulls the humeral center of rotation downward. The findings also indicated that our protocol was capable of delineating differences in the vertical acromiohumeral distance due to variations in the muscle activation patterns between the abduction and adduction phases. Furthermore, compared with the empty-can posture, the full-can posture was associated with a decrease in the vertical minimal acromiohumeral distance. In the full-can posture, the arm is externally rotated, and the most prominent portion of the greater tuberosity is brought underneath the acromion arc, leading to a narrower subacromial space. A previous MRI study investigating 18 asymptomatic shoulders confirmed that the footprint of the humeral head was at the highest risk of subacromial impingement at 30% of the external rotation cycle of the arm (Coats-Thomas et al., 2018). Our results imply that the full-can posture might serve as a better stress position than the empty-can posture in reproducing SIS during dynamic ultrasound examinations.
The rotation radius and angle of the humeral head are the parameters based on the trajectory of the greater tuberosity, which have never been used in any existing studies. If the straight distance of the greater tuberosity from the starting point to the subacromial region is assumed to be the same, a decrease in the rotation radius would be associated with an increase in the rotation angle. A larger rotation angle may imply that more efforts are needed to transition the greater tuberosity from the starting position to the undersurface of the acromion, possibly owing to subacromial impingement (Figure 4). Our theory is supported by the correlation analysis, which revealed that an increased rotation angle leads to a narrower vertical acromiohumeral distance. Furthermore, our techniques can be incorporated with artificial intelligence (Cheng and Malhi, 2017; Tsai et al., 2020) in the future to depict the sub-acromial motion in a speedy manner.
[image: Figure 4]FIGURE 4 | Illustration of the association between the rotation angle (Ѳ) and radius (r) and why a bigger angle is associated with an increased risk of subacromial impingement.
In addition, the angle of arm abduction (measured by the smartphone application) was mostly larger than the rotation angle of the humeral head (estimated by dynamic ultrasound), with a mean difference ranging from 5.10° to 12.40° across the subgroups (Supplementary Figure S4). As the rotation angle of the humeral head was estimated by the reciprocal movement between the greater tuberosity and lateral acromial edge, the degree of scapular rotation was neglected. Therefore, the discrepancy between both angles might be used as an indirect indicator of scapular rotation, which enables better delineation of the scapular thoracic rhythm.
In the present study, GEE was used to adjust for potential confounders on the ultrasound parameters. The increase in age was related to a larger rotation angle but its beta coefficient analyzed by GEE was really small (0.48°, 95% CI, 0.03–0.94). Because age, sex, and body status had minimal impact on all the ultrasound parameters, it is possible to apply this method to the evaluation of subacromial motions in the general population.
There are several limitations to this study that need to be acknowledged. First, ultrasound imaging cannot visualize the structures underneath the body cortex. Therefore, our method could not be applied to the evaluation of internal impingement between the humeral head and the bony glenoid. Second, as this was a pilot study examining the reliability and potential confounders of several new parameters, we included only healthy participants. In the future, a prospective trial needs to be conducted to assess its usefulness in patients with SIS. Third, a smartphone was attached to the middle arm during the dynamic tests. Although the weight of the device is less than 150 g, the loaded condition might have influenced the shoulder kinematics and affected the outcomes. Fourth, the thickness of the deltoid muscle and supraspinatus tendon as well as the shape of the humeral head and acromion could possibly influence the parameters of dynamic ultrasound imaging. Interpretation for subacromial motion abnormality should be cautious by considering the difference in the aforementioned structures on each individual. Fifth, the subacromial-subdeltoid bursa is prone to be impinged during shoulder abduction, which played a substantial role in the development of SIS. However, none of the included participants had subdeltoid bursitis because all of them were asymptomatic for shoulder pain. It will be of clinical interest to know how the dynamic ultrasound parameters change in patients with thickened subacromial-subdeltoid bursa, which has been served as our on-going research focus.
CONCLUSION
Quantitative analysis of dynamic ultrasound imaging allows the delineation of subacromial motion with good reliability. The vertical acromiohumeral distance was the lowest in the abduction and full-can postures. The rotation angle of the humeral head was negatively correlated with the vertical acromiohumeral distance and has the potential to serve as a new parameter for evaluating SIS. Further prospective studies are needed to evaluate the usefulness of the imaging method in patients with shoulder pain.
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