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Background: We propose a new clinical assessment tool constructed using machine learning, called the Shoulder Arthroplasty Smart
(SAS) score to quantify outcomes following total shoulder arthroplasty (TSA).

Methods: Clinical data from 3667 TSA patients with 8104 postoperative follow-up reports were used to quantify the psychometric
properties of validity, responsiveness, and clinical interpretability for the proposed SAS score and each of the Simple Shoulder Test
(SST), Constant, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form (ASES), University of California
Los Angeles (UCLA), and Shoulder Pain and Disability Index (SPADI) scores.

Results: Convergent construct validity was demonstrated, with all 6 outcome measures being moderately to highly correlated preop-
eratively and highly correlated postoperatively when quantifying TSA outcomes. The SAS score was most correlated with the UCLA
score and least correlated with the SST. No clinical outcome score exhibited significant floor effects preoperatively or postoperatively or
significant ceiling effects preoperatively; however, significant ceiling effects occurred postoperatively for each of the SST (44.3%),
UCLA (13.9%), ASES (18.7%), and SPADI (19.3%) measures. Ceiling effects were more pronounced for anatomic than reverse
TSA, and generally, men, younger patients, and whites who received TSA were more likely to experience a ceiling effect than TSA
patients who were female, older, and of non-white race or ethnicity. The SAS score had the least number of patients with floor and
ceiling effects and also exhibited no response bias in any patient characteristic analyzed in this study. Regarding clinical interpretability,
patient satisfaction anchor-based thresholds for minimal clinically importance difference and substantial clinical benefit were quantified
for all 6 outcome measures; the SAS score thresholds were most similar in magnitude to the Constant score. Regarding responsiveness,
all 6 outcome measures detected a large effect, with the UCLA exhibiting the most responsiveness and the SST exhibiting the least.
Finally, each of the SAS, ASES, Constant, and SPADI scores had similarly large standardized response mean and effect size respon-
siveness.

Discussion: The 6-question SAS score is an efficient TSA-specific outcome measure with equivalent or better validity, responsiveness,
and clinical interpretability as 5 other historical assessment tools. The SAS score has an appropriate response range without floor or
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ceiling effects and without bias in any target patient characteristic, unlike the age, gender, or race/ethnicity bias observed in the ceiling
scores with the other outcome measures. Because of these substantial benefits, we recommend the use of the new SAS score for quan-

tifying TSA outcomes.

Level of Evidence: Basic Science Study; Development and Validation of Outcome Instrument
© 2021 Journal of Shoulder and Elbow Surgery Board of Trustees. All rights reserved.
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Success after total shoulder arthroplasty (TSA) is deter-
mined by a combination of objective measures (ie,
improvement of range of motion [ROM] in multiple planes,
restoration of strength, and avoidance of complications) and
subjective measures (ie, pain relief and functional recovery
of activities of daily living). Therefore, any comprehensive
assessment of TSA outcomes should consider both objective
and subjective measures prior to surgery to provide a
baseline and also assessments at various time points after
surgery to quantify improvement achieved over time. Clin-
ical outcome measures should also align with a patient’s
satisfaction with the procedure, which is informed by their
perception of improvement relative to their expectations.

Patient-reported outcome measures (PROMs) are
commonly used to quantify clinical outcomes. The advan-
tage of these subjective assessment tools is that they are
patient-centered, reflecting the patient’s perspectives of
both pretreatment status and treatment effectiveness.
Consideration of these subjective measures is critical, as
some treatment effects are only known to the patient, for
example, pain intensity and pain relief. However, recent
machine learning—based clinical research by Kumar et al’”
has demonstrated that not all subjective questions provide
equivalent predictive validity. In particular, the task-specific
activity of daily living questions used by the American
Shoulder and Elbow Surgeons Standardized Shoulder
Assessment Form (ASES) and Constant scores were found
to be of low predictive value to postoperative TSA out-
comes.” Alternatively, Kumar et al also demonstrated that
both objective ROM measures and subjective measures of
pain relief were highly predictive of postoperative TSA
outcomes.

We propose and evaluate a new clinical assessment
tool to quantify outcomes following anatomic TSA
(aTSA) and reverse TSA (rTSA). This TSA-specific
outcome measure aims to provide greater insight into
both the disease progression and treatment by using both
subjective and objective measures previously demon-
strated”' 7 to be highly predictive of postoperative TSA
outcomes. Doing so may create a new tool that better
accounts for TSA outcomes variability. The goal of this
study is to quantify and compare the psychometric prop-
erties of this machine learning derived assessment tool
relative to 5 commonly used clinical measures to quantify
TSA outcomes.

Methods

We analyzed a multicenter clinical outcomes database of shoulder
arthroplasty patients who received a single-platform shoulder pros-
thesis (Equinoxe; Exactech, Inc., Gainesville, FL, USA) between
November 2004 and December 2018. Every patient enrolled in this
open-label clinical database provided consent. All data were collected
using standardized forms at each of 30 different clinical sites ac-
cording to an institutional review board—approved protocol. On
completion of each form, all forms were independently verified and
then computer scored on a secured IBM database. A total of 7947
shoulder arthroplasty patients were available for analysis. To ensure a
homogenous data set of TSA patients, 1332 patients with revisions (n
= 768), diagnosis of humeral fractures (n = 337), diagnosis of in-
fections (n = 20), endoprostheses (n = 25), and hemiarthroplasty (n =
182) were excluded, leaving 6615 primary TSA patients available for
analysis. To only analyze TSA patients after full recovery (ie, full
improvement*”), 2948 TSA patients with less than 2 years” follow-up
were excluded, leaving 3667 primary aTSA and rTSA patients in the
database with at least 2 years’ follow-up for inclusion in this study.

The database contains demographic information, shoulder di-
agnoses, comorbidities, implant type, active and passive ROM,
radiographic findings, and 5 clinical outcome scores: ASES,
Constant, University of California Los Angeles (UCLA), Simple
Shoulder Test (SST), and Shoulder Pain and Disability Index
(SPADI), including the individual questions used to derive these 5
scores. All these data, including 291 preoperative inputs, were
considered for item selection’®* in development of the new
proposed clinical assessment tool. Regarding these 5 clinical
outcome scores, it is important to note that some are PROMs as
they only require patient feedback, whereas others like the Con-
stant score and our proposed score are not true PROMs but instead
are clinical outcome measures as they also require physical
measurements and clinical input.

Shoulder Arthroplasty Smart Score

The proposed shoulder arthroplasty—specific clinical outcome
measure, the Shoulder Arthroplasty Smart (SAS) score (see
smartshoulderscore.com for an online calculator; Fig. 1), is a
multidomain assessment consisting of 6 input questions, of which
3 are objective ROM measures and 3 are subjective measures of
pain and function (Table I). The 6 input questions have an equal
weight of 12.5 points each, and 1 additional input, called the
Composite ROM score, is calculated from the 3 objective ROM
measures to transform those values into a functional score with an
allocated weight of 25 points, yielding a score range of 0-100
points, with 100 as the best score. These 6 questions were
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What is your ability to use your affected shoulder on a daily basis?

Range: 0 to 10, increments of 1 where 0 = no shoulder function and 10 = normal

Shoulder Arthroplasty Smart Score

Please click here for the validation of this novel machine learning-derived
shoulder outcome metric.

Privacy Statement  Contact

Figure 1  Smartshoulderscore.com website screenshot demonstrating graphical user interface of the online calculator.
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Table I Input questions and scoring rationale for the Shoulder Arthroplasty Smart (SAS) score
Section Question Range Scoring
weight, %

Objective ROM Active forward elevation 0°-180° 12.5
measurement

Objective ROM Internal rotation score 0°-7° 12.5
measurement

Objective ROM Active external rotation with arm at side -90° to 90° 12.5
measurement

Calculated ROM Transformation of 3 active ROM measurements into a functional 0-100 25
composite score composite ROM score (see Fig. 2)

Subjective pain What is your average pain on a daily basis? 0-10 (0 = no pain, 10 = 12.5

severe pain)
Subjective pain What is your average pain when lying on affected side? 0-10 (0 = no pain, 10 = 12.5

Subjective ADL
function
Total

severe pain)

What is your ability to use your affected shoulder on a daily basis? 0-10 (0 = no mobility, 10 12.5

= normal)
100

ROM, range of motion; ADL, activity of daily living.
See smartshoulderscore.com for an online calculator.

identified using a machine learning analysis of this database and
were selected because they are among the most predictive pre-
operative inputs that influence postoperative TSA outcomes.>'
Although the use of machine learning to identify and select the
clinical tool’s questions (from a larger data set consisting of 291
inputs) is new, it should be noted that the process to develop the
SAS score is similar in structure to that recommended by Kirkley
et al’® and Kirshner et al,”’ except the work of a focus group to
perform the item reduction is substituted by the machine learning
analysis and identification of the most predictive preoperative
inputs. As all 6 inputs already existed in the database, the SAS
score was able to be retrospectively calculated from each patient’s
preoperative visit and all postoperative visits.

The objective ROM measures used by the SAS score are active
forward elevation (range: 0°-180°), active external rotation with
the arm at the side (range: —90° to 90°), and active internal
rotation with the arm at the side, which is measured by an 8-point
scale (range: 0-7) with the following discrete assignments based
on motion to vertebral segments: 0° = 0, hip = 1, buttocks = 2,
sacrum = 3, L5-L4 =4,L3-L1 =5, T12-T8 = 6, and T7 or higher
= 7.'° All ROM measures should be performed using a goniom-
eter, as the baseline data at each clinical site was generated by this
method. Previous machine learning research has demonstrated that
the Composite ROM score is most predictive of TSA out-
comes."*> The Composite ROM score is calculated by the sum of
70% of the composite active forward elevation score, 15% of the
composite active internal rotation score, and 15% of the active
external rotation score, where these composite scores were
adapted from the American Medical Association’s Guides to the
Evaluation of Permanent Impairment as graphically described in
Figure 2.' The subjective measures used by the SAS score include
2 patient-assessed pain questions: (1) “What is your average pain
on a daily basis?” (ie, visual analog scale pain score) and (2)
“What is your average pain when lying on affected side?”” (which
was adopted from SPADI), each scored from 0-10, where 0 = no
pain and 10 = severe pain; and a patient-assessed function
question: ‘““What is your ability to use your affected shoulder on a

daily basis?”” where 0 = no mobility and 10 = normal shoulder
(ie, global shoulder function score).

This study quantifies the validity, responsiveness, and clinical
interpretability of the SAS score and compares these psychometric
properties to the 5 other outcome scores for aTSA and rTSA pa-
tients. Validity describes how accurately a clinical assessment tool
quantifies what it is intending to measure. We quantify validity
using descriptive statistics (including the mean, standard devia-
tion, kurtosis, and skewness) and also a floor and ceiling effects
analysis, which quantify the percentage of patients who experi-
ence the lowest and highest values of each score preoperatively
and at each 2-year minimum postoperative follow-up visit. For
construct validity, we perform a correlation analysis between all
outcome measures to assess the consistency of the SAS score
relative to its convergence with or divergence from the other 5
clinical outcome measures. Regarding these correlations between
multiple groups, we used the false discovery rate—adjusted P value
to control for multiple testing and type I error.

Responsiveness describes the sensitivity of a clinical
assessment tool to detect a change. As described by Terwee et al,
responsiveness is also a measure of longitudinal validity.”' We
quantify responsiveness of each clinical measure on the study
population by using the effect size (ES) and the standardized
response mean (SRM). ES is quantified by the mean pre- to
postoperative improvement for a given measure relative to its
preoperative standard deviation. As such, an ES of 1 equates to 1
standard deviation of change. Similarly, SRM is quantified by
the mean pre- to postoperative improvement for a given measure
relative to its pre- to postoperative standard deviation. The
responsiveness of a clinical assessment tool should be greater for
patients who experience a large change and smaller for those
experiencing a small change. To demonstrate this, we quantify
the ES and SRM for aTSA and rTSA patient subcohorts”’%
while stratifying by a patient satisfaction item ‘‘Rate your
satisfaction of treatment relative to your preoperative shoulder”
with the responses “worse,” ‘“‘unchanged,” “‘better,” or ‘“much
better.”
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Figure 2 Composite range of motion transformation for active
forward elevation (top), active internal rotation score (middle),
and active external rotation with arm at side (bottom) measure-
ments based on the American Medical Association Guides to the
Evaluation of Permanent Impairment.'

Interpretability describes the clinical relevance of an outcome
measures score. Clinical interpretability is most commonly
assessed based on patient satisfaction, and in our study we
quantify both the minimal clinically importance difference
(MCID)”>***7 and the substantial clinical benefit (SCB)'*-*"**
using the aforementioned patient satisfaction anchor question to
define thresholds of meaningful change for each outcome mea-
sure. Similar to the methodology used by Simovitch et al,*”** we

quantify MCID*’ as the mean difference in improvement between
TSA patients who described themselves as being “‘better’” at each
2-year minimum follow-up visit as compared to patients who
described themselves as “worse” and also ‘“‘unchanged,” and we
quantify SCB** as the mean difference in improvement between
“much better” patients as compared to “worse” and also “‘un-
changed” patients.””** As an alternative measure for MCID for
each outcome measure, we also calculate MCID using the 0.5
distribution method as one-half of the standard deviation associ-
ated with the mean pre- to postoperative improvement.”'

Results

Clinical data from 3667 patients (1594 aTSA, 2073 rTSA)
with 8104 postoperative follow-up visits (3878 aTSA, 4226
rTSA) were used to quantify the psychometric properties
for the SAS score and each of the SST, Constant, ASES,
UCLA, and SPADI scores. (Table II) Notably, the SAS
score had lower standard deviations preoperatively, post-
operatively, and pre- to postoperatively for aTSA and rTSA
cohorts as compared with the other 100-point scoring sys-
tems, demonstrating similar mean scores but less variance
when measuring TSA outcomes. Table III demonstrates
convergent construct validity with all 6 outcome measures
being moderately to highly correlated preoperatively and
highly correlated postoperatively when quantifying TSA
outcomes. The SAS score was most correlated with the
UCLA score (preoperative Pearson correlation coefficient R
= 0.78, postoperative R = 0.85) and least correlated with
the SST (preoperative R = 0.63, postoperative R = 0.75).
Supplementary Tables SI1-S3 present the kurtosis and
skewness for all 6 outcome measures and demonstrate the
SAS score was the most normally distributed measure
preoperatively (ie, kurtosis closest to 0), the Constant score
was the most normally distributed measure postoperatively,
and the SST score was the most normally distributed
measure for pre- to postoperative improvement, followed
closely by the SAS score. All 6 outcome measures had
highly negative skewness postoperatively and had moder-
ately negative skewness in pre- to postoperative improve-
ment, though the Constant and the SAS score distributions
were the least-negatively skewed, suggesting a more
normalized response range.

The pre- and postoperative floor (Table IV) and ceiling
(Table V) effect analysis is presented in Tables IV and V.
No clinical outcome score exhibited significant floor effects
preoperatively or postoperatively; however, the strength
component of the Constant score exhibited floor effects
preoperatively in >60% of patients and postoperatively in
>15% for both aTSA and rTSA. No clinical outcome score
exhibited significant ceiling effects preoperatively; how-
ever, significant ceiling effects were present postoperatively
for each of the SST (44.3%), UCLA (13.9%), ASES
(18.7%), and SPADI (19.3%) measures. Ceiling effects
were more pronounced for aTSA than rTSA, where each of
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Table II  Assessment of validity: comparison of preoperative, postoperative, and pre- to postoperative improvement outcomes be-

tween the 6 different clinical outcome measures

Preop/postop/pre- to postop improvement aTSA + rTSA cohort aTSA cohort rTSA cohort
(mean + SD) (mean + SD) (mean + SD)
SST preop 3.8+ 2.9 4.1+ 3.0 3.6 +2.8
SST >2 yr postop 10.1 + 2.5 10.5 + 2.3 9.8 + 2.7
SST pre- to postop improvement 6.4 + 3.3 6.5 + 3.3 6.3 + 3.3
Constant preop 36.8 £ 14.1 38.5 + 13.9 35.5 £ 14.1
Constant >2 yr postop 69.7 £+ 14.3 71.6 + 14.2 68.1 + 14.1
Constant pre- to postop Improvement 33.5 + 16.1 34.5 &+ 15.8 32.8 + 16.3
ASES preop 36.3 £ 16.1 36.3 + 16.2 36.2 £+ 16.0
ASES >2 yr postop 83.4 £ 18.7 85.0 £ 18.5 82.0 + 18.8
ASES pre- to postop improvement 47.6 £ 21.7 49.7 + 21.7 45.9 + 21.6
UCLA preop 13.7 £ 4.1 14.3 + 4.0 13.3 £ 4.2
UCLA >2 yr postop 30.4 £ 5.2 30.8 £5.3 30.0 £ 5.1
UCLA pre- to postop improvement 16.6 + 5.9 16.7 + 5.8 16.6 + 6.0
SPADI preop 83.1 £ 23.2 82.4 £ 23.6 83.6 £ 22.9
SPADI >2 yr postop 20.6 + 24.5 17.4 £ 22.7 23.5 £ 25.7
SPADI pre- to postop improvement -62.6 + 29.0 -65.7 + 29.1 -60.0 + 28.6
SAS preop 46.3 £ 11.5 46.4 £ 10.8 46.2 £ 12.1
SAS >2 yr postop 77.7 £ 12.2 80.4 £+ 12.0 75.3 £ 11.9
SAS pre- to postop improvement 31.7 £ 14.6 34.9 £+ 13.7 29.2 + 14.8

SST, Simple Shoulder Test; preop, preoperation; postop, postoperation; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment
Form; UCLA, University of California Los Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; aTSA, anatomic total

shoulder arthroplasty; rTSA, reverse total shoulder arthroplasty; SD, standard deviation.

Table III  Assessment of validity: Correlation of preoperative and postoperative clinical outcome measure scores to each other and to

patient satisfaction assessment

Combined aTSA +  Patient satisfaction ~ SST Constant ASES UCLA SPADI

TSA cohort (preop/postop) (preop/postop)  (preop/postop)  (preop/postop)  (preop/postop)  (preop/postop)
SST 0.096/0.435 1

Constant 0.083/0.394 0.716/0.799 1

ASES 0.075/0.460 0.717/0.841 0.653/0.810 1

UCLA 0.064/0.521 0.630/0.756 0.773/0.806 0.771/0.873 1

SPADI -0.068/-0.444 -0.825/-0.890  -0.692/-0.805 -0.810/-0.924 -0.692/-0.823 1

SAS 0.074/0.418 0.630/0.748

0.781/0.847 0.694/0.832 0.783/0.852 -0.694/-0.825

aTSA, anatomic total shoulder arthroplasty; rTSA, reverse total shoulder arthroplasty; SS7, Simple Shoulder Test; ASES, American Shoulder and Elbow
Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder

Arthroplasty Smart; preop, preoperation; postop, postoperation.

Pearson coefficient 0-0.3 is considered poor correlation, 0.3-0.6 is moderately correlated, 0.61-0.7 is strong to moderate, and >0.7 is highly

correlated.”

the SST, UCLA, ASES, and SPADI measures had >20% of
aTSA patients with ceiling effects. The SAS score had the
least number of patients with floor and ceiling effects. A
more detailed analysis demonstrated that male gender
significantly increased the occurrence of a postoperative
ceiling score for the SST (P < .0001), ASES (P < .0001),
UCLA (P = .0002), and SPADI (P < .0001) measures
(Table VI). Similarly, postoperative ceiling effects were
more common in white than black patients for the SST (P
< .0001), ASES (P = .016), UCLA (P = .0014), and

SPADI (P = .020) measures; more common in white than
Hispanic patients for the SST (P = .0004), ASES (P =
.016), and SPADI (P = .049) measures; and more common
in white than Asian patients for the SST (P =.023) (Table
VII). Additionally, postoperative ceiling effects were
observed between all 3 age groups for the SST, and for 2 of
the 3 age groups for the ASES, UCLA, and SPADI mea-
sures (Table VIII).

The patient satisfaction anchor-based MCID (Table IX),
the 0.5 distribution MCID (Table IX), and the patient
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Table IV Assessment of validity: Comparison of floor effects across the 6 different clinical outcome measures
Clinical score Reports with a “floor” score, %
alSA + rTSA cohort aTSA cohort rTSA cohort
(preop/postop) (preop/postop) (preop/postop)
SST 10.2/0.4 9.8/0.3 10.5/0.4
Constant 0.0/0.0 0.0/0.0 0.0/0.0
Strength component of Constant score 67.0/15.9 61.0/15.4 72.0/16.3
ASES 0.1/0.0 0.1/0.0 0.1/0.0
UCLA 0.0/0.0 0.0/0.0 0.0/0.0
SPADI 0.6/0.1 0.6/0.0 0.5/0.1
SAS 0.0/0.0 0.0/0.0 0.0/0.0

SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los
Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; a7SA, anatomic total shoulder arthroplasty; rTSA, reverse total

shoulder arthroplasty; preop, preoperation; postop, postoperation.

Table V  Assessment of validity: Comparison of ceiling effects across the 6 different clinical outcome measures

Clinical score

Reports with a “ceiling” score, %

aTSA + rTSA cohort aTSA cohort rTSA cohort
(preop/postop) (preop/postop) (preop/postop)
SST 1.0/44.3 1.1/52.9 1.0/36.7
Constant 0.0/0.3 0.0/0.5 0.0/0.1
Strength component of Constant score 0.2/0.7 0.5/1.1 0.0/0.4
ASES 0.0/18.7 0.0/25.1 0.0/12.8
UCLA 0.0/13.9 0.0/20.8 0.0/7.9
SPADI 0.0/19.3 0.0/25.6 0.0/13.6
SAS 0.0/0.1 0.0/0.2 0.0/0.0

SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los
Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; a7SA, anatomic total shoulder arthroplasty; rTSA, reverse total

shoulder arthroplasty; preop, preoperation; postop, postoperation.

satisfaction anchor-based SCB (Table X) thresholds for all
6 outcome measures is presented in Tables IX and X. The
anchor-based MCID and SCB thresholds for aTSA patients
were larger than the MCID and SCB values for rTSA pa-
tients for all outcome measures, except the SST. However,
no differences were observed between aTSA and rTSA
patients for the 0.5 distribution MCID thresholds. Finally,
the MCID and SCB thresholds for the SAS score were most
similar in magnitude to the Constant score.

The SRM and ES responsiveness for all 6 outcome
measures is presented in Table XI and for the combined
cohort of aTSA and rTSA when stratified by patient satis-
faction ranking in Supplementary Table S4. At 2 years’
minimum follow-up, all 6 clinical outcome measures
detected a large effect (as defined by an SRM or ES
>0.8),”'>% with the UCLA exhibiting the most respon-
siveness and the SST exhibiting the least; each of the SAS,
ASES, Constant, and SPADI scores had similarly large
SRM and ES responsiveness. Finally, all 6 outcome mea-
sures demonstrated a greater response for patients who

experienced a large change and a smaller response for pa-
tients who experienced a small change, as noted by the
stepped SRM and ES values for each of the patient satis-
faction rankings. However, as described in Supplementary
Table S4, even patients who reported their shoulder as
“worse” still exhibited mean pre- to postoperative
improvement.

Discussion

We present the first orthopedic clinical outcome measure
derived using machine learning and constructed of preop-
erative inputs that are most predictive of postoperative TSA
outcomes. The results of this 3667-TSA outcome study
demonstrate that the SAS score has equivalent or better
psychometric properties of validity, responsiveness, and
clinical interpretability as the ASES, Constant, UCLA,
SST, and SPADI scores. The SAS score has an appropriate
response range with no floor or ceiling effects for aTSA or
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Table VI  Assessment of validity: Comparison of ceiling effects on gender across the 6 different clinical outcome measures
Clinical score Postoperative reports with a “ceiling” score
aTSA + rTSA alSA + rTSA P value
cohort (male), % cohort (female), % (male vs. female)
SST 56.4 35.7 <.0001
Constant 0.4 0.2 NS
ASES 23.8 14.9 <.0001
UCLA 15.8 12.6 .0002
SPADI 22.5 17.0 <.0001
SAS 0.1 0.1 NS

SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los
Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; aTSA, anatomic total shoulder arthroplasty; rTSA, reverse total

shoulder arthroplasty; NS, not significant.
Boldface indicates significance (P < .05).

rTSA and no gender, age, or race or ethnicity response bias,
as was observed with many of the other historical scores
when quantifying TSA outcomes. These psychometric
improvements were achieved despite the SAS score con-
sisting of only 6 input questions; this efficient selection of 3
objective and 3 subjective measures is useful for both
quality assurance and clinical research purposes, and rep-
resents a reduction of approximately half (or more) of the
inputs required by ASES, SST, SPADI, and Constant
scores. Such efficiency will likely reduce administrative
burden and responder fatigue while improving patient
compliance when performing TSA clinical research. By
combining subjective and objective measures, SAS remains
patient focused in order to avoid perception pitfalls be-
tween patient and physician on subjective measures”*"
while also using physical measurements that objectively
quantify functional capability and ROM limitations. Of
note, 6 input questions with SAS is similar in range to the
4-6 questions reportedly used by the Patient Reported
Outcomes Measurement Information System Upper Ex-
tremity (PROMIS UE) computer adaptive test,”'* sug-
gesting that an appropriate selection of only the most
predictive input questions can eliminate floor or ceiling
effects without the need for an adaptive algorithm and a
large hierarchically structured item bank, like the 46
questions used by the PROMIS UE."" Future work should
compare the psychometric properties of the SAS score to
other next-generation PROMs and clinical measures, like
the PROMIS.

A clinical outcome measure should offer insight into
both the disease progression and treatment for an individual
patient; as such, a clinical outcome measures must be valid
for both pre- and postoperative assessments. Numerous
studies have analyzed the preoperative floor or ceiling ef-
fects of the clinical outcome measures analyzed in this
study'®2%-21-3940. however, only a few have analyzed the
postoperative floor or ceiling effects,”**® which are equally

important and necessary to demonstrate that a tool provides
an appropriate response range without a response bias. Our
postoperative ceiling findings for TSA patients using the
SST (44.3%), UCLA (13.9%), ASES (18.7%), SPADI
(19.3%), and Constant (0.3%) scores are similar and in
range of those reported by Jo et al’® (28% ASES, 34% SST,
30% UCLA, and 20% Constant) and Sciascia et al*® (21%
ASES and 3% Constant). To be internally valid, a clinical
outcome measure should not exhibit floor or ceiling effects
in >15% of patients,”® as the clinical assessment tool is
insensitive to detect change in the negative direction for
patients with a floor score or in the positive direction for
ceiling scores. Therefore, the presence of any floor or
ceiling effect negatively impacts responsiveness and lon-
gitudinal validity of an outcome measure. The results of
this 2-year minimum TSA outcome study demonstrate that
the strength component of the Constant score exhibits floor
effects preoperatively in >60% of aTSA and rTSA patients
and postoperatively in >15% of aTSA and rTSA patients.
Additionally, each of the SST, UCLA, ASES, and SPADI
scores exhibit postoperative ceiling effects in >15% of
patients, particularly for aTSA patients. Generally, patients
who were male, younger, white, and had received TSA were
more likely to experience a ceiling effect, as compared to
patients who were female, older, and of nonwhite race or
ethnicity. These findings are also reflected by the negative
skewness of each outcome measure and suggest that all 5
historical clinical measures have an insufficient response
range to quantify TSA outcomes and the finding of
different postoperative ceiling effects for different patient
cohorts of age, gender, and race or ethnicity, suggests that
each of the SST, UCLA, ASES, and SPADI scores also
have a response bias when quantifying TSA outcomes.
Furthermore, the high occurrence of postoperative ceiling
effects questions the efficacy of these historical tools for
longitudinal evaluation, given their limited ability to
accurately quantify outcomes with ceiling score patients in
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Table VII  Assessment of validity: Comparison of ceiling effects on race or ethnicity across the 6 different clinical outcome measures

Clinical Postoperative reports with a “ceiling” score

SCOTE  ATSA + rTSA cohort  aTSA + TSA cohort  aTSA + rTSA cohort aTSA + rTSA cohort P value after FDR multiple
(white [W]), % (black [B]), % (Hispanic [H]), % (Asian [A]), % test correction

SST 45.9 29.3 27.4 20.7 W vs. B: <.0001

W vs. H: .0004

B vs. H: NS

W vs. A: .023

B vs. A: NS

H vs. A: NS
Constant 0.3 0.0 0.0 0.0 W vs. B: NS

W vs. H: NS

B vs. H: NS

W vs. A: NS

B vs. A: NS

H vs. A: NS
ASES 19.8 12.4 8.8 6.3 W vs. B: .016

W vs. H: .016

B vs. H: NS

W vs. A: NS

B vs. A: NS

H vs. A: NS
UCLA 14.3 5.4 13.8 10.7 W vs. B: .0014

W vs. H: NS

B vs. H: NS

W vs. A: NS

B vs. A: NS

H vs. A: NS
SPADI  20.3 12.6 10.7 9.7 W vs. B: .020

W vs. H: .049

B vs. H: NS

W vs. A: NS

B vs. A: NS

H vs. A: NS
SAS 0.1 0.0 0.0 0.0 W vs. B: NS

W vs. H: NS

B vs. H: NS

W vs. A: NS

B vs. A: NS

H vs. A: NS

SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los
Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; aTSA, anatomic total shoulder arthroplasty; rTSA, reverse total

shoulder arthroplasty; FDR, false discovery rate; NS, not significant.
Boldface indicates significance (P < .05).

this 2-year minimum follow-up study, and also suggests
that these historical tools are only useful longitudinally for
patients with severe dysfunction.™

To be truly valid, a clinical outcome measure must not
give rise to bias across the unique characteristics of the
target patient population in which it is used, such that no
variations in results will occur from use of the tool.
Importantly, no bias was observed for any studied patient
characteristic with the SAS score when quantifying TSA
outcomes. The finding of bias with these commonly used
and historical clinical outcome tools in this TSA patient

population is concerning and is itself a new finding for each
of the ASES, SST, UCLA, and SPADI scores, despite each
score being previously ‘validated.” The age and gender
bias present in the Constant score is inherent, as the Con-
stant score defines a normal shoulder as that of a 25-year-
old man.'”"? Floor effects with the Constant strength
assessment have been previously reported” and are pri-
marily due to the measurement being performed at 90°
abduction, as some TSA patients are unable to achieve this
position both before or after surgery,”**"* let alone hold a
weight-in-hand (up to 11.3 kg). As a result, it is a common
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Table VIII  Assessment of validity: Comparison of ceiling effects on patient age at the time of surgery across the 6 different clinical
outcome measures

Clinical score Postoperative reports with a “ceiling” score

aTSA + rTSA cohort aTSA + rTSA cohort aTSA + rTSA cohort
(<60 yr), % (60-79 yr), % (>80 yr), %

SST 42.7 46.4 30.0

P value after FDR multiple test correction

<60 vs. 60-79 yr: .038
<60 vs. >80 yr: <.0001
60-79 vs. >80 yr: <.0001
<60 vs. 60-79 yr: NS

<60 vs. >80 yr: NS

60-79 vs. >80 yr: NS

<60 vs. 60-79 yr: NS

<60 vs. >80 yr: .009
60-79 vs. >80 yr: <.0001
<60 vs. 60-79 yr: NS

<60 vs. >80 yr: <.0001
60-79 vs. >80 yr: <.0001
<60 vs. 60-79 yr: .024
<60 vs. >80 yr: NS

60-79 vs. >80 yr: <.0001
<60 vs. 60-79 yr: NS

<60 vs. >80 yr: NS

60-79 vs. >80 yr: NS

SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; UCLA, University of California Los
Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; aTSA, anatomic total shoulder arthroplasty; r7SA, reverse total
shoulder arthroplasty; NS, not significant.
Boldface indicates significance (P < .05).

Constant 0.7 0.2 0.2

ASES 17.9 19.5 13.0

UCLA 15.7 14.4 7.6

SPADI 17.0 20.4 13.8

SAS 0.0 0.1 0.1

Table IX  Assessment of responsiveness and interpretability: Comparison of patient satisfaction anchor-based and 0.5 SD distribution-
based MCID across the 6 different clinical outcome measures

Anchor MCID/ distribution MCID

Clinical score

aTSA + rTSA cohort aTSA cohort TSA cohort
SST 1.8/1.7 1.7/1.7 1.8/1.7
Constant 5.3/8.0 8.6/7.9 3.0/8.1
ASES 12.4/10.9 14.2/10.8 11.2/10.8
UCLA 7.9/3.0 8.1/2.9 7.7/3.0
SPADI -20.4/-14.5 -19.7/-14.6 -21.3/-14.3
SAS 6.1/7.3 8.5/6.9 4.9/7.4

SD, standard deviation; MCID, minimal clinically important difference; SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons
Standardized Shoulder Assessment Form; UCLA, University of California Los Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder
Arthroplasty Smart; aTSA, anatomic total shoulder arthroplasty; rTSA, reverse total shoulder arthroplasty.

practice to perform an age and gender normalization for the
Constant score when quantifying TSA outcomes. However,
this normalization is a source of error as it transforms a
patient-specific score using an assumed average decline for
age and gender.'”'>*"*7 Yian et al”> demonstrated that
not all patients decline at the same rate and the normali-
zation method originally presented by Constant'*' is not
representative of, or generalizable to, all patients. Specif-
ically, Constant’s recommended normalization method may
overestimate outcomes for female patients >40 years old

and male patients >60 years old.” In our study, 99.7% of
women were >40 years old and 82.4% of men were >60
years old at the time of their TSA; because of this finding,
we report the Constant score as an absolute score rather
than a normalized score.

In the absence of a gold standard TSA outcome measure,
validity should be considered on a continuum, with
increasing confidence in that analysis based on the size of
the study and resulting clinical evidence.'’ This psycho-
metric analysis of 6 different outcome measures used data
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Table X Assessment of responsiveness and interpretability:
Comparison of patient satisfaction anchor-based SCB across
the 6 different clinical outcome measures

Clinical score SCB
aTSA + rTSA cohort aTSA cohort rTSA cohort

SST 3.5 3.5 3.5
Constant 16.9 20.4 14.3
ASES 30.7 33.2 28.7
UCLA 11.8 12.6 11.3
SPADI -44.0 -44.3 -43.7
SAS 16.6 19.2 14.4

SCB, substantial clinical benefit; SST, Simple Shoulder Test; ASES,
American Shoulder and Elbow Surgeons Standardized Shoulder
Assessment Form; UCLA, University of California Los Angeles; SPADI,
Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart;
aTSA, anatomic total shoulder arthroplasty; rTSA, reverse total
shoulder arthroplasty.

from 3667 TSA patients with 8104 postoperative follow-up
visits; as such, it is by far the largest study of its kind to
assess the validity, responsiveness, and clinical interpret-
ability of any TSA outcome measures. Furthermore, given
that these large-scale clinical data were generated from 30
different clinical sites and surgeons in both the United
States and Europe, the results of our study are more
generalizable and substantially broader than the evidence
that can be contributed by a single site or surgeon. Our
findings demonstrate that the SAS score has equivalent or
better validity and responsiveness than the SST, Constant,
ASES, UCLA, and SPADI scores when quantifying TSA
outcomes. Our findings of validity and responsiveness with
these 5 historical outcome measures were in the range of
previously  published  studies.>61310:20:20.30.37.38.4546.53
Regarding clinical interpretability, the MCID and SCB
thresholds for the SAS score closely match those of the
Constant score, which is also a 100-point system with a low
occurrence of ceiling effects. Additionally, our findings of

Table XI
measures

MCID and SCB thresholds for these 5 historical outcome
measures closely match the findings reported by Simovitch
et al. "’

Active forward elevation features prominently in the
SAS score calculation, accounting for 30% of the overall
score (ie, 12.5% contribution as 1 of the 6 input questions
+ 70% contribution of the Composite ROM score). Active
forward elevation is critical for patients to perform many
activities of daily living, with substantial impairment
occurring when forward elevation is <20°." Goodman
et al’” recently reported that small improvements in for-
ward elevation can improve overall health, demonstrating
significant correlations with both the physical and mental
component of the 12-Item Short Form Health Survey (SF-
12). Importantly, Goodman et al also reported that forward
elevation was the only measure considered by the ASES
physician assessment that demonstrated any significant
impact on clinical improvement for rTSA patients. These
findings support the emphasis of active forward elevation in
the SAS score calculation, and beyond that, it reinforces the
need for a new clinical outcome measure composed of in-
puts more predictive of postoperative TSA outcomes.
However, we recognize that restoration of ROM may not be
the most important consideration for all TSA patients, and
for those patients the SAS score calculation may over-
emphasize functional improvement. Additionally, not all
clinics may use a goniometer for ROM assessment, and for
those clinics this score may not be compatible with their
existing workflow.

This study has several limitations. First, we did not
perform a reliability assessment, which is an essential
component of a psychometric analysis. However, it is
important to note that the SAS score is constructed from
questions composed of other scores that were previously
validated for reliability,”>*"*%-%434 and thus, it is
reasonable to assume the reliability of those questions
should be inherited. Second, this internal validation study
was performed retrospectively on the same data set in
which the machine learning analysis was conducted to

Assessment of responsiveness: Comparison of SRM and ES for the overall cohort across the 6 different clinical outcome

Clinical score SRM/ES for overall cohort

aTSA + rTSA cohort aTSA cohort rTSA cohort
SST 1.91/2.20 1.96/2.19 1.88/2.23
Constant 2.09/2.38 2.18/2.49 2.02/2.32
ASES 2.19/2.95 2.29/3.06 2.12/2.87
UCLA 2.81/4.03 2.88/4.17 2.76/3.97
SPADI —2.16/—2.70 —2.26/—2.79 —2.10/—2.62
SAS 2.17/2.75 2.55/3.24 1.97/2.41

SRM, standardized response mean; ES, effect size; SST, Simple Shoulder Test; ASES, American Shoulder and Elbow Surgeons Standardized Shoulder
Assessment Form; UCLA, University of California Los Angeles; SPADI, Shoulder Pain and Disability Index; SAS, Shoulder Arthroplasty Smart; aTSA,
anatomic total shoulder arthroplasty; rTSA, reverse total shoulder arthroplasty.
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identify and select the SAS questions; thus, future work is
necessary to externally validate our findings. Third, we
demonstrated age, gender, and race or ethnicity bias with
multiple historical clinical measures for postoperative TSA
outcomes; however, it should be recognized that the num-
ber of patients in each subcohort was unequal, as the
patients comprising our database are predominately elderly
and white. Fourth, as there is no gold standard assessment
tool to quantify TSA outcomes,”” we were unable to
quantify criterion validity for the SAS score. Instead, we
compared pre- and postoperative SAS score results to 5
commonly used outcome measures and demonstrated
convergent construct validity. Fifth, whereas the inputs
of the SAS score were constructed using machine
learning,”’ ¥ a SAS predictive model has not yet been
developed. Future work should create a predictive model
for the SAS score to maximize the utility of this new
assessment tool for the clinical researcher. Sixth, although
the SAS tool was constructed using multidimensional data,
including 5 different PROMs and clinical outcome mea-
sures and their associated input questions, it is likely that
there are other data and also other scores that may be more
predictive than what we considered in our machine learning
analysis. Thus, future research efforts should strive to
obtain the most relevant clinical data for TSA patients, and
on collection, this machine learning item selection process
should be repeated. Finally, recent” clinical research
guidelines recommend combining a shoulder-specific
outcome measure with a generic quality of life measure
to establish a baseline assessment of health beyond
comorbidities.”” We agree with this recommendation as all
shoulder clinical tools generally only represent health as the
absence of functional shoulder limitation®®; however, we
did not use any quality of life assessment tool in the item
selection”™* or item reduction”®*’ process to develop the
SAS score.

Conclusion

The SAS score (smartshoulderscore.com) is the first
orthopedic clinical outcome measure constructed using
machine learning. Our psychometric analysis of 3667
TSA patients demonstrates that this new assessment
tool has equivalent or better validity, responsiveness,
and clinical interpretability as 5 other measures to
quantify TSA outcomes. Consisting of only 6 inputs,
the SAS score represents an efficiency improvement of
half (or more) the number of input questions relative to
these other measures. Additionally, our psychometric
analysis demonstrates that the SAS score has an
appropriate response range without floor or ceiling
effects and without bias in any target patient charac-
teristic, unlike the age, gender, or race or ethnicity bias
observed in the ceiling scores for the historical

measures analyzed in this study. Because of these
substantial benefits, we recommend the use of the new
SAS score for quantifying TSA outcomes, though
future work remains to perform external validations
and quantify the reliability of use of this machine
learning—based outcome tool.
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