Implant Positioning Predicts Postoperative Stress Fractures
Implant Positioning Parameters and Patient Factors Associated with Acromial and Scapular Spine Fractures After Reverse Shoulder Arthroplasty: A Study by the ASES Complications of RSA Multicenter Research Group

Abstract
Background:
This study aimed to identify implant positioning parameters and patient factors contributing to acromial stress fractures (ASFs) and scapular spine fractures (SSFs) following reverse shoulder arthroplasty (RSA).

Methods: 
[bookmark: _Hlk146876616]In a multi-center retrospective study, patients who underwent RSA from June 2013 to May 2019, with a minimum 3-month follow-up were examined. This study involved 24 ASES surgeons from 15 U.S. institutions. Study parameters were defined through the Delphi method, requiring 75% agreement among surgeons for consensus. Multivariable logistic regression identified factors linked to ASFs/SSFs. Radiographic data, including lateralization shoulder angle (LSA), distalization shoulder angle (DSA), and lateral humeral offset (LHO), were collected in a 2:1 control-to-fracture ratio and analyzed separately to evaluate their association with ASFs/SSFs.

Results: 
Among 6,230 patients, overall stress fracture rate was 3.8% (2.9% [n=180] ASFs; 0.9% [n= 59] SSFs). ASF risk factors, included inflammatory arthritis (OR 2.19; P<0.001), massive rotator cuff tear (OR 2.09; P=0.002), osteoporosis (OR 2.00; P<0.001), prior shoulder surgery (OR 1.84; P<0.001), cuff tear arthropathy (OR 1.78; P=0.002), female sex (OR 1.77; P=0.002), increasing age (OR 1.60; P=0.021), and greater total glenoid lateral offset (OR 1.57; P=0.023). Revision surgery was associated with reduced ASF risk (OR 0.38; P=0.017). SSF risk factors included female sex (OR 2.75; P=0.005), rotator cuff disease (OR 2.60; P=0.001), osteoporosis (OR 2.25; P=0.006), and inflammatory arthritis (OR 2.05; P=0.024). Radiographic analysis in matched patients found that higher ΔLSA (OR 1.42; P=0.005) and postoperative LSA (OR 1.76; P=0.009) increased stress fracture risk, while increased LHO (OR 0.74; P=0.031) reduced it. Distalization (ΔDSA/postoperative DSA) showed no significant association with stress fracture incidence.

Conclusion: 
Patient factors associated with poor bone density and rotator cuff deficiency appear to be the strongest predictors of ASFs after RSA.  Final implant positioning, to a lesser degree, may also affect ASF incidence in at risk patients, as increased humeral lateralization was found to be associated with lower fracture rates, whereas excessive glenoid sided and global lateralization were associated with higher fracture rates.  

Level of Evidence: III
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Introduction

Reverse shoulder arthroplasty (RSA) has been demonstrated to effectively treat many challenging degenerative conditions around the shoulder5.  Despite its burgeoning popularity, a growing awareness of certain complications specific to RSA, such as acromial stress (ASFs) and scapular spine (SSFs) fractures, has developed in the setting of its increased utilization as well as broadened indications17, 18.  While the incidence of these fractures has been estimated to range between 0.8% and 15%, a recent multi-center study including 6,755 RSA patients reported a more conservative incidence of 3.9%3, 21, 23, 24, 31, 36. 

Implant designs have varied since the initial Grammont prosthesis, with contemporary designs producing greater amounts of glenoid lateralization, various neck-shaft angles, and variable humeral sided lateralization, in order to increase the resting muscle tension of the deltoid and available rotator cuff11.  Furthermore, surgical techniques vary substantially amongst surgeons using similar implant designs, thus, final implant position can result in variable degrees of humeral and glenoid lateralization with all implant designs.  Though these effects have reduced the incidence of dislocation, finite element analysis studies have suggested that glenoid lateralization can increase acromion and scapular spine strain23, 32, 35. Conversely, other studies have suggested that increased humeral lateralization may be protective in the pathogenesis of ASFs, as active strain on the acromion during abduction is theoretically minimized by an increased deltoid moment arm10, 27.  Despite these reports, prior clinical studies have shown conflicting data in regard to the contribution of final implant position on the incidence of stress fractures8, 16, 20.  Many of these studies, however, are limited by factors such as low ASF/SSF fracture incidence as well as single implant and surgeon series – resulting in limited generalizability.  As such, the influence of implant position on ASF/SSF fracture incidence, as well as its effect relative to other known risk factors such as osteoporosis and rotator cuff deficiency remains unclear24.  Better understanding of the clinical implications of implant position on stress fracture incidence after RSA may help guide counseling, monitoring, and treatment in at-risk patients.  

The purpose of this study was to identify patient factors and implant positioning parameters that are associated with the development of ASFs and SSFs after RSA in a large multicenter patient cohort.  We hypothesized that final implant position would have a significant effect on the incidence of ASFs and SSFs following RSA. 

Materials and Methods

Study Design
Data for primary and revision RSA performed between June 2013 and May 2019 across fifteen institutions was collected and examined retrospectively. A total of 24 surgeon members of the American Shoulder and Elbow Surgeons (ASES) contributed cases and contributed to the Delphi process.  Inclusion and exclusion criteria, study definitions, as well as variables of interest were determined using the Delphi method.  Patients that underwent either primary or revision RSA with a minimum of 3-month follow up were eligible for inclusion.  The primary outcome of interest was the development of an ASF or SSF, defined as pain or loss of motion with associated confirmatory imaging (radiograph or CT scan) identifying a fracture line, displacement, or evident callus at the acromion or scapular spine24.  Patients with asymptomatic stress responses or fractures, and those diagnosed without confirmatory radiographic evidence were excluded. 

Delphi Method
The Delphi method is an iterative survey process that is used to reach a consensus across a group of experts9.  The 21 contributing ASES surgeons utilized the Delphi method to define study parameters and terms, data collection factors, and study design components as previously published24. This process was replicated to survey the group and achieve consensus on which factors are the most important in the incidence of ASFs and SSFs. Consensus was defined as a minimum of 75% agreement on each factor. Anonymity was maintained throughout the iterative process to minimize bias.  A total of 18 rounds were produced to determine relevant factors and define the study protocol. During each round, closed and open-ended questions were sent to all surgeons and their responses recorded. Written responses not included in the original question stem for those questions not achieving consensus were subsequently added for further rounds. After each round, results were presented to the entire group. There was no attrition between rounds. 

The patient and implant factors determined to be clinically relevant for the regression model for the development of an ASF or SSF after the Delphi process included age, body mass index (BMI), total glenoid lateral offset (defined as the sum of lateralization contributed by the glenosphere, baseplate, and bone graft if present), neck shaft angle of the implant design, spacer thickness, liner thickness, length of follow-up, sex, smoking status, osteoporosis, inflammatory arthritis, revision surgery, a preoperative diagnosis of cuff tear arthropathy (CTA) or massive rotator cuff tear, presence of os acromiale, history of ipsilateral shoulder surgery, and the utilization of a constrained liner.  Radiographic measurements referencing the final implant position included in our analysis were determined by Delphi methodology with participants choosing lateralization shoulder angle (LSA), distalization shoulder angle (DSA), and lateral humeral offset (LHO), with a 2:1 control to fracture group ratio.  These radiographic measurements provide an integrated assessment of final implant position which is the result of both implant selection and surgical technique.

Radiographic Analysis
Two independent reviewers recorded measurements of LSA, DSA and LHO from both preoperative and postoperative radiographs for patients with and without acromial and scapular spine fractures. Stress fracture patients with available postoperative radiographs were matched 1:2 to a control cohort (n = 181:358 for LSA and DSA, 157:295 for LHO). The case cohort was not stratified by the location of their stress fractures (i.e., acromion versus scapular spine). All patients included for analysis were propensity score matched by primary diagnosis of CTA versus other, presence of osteoporosis, and presence of inflammatory arthritis. Measurements were recorded on a true anteroposterior (AP) radiograph of the shoulder previously defined as 30 degrees of rotation with the scapula resting flat against the cassette7. The LSA was defined as the angle between a line connecting the superior glenoid tubercle and lateral most border of the acromion and a line connecting the most lateral border of the acromion to the most lateral border of the greater tuberosity13. The LSA provides a measure of the global lateral offset of the joint created by final implant position. The DSA was defined as the angle subtending lines connecting the most lateral border of the acromion and the superior glenoid tubercle, and the superior glenoid tubercle to the most superior border of the greater tuberosity13. The DSA provides a measure of global distalization of the humerus relative to the acromion. The LHO is a measure of the distance between parallel lines, one drawn down the center of the humeral shaft and the other from the tangential interface point of the glenosphere and humeral implants30. The LHO attempts to measure the humeral sided lateralization created by the implant final position (Figure 1). Two separate multivariable analyses were performed, the first utilizing delta LSA and DSA values (change in pre to postoperative values), whereas the second utilized only postoperative LSA and DSA values.  

Statistical Analysis
Data was analyzed for normality and appropriate parametric or non-parametric testing was performed. Data was presented as mean and standard deviation or number of patients and percentages for continuous and categorical variables, respectively. Patient demographic and implant variables were compared for cohorts of ASFs, SSFs, or combined incidence, to determine variable contribution in predicting an ASF or SSF. Categorical variables were analyzed using Pearson’s chi-squared tests and continuous variables were assessed by Wilcoxon tests. A multivariable logistic regression analysis was performed on patient and implant factors to determine variables predictive of ASFs and SSFs. Results are presented as odds ratios (ORs) with 95% confidence intervals (CIs). Wald statistics were calculated and ANOVA plots were generated to determine relative strengths of predictor variables. Statistical analysis was performed using open-source R statistical software (R Foundation for Statistical Computing, Vienna, Austria), and multivariable models were fit using the rms package. [Ref- FE HJ. rms: Regression Modeling Strategies. https://cran.r-project.org/web/packages/rms/.]



Results

Patient Characteristics (Table 1)

Overall, 6320 patients were included, of whom 239 (3.8%) developed a stress fracture (180 ASFs and 59 SSFs).  Mean follow up was 19.4 ± 15.8 months (range, 3 – 94 months).  The average age was 70.8 ± 8.6 years with 61% being female.  Half (50%) of the patients carried a preoperative diagnosis of rotator cuff disease, which included rotator cuff arthropathy and massive rotator cuff tear. A diagnosis of osteoporosis was present in 13% of patients, while 12% were found to have inflammatory arthritis.  Only 9% of the cases included were revision shoulder arthroplasties. 

Implant and Patient Factors

Various factors differed in incidence by institution; fracture rate ranged from 0.7% to 8.1%, osteoporosis ranged from 1.1% to 43.8%, inflammatory arthritis ranged from 4.1% to 23.3%, and a primary diagnosis of rotator cuff disease ranged from 31.7% to 79.8% (P < 0.001) (Table 2). On univariate analysis, total glenoid lateral offset was found to be significantly higher in patients diagnosed with an ASF than those with no fracture (4.6 ± 3.8 vs. 4.0 ± 3.4; P = 0.021).  No difference in total glenoid lateral offset was noted among patients with and without SSFs (3.8 ± 3.7 vs. 4.0 ± 3.4; P = 0.39).  

After multivariable adjustment, implant and patient factors independently predictive of ASFs were inflammatory arthritis (OR, 2.19; 95% CI, 1.48 – 3.23; P < 0.001), diagnosis of massive rotator cuff tear (OR, 2.09; 95% CI, 1.21 – 3.61; P = 0.002), osteoporosis (OR, 2.00; 95% CI, 1.36 – 2.96; P < 0.001), prior shoulder surgery (OR, 1.84; 95% CI 1.3 – 2.59; P < 0.001), diagnosis of cuff tear arthropathy (OR, 1.78; 95% CI, 1.25 – 2.53; P = 0.002), female sex (OR, 1.77; 95% CI, 1.23 – 2.55; P = 0.002), increasing age (OR, 1.60; 95% CI, 1.07 – 2.39; P = 0.021), and increasing total glenoid lateral offset (OR, 1.57; 95% CI, 1.06 – 2.31; P = 0.023; reported as IQR-OR 10mm vs. 2mm).  Revision surgery was associated with a lower rate of ASF (OR, 0.38; 95% CI, 0.17 – 0.84; P = 0.017; reference: primary surgery) (Table 3).  A nomogram was created to predict fracture risk (Figure 2). 

Factors independently associated with SSFs were female sex (OR, 2.75; 95% CI, 1.36 – 5.54; P = 0.005), rotator cuff disease (OR, 2.60; 95% CI 1.46 – 4.61; P = 0.001), osteoporosis (OR, 2.25; 95% CI, 1.26 – 4.03; P = 0.006), and inflammatory arthritis (OR, 2.05; 95% CI, 1.10 – 3.82; P = 0.024) (Table 4).

Radiographic Analysis

Descriptive statistics of the propensity score-matched patients included for radiographic analysis can be seen in Table 5. After multivariable adjustment, a larger ΔLSA was associated with an increased risk of fracture (OR, 1.42; 95% CI, 1.11 – 1.81; P = 0.005), whereas greater lateral humeral offset (humeral lateralization) was found to be associated with a lower risk of fracture (OR, 0.74; 95% CI, 0.56 – 0.97; P = 0.031) (Figure 3). Distalization (ΔDSA) was not associated with fracture incidence (OR, 0.94; 95% CI, 0.71 – 1.23; 0.635) (Table 6, Model 1).  These associations remained constant when postoperative LSA and DSA values were utilized (Table 6, Model 2) (Postoperative LSA; OR, 1.76; 95% CI, 1.21 – 2.56; P = 0.009) (Lateral humeral offset; OR, 0.68; 95% CI, 0.51 – 0.91; P = 0.003) (Postoperative DSA; OR, 1.01; 95% CI, 0.7 – 1.48; P = 0.942).




Discussion 

Our study has shown through analysis of a large multi-center cohort that patient factors and final implant position are associated with the development of ASF/SSF fractures after RSA.  While patient factors, specifically those associated with poor bone density and rotator cuff deficiency, appear to be the strongest predictors of ASFs/SSFs, final implant position, to a lesser degree, may also play a role in their incidence. Specifically, our study has demonstrated that increased glenoid lateralization and global lateralization are associated with a greater risk of ASFs, while increased humeral-sided lateralization is associated with a lower rate of fracture.

The results of our study largely support the results of prior studies in regard to the effect of patient factors on the incidence of ASFs/SSFs.  Our data demonstrates that variables associated with poor density (osteoporosis, female sex, older age, and inflammatory arthritis) and rotator cuff deficiency (cuff tear arthropathy, massive rotator cuff tear) are closely linked to the development of ASF/SSF after RSA24, 25.  While these associations have been reported in previous studies, our analysis demonstrates that these factors seem to play a larger role in the development of ASF/SSF than many implant-related factors – given the ORs reported in our regression.  Considering the consistency and now strength of these associations, efforts to identify, optimize, and counsel patients preoperatively, while at the same time closely monitoring patients postoperatively, should be considered. 

Prior finite element analyses have evaluated the effects of humeral and glenoid component lateralization on acromial and scapular spine strain, and their results corroborate our clinical findings. As glenoid lateralization increases, the center of rotation (CoR) of the shoulder typically also shifts laterally, resulting in a reduction in the deltoid’s moment arm and a subsequent increase in the deltoid forces required for shoulder abduction10-12. Finite element analysis studies predict an increase in acromion and scapular spine strain at low angles of abduction and forward elevation, which increases further with glenoid lateralization23, 32, 35. Conversely, increased humeral lateralization does not alter the CoR of the shoulder, thus theoretically increasing the deltoid moment and decreasing the force necessary to abduct10, 27. As a result, acromion and scapular spine strains are theoretically decreased with increasing humeral lateralization15. Giles et al. previously found that deltoid forces required for abduction are predicated on an interaction between humeral and glenoid component lateralization, indicating that humeral component lateralization can counter the increased deltoid force requirements associated with increased glenoid component lateralization10. These notions are supported by our radiographic analysis, which showed a significantly decreased risk of stress fracture with increasing humeral lateralization (LHO). Caution should still be taken to avoid over-lateralizing the entire joint, though, as we found higher rates of stress fractures with increasing global lateralization (LSA).

Prior clinical studies regarding implant positioning parameters contributing to stress fractures after RSA are limited and have reported mixed findings. In regards to radiographic measurements of lateralization, some authors have found greater global lateralization to be protective14, 28, 33, which is contrary to our results, while others identified increased global lateralization as a risk for stress fracture19.  These studies’ discrepant results may be explained by their small number of included stress fractures, confounding patient and implant factors, varying methods of radiographic measurements, and failure to evaluate glenoid and humeral-sided lateralization independently.  Prior clinical studies similarly report mixed results relating to implant design and risk of acromial stress fracture1, 21, 22, 25, 29. These inconsistencies may be due to a large variability in the amount of lateralization among similarly categorized implants34 as well as variation in surgical technique that may impact the true amount of lateralization achieved.  As such, all implants traditionally considered to have a similar design (e.g., lateralized humeral design) may not act similarly in terms of their effect on stress fracture incidence. Through radiographic analysis of patients with ASF/SSF, our study attempted to integrate both surgical technique and implant design factors through analysis of the ultimate implant position regardless of implant design.  Moving forward, given the diversity of implant design and variability in surgical technique, future studies assessing ASF/SSF fracture incidence should consider including a radiographic analysis of final implant position as opposed to characterizing implants in a binary fashion regarding their location of lateralization.   

When determining the clinical applicability of our data, surgeons should recognize that the strength of association between implant factors and ASF/SSF is much less than that of patient specific factors. Therefore, appropriately identifying, optimizing, and counseling higher risk patients (e.g. those with osteoporosis and rotator cuff deficiency) should be prioritized throughout the perioperative period.  As such, our implant related findings should be considered in the setting of the known advantages of glenoid sided lateralization, including improved external rotation, and lower rates of scapular notching and impingement4.  In fact, the influence of implant final positioning on stress fracture incidence may become even less relevant given the growing utilization of RSA in patients with osteoarthritis (vs. cuff tear arthropathy), who are at a lower risk of ASFs, as well as emerging data suggesting that non-operative management of ASFs lateral to the glenoid face may result in similar outcomes to non-ASF patients6, 17.  
The strengths of our study include the multi-center patient cohort and Delphi design. Our data incorporates 21 surgeons, utilizing multiple RSA implant types, which allowed for an analysis of a large number of acromial and scapular spine fractures.  This study does, however, have several limitations that should be noted.  The first is the significant variation in the fracture rate among institutions in our series (range from 0.7% to 8.1%).  As we were unable to adjust for surgical technique in our regression due to a limitation in the available degrees of freedom, we do acknowledge that there is an inevitable variability among surgeons (patient populations, surgical technique, imaging modality to diagnose ASF/SSF, etc.) that may lead to differing complication rates. With a large variability in institutional rates of ASF/SSF, it remains possible that some institutions over or under reported the number of fractures. The radiographic analysis helped to control for surgical technique factors, as the LSA, DSA, and LHO were based upon the final implant position, thus incorporating the effects of both surgical technique and implant selection. The second limitation of this study is the fact that humeral-sided implants were only evaluated in our radiographic regression which did not control for variations in implant design selection.  Humeral-sided implant factors were decided through the Delphi method to be excluded from our primary regression in order to minimize the potential for confounding due to varying surgical technique. Furthermore, independent measurement of glenoid sided lateralization was not assessed in our radiographic evaluation. Therefore, it is unclear if the significantly higher rate of stress fractures associated with a larger LSA (both delta and overall) is in fact due to excessive global lateralization, or if it represents the residual risk of glenoid lateralization – given the protective association of humeral lateralization in this regression. The third limitation of this study is its retrospective design. As such our data cannot prove causation, but instead only show an association between certain implant factors and ASFs/SSFs. Fourth, our Delphi questioning, inclusive of surgeon opinions, relies on a consensus threshold and thus a small subset of shoulder surgeons may remain in disagreement with established definitions, though we feel that the 21 shoulder surgeons included are a representative cohort of practice patterns around the US. Fifth, other previously identified risk factors for stress fractures including screw position and damage to the coracoacromial ligament were not analyzed2, 26.  Lastly, it is possible that some patients with shorter follow up may have developed an ASF/SSF at a later date, given our 3-month minimum follow-up period.  However, it is unlikely that this represents a clinically meaningful group given our 19-month mean follow-up.



Conclusion
Patient factors associated with poor bone density and rotator cuff deficiency appear to be the strongest predictors of ASF/SSF after RSA.  To a lesser degree, implant and surgical technique factors are associated with ASF/SSF, with increased humeral lateralization being associated with lower risk and glenoid sided and global lateralization being associated with higher fracture rates.  
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Figures and Tables Legend
Figure I: Radiographic Parameters

Figure II: Nomogram Predicting Acromial Stress Fracture Risk. Risk is determined by calculating the number of points for each variable, then referring to the “total points” row at the bottom of the nomogram to determine the predicted risk of fracture. 

Figure III: Lateralization Shoulder Angle and Lateral Humeral Offset Affect Stress Fracture Risk

Table I: Cohort Characteristics Stratified by Stress Fracture

Table II: The institutional incidences of stress fracture and previously identified risk factors

Table III: Multivariable Regression: Factors Associated with Acromial Stress Fracture

Table IV: Multivariable Regression: Factors Associated with Scapular Spine Stress Fracture

Table V: Comparing the Characteristics of the Propensity Score-Matched Cohorts used in the Radiographic Analysis

Table VI: Multivariable Regression: Radiographic Factors Associated with Stress Fracture
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