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Background: Patient-reported outcome measures enable quantitative and patient-centric assessment of
orthopedic interventions; however, increased use of these forms has an associated burden for patients
and practices. We examined the utility of a computerized adaptive testing (CAT) method to reduce
the number of questions on the American Shoulder and Elbow Surgeons (ASES) instrument.
Methods: A previously developed ASES CAT system was applied to the responses of 2763 patients who
underwent shoulder evaluation and treatment and had answered all questions on the full ASES
instrument. Analyses to assess the accuracy of the CAT score in replicating the full-form score included
the mean and standard deviation of both groups of scores, frequency distributions of the 2 sets of scores
and score differences, Pearson and intraclass correlation coefficients, and Bland-Altman assessment of
patterns in score differences.

Results: By tailoring questions according to prior responses, CAT reduced the question burden by 40%.
The mean difference between CAT and full ASES scores was —0.14, and the scores were within 5 points
in 95% of cases (a 12-point difference is considered the threshold for clinical significance) and were
clustered around zero. The correlation coefficients were 0.99, and the frequency distributions of the
CAT and full ASES scores were nearly identical. The differences between scores were independent of
the overall score, and no significant bias for CAT scores was found in either a positive or negative
direction.

Conclusion: The ASES CAT system lessens respondent burden with a negligible effect on score
integrity.
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Patient-reported outcome measures (PROMs) are an in-
tegral tool for assessing the impact of orthopedic treatments.
Outcome measures used include general health and social
scores, disease-specific scores, and region (eg, hip, knee, and
shoulder)-specific measures. These tools are an important
(and often the only) way to obtain quantitative, meaningful
assessments of the effect of treatment on the quality of life
and level of function experienced by patients. In addition,
these measures can be used to assess the cost-effectiveness of
interventions and may become a prerequisite for
reimbursement for care.”'> The American Shoulder and
Elbow Surgeons (ASES) developed the ASES Shoulder
Score (Table I) to encourage such patient-centered
assessment of outcomes for shoulder ailments®>; the
instrument has been validated for a range of shoulder and
elbow problems, including shoulder instability, rotator cuff
disease, osteoarthritis, and shoulder arthroplasty.33

Although outcome measures are ubiquitous in assessing
treatment success in research publications,'”'*" they can
also be clinically valuable for gauging individual patient
outcomes”’ and potentially beneficial for calculating
outcome-based reimbursement.'> General adoption of these
tools in everyday clinical practice has been limited, however,
and the burden on physicians and patients cannot be ignored.
For patients, completing these often numerous forms is
time-consuming and must be repeated frequently. For elderly
patients, they can be physically and mentally exhausting. For
physicians, capturing outcome measures can impact the
clinical workflow, be time-consuming and financially
prohibitive, and present the challenge of secure data storage.

Use of computer-administrated rather than paper-and-
pencil forms has reduced these burdens significantly,”’*
particularly when patients can choose between modalities
such as the Internet, voice response systems, mobile operating
systems, and text messaging, which enable remote responses
from home. Time saving and convenience for the patient must
be continually pursued to achieve meaningful response rates
for longitudinal studies, and advances in computer technology
must continue to be leveraged to improve the efficiency and
reliability of outcome assessments.

In view of this aim, computerized adaptive testing (CAT)
is beginning to be applied in medicine. By tailoring
questions to the specific traits of the respondent, CAT
technology allows accurate assessments to be obtained with
fewer questions. The defining characteristic of CAT is that,
at any point, the next question to be asked is chosen based
on the information already obtained. The adaptive algo-
rithm is designed to elicit the most significant and relevant

information and to forgo questions that need not be asked at
all. This technology has been developed, refined, and suc-
cessfully applied in academic testing and other fields.*"'
The idea that patient-derived assessments are a valuable,
and perhaps the most pertinent, measure of health outcomes
has widespread support in the clinical and medical research
community. Ultimately, creating the most concise versions
possible of each outcome instrument in use lowers the per-
form burden on patients so that multiple forms and
comprehensive assessments are feasible.

Within the OBERD software system (Universal Research
Solutions, Columbia, MO, USA)*—a clinical practice tool
for outcome measure collection—a CAT version of the ASES
score has been recently developed. This study investigates
the ASES CAT system, with a focus on the reduced
question burden and the ability of CAT to provide accurate
assessments of patient’s perceived shoulder and elbow
function.

The OBERD CAT system, which was developed before
this study, uses so-called machine learning programs that
analyze how response patterns affect the overall score for
completed forms to construct rules for optimal ways to ask
the questions. This process is referred to as “‘training” the
CAT, and the CAT is said to “learn” how to question
effectively. The set of completed forms used to develop a
CAT is called the ‘“‘training set.”” Accuracy improves and
the question burden is eased as the CAT system learns to be
more efficient. The CAT is deemed to be valid if it produces
accurate results when applied to cases (a “‘test set’) it has
not seen before. Thus, development of a CAT model
proceeds in 2 steps. First, a large, random sample of
completed forms is used to build a CAT model; in the
present instance, the training set contained 9229 cases.
Then, the success of the model is judged by the accuracy
with which it reproduces full-form scores and the extent to
which it reduces the question burden in a large number
of independent cases. This report assesses the accuracy
and efficiency of the ASES CAT in an independent test

group.
Methods

A total of 2763 patients who presented to clinics for shoulder
evaluation at 3 separate sites were included in this analysis
(Table II). We included different collection sites, diagnoses, and

* OBERD is a software system that administers PROMs for research and
clinical use. It is a product of Universal Research Solutions.
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ages and both preoperative and postoperative assessments in our
test set to ensure that the generalizability of the ASES CAT was
being evaluated. Each patient completed a full ASES survey using
OBERD as routinely used in the clinic; the algorithms constructed
by the OBERD CAT system were then retrospectively applied to
the actual patient responses. For each patient, when the CAT
version was implemented, responses were supplied from the
stored instrument rather than the live patient (which does not
affect CAT functionality), and a score was calculated according to
the CAT-specified algorithm.

The medical significance of the accuracy achieved by the CAT
model was viewed in the context of the minimal clinically
important difference (MCID) for the ASES form, which is the
minimum change in score that must occur for a patient to notice a
difference in functional outcome. Previous reports have identified
a 12-point change in score as the threshold of noticeability for the
ASES score.””!

Several analyses were performed to confirm the validity of the
ASES CAT score for assessing shoulder outcomes, inspired by
the recommendations of Bland and Altman® for quantifying the
agreement between 2 methods of measurement.' First, the mean
and standard deviation of test scores were compared for the CAT
vs. full ASES format. Second, the Pearson correlation coefficient
(R) was calculated to determine the strength of a linear
relationship between scores. Third, the intraclass correlation
coefficient (ICC) was calculated to evaluate the extent to which
the difference in scores was explained by inherent variability in
the ASES instrument, rather than as a consequence of the full vs.
CAT methods. Fourth, frequency distributions of the CAT and full
ASES scores were plotted and compared to ensure similar
distributions. Fifth, the distribution of the score differences (full
ASES instrument minus CAT) for each case was plotted; this
enabled predictions about the uncertainty of the CAT score at the
individual patient level, which is the crux of the evaluation. Sixth,
a Bland-Altman plot was generated to assess patterns in the
differences between the CAT and full ASES scores.'*** For each
case, the difference between the full and CAT scores was plotted
against the mean of the 2 scores. Various aspects of the data could
be quickly appreciated, such as whether the differences
concentrated near zero or whether differences grew with the
magnitude of the score. Analyses were performed with the
R software suite (version 3.4.3; R Foundation for Statistical
Computing, Vienna, Austria), the Python programming language
(version 3.4.5; Python Software Foundation, Beaverton, OR,
USA), or spreadsheets.

Results

The ASES full form has 11 questions, with 1 question about
pain and 10 questions about shoulder function. The CAT
model determined that the pain question needed to be asked
first, no doubt because it accounts for 50% of the score. In
this data set, regarding the 10 remaining questions, CAT
required 55% of patients (1520 of 2763) to answer 5
questions, 23% (635 of 2763) to answer 6 questions, 11%
(304 of 2763) to answer 7 questions, and 11% (304 of

TableI Scored questions and response options for American
Shoulder and Elbow Surgeons Shoulder Score

Answer

Patient self-evaluation
Pain description
How bad is your pain
today?

Activities—of-daily living
questionnaire
Choose the answer that
indicates your ability to
do the following
activities:
1. Put on a coat

2. Sleep on your
painful or affected
side

3. Wash back/do

up bra in back

4. Manage toileting

5. Comb hair

6. Reach a high shelf

7. Lift 10 lb above

the shoulder

8. Throw a ball
overhand

9. Do usual work

10. Do usual sport

VAS ranging from 0
(no pain at all) to
10 (pain as bad
as it can be)

Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult
Unable to do
Very difficult to do
Somewhat difficult
Not difficult

VAS, visual analog scale.
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Table II  Demographic information for patients whose full-form ASES responses were applied for validation of ASES CAT
Provider” Diagnosis areas Gender Age range, yr No. of patients
Site 1 Rotator cuff sprain, osteoarthritis of Female: 44.17% 18-60 245

, shoulder, adhesive capsulitis of shoulder Male: 55.82% 61-82 320
Site 2' Osteoarthritis, complete rupture of Female: 33.73% 18-60 474
rotator cuff, sprain or strain Male: 35.79% 61-92 710
, Unknown: 30.49%
Site 3' Osteoarthritis (overweight), osteoporosis Female: 35.68% 18-60 730
Male: 58.79% 61-82 284
Unknown: 5.53%
Overall Female: 34% 18-92 2763
Male: 49%
Unknown: 17%
ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; CAT, computerized adaptive testing.
* Identifies source of patients.
T Identifies clinic of particular surgeon or author.
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Figure 1

Distribution of full American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form scores (blue) overlaid

with distribution of computerized adaptive testing scores (orange) by site and overall. Green shows where the two scores are the same.
Although score distributions varied considerably for each site (as expected, given the range of respondent demographic characteristics), the
computerized adaptive testing score distributions were nearly identical matches to the full-form distributions for each site and overall.

2763) to answer 8 questions. Counting the pain question,
this produced an average of 6.6 questions per case.

The mean CAT score was 0.14 points higher than the
mean full-form score, with a similar spread in values
(63.53 + 26.51 vs. 63.67 = 26.42); both the Pearson
correlation coefficient and ICC were higher than 0.99
(Table II). There was nearly complete identity between
the distributions of the CAT scores and the full ASES
scores (Fig. 1). In addition, the distribution of the dif-
ferences in each pair of CAT and full-test ASES scores
was clustered around zero. The maximum difference
between CAT and full scores was 12.6 points, and only 2
cases (0.07%, 2 of 2763) had differences greater than the
ASES MCID of 12 points. The CAT result was within 5
points of the full test result in 95% of cases (2625 of
2763) (Fig. 2).

Examination of the Bland-Altman plot (Fig. 3) showed
that the difference between CAT and full ASES scores was
independent of the overall score (eg, the differences did not
show a percentage error). Furthermore, there was no bias of
the CAT in either a positive direction (greater difference at

higher scores) or negative direction (less difference at lower
scores). Summary statistics are provided in Table III.

Discussion

The ASES shoulder score is one of the most common
PROMs used in shoulder research'”'*?® and has been
validated for such use.'””? Many institutions have
adopted routine, periodic collection of the ASES score to
provide a consistent assessment of clinical success, a basis
for scientific investigations of treatment methods, and
documentation of the functional status of the shoulder. This
commitment requires significant institutional resources and
patients’ time. Therefore, a new CAT method has been
developed to lessen the burden. Here, we show that appli-
cation of CAT to the ASES questionnaire has a negligible
impact on the outcome score while significantly mini-
mizing the number of required questions.

Two metrics are essential for intelligent use of the ASES
score as a measuring instrument and for interpretation of
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Figure 2 Distribution of differences between scores. Ninety-
five percent of the computerized adaptive testing scores were
within 5 points of the full American Shoulder and Elbow Surgeons
Standardized Shoulder Assessment Form scores (which is less
than half of the minimal clinically important difference [mcid] of
12 points). Most of the differences were clustered around zero,
with very little bias toward higher or lower computerized adaptive
testing scores relative to full-form scores.

concordance between the CAT and the full-form versions:
repeatability and the MCID. ‘“Repeatability” refers to
measurement error and is usually addressed by a test-retest
strategy; the instrument is administered twice to each in-
dividual in a representative group, and consistency in scores
is expressed as the ICC."” The ICC for test-retest reliability
of the full ASES form was reported to be 0.84,'” which is
viewed as strong agreement between the initial and retest
scores and justification that the ASES instrument is reli-
able. In comparison, the ICC for full-form vs. ASES CAT
shoulder scores was 0.99. As such, the negligible difference
seen with application of the CAT methods for the ASES
score is substantially less than would be seen by simply
retesting with the full test.

The MCID refers to the capability of an instrument to
detect changes in clinical function and pain. The MCID is
typically established by an “anchor” method,”**"* in
which a group of patients are asked (at the same follow-up
interval) whether their condition has noticeably improved
since treatment. The average change in score (or, in some
studies, the minimum, 25th percentile, or median score) for
all patients who indicated improvement is taken to be the

MCID. On the basis of a number of such studies,””*! we

TEST CASES

~0=~=m

0 25 50 75 100

Score

Figure 3  Bland-Altman plot of difference between computer-
ized adaptive testing (CAT) and full American Shoulder and
Elbow Surgeons Standardized Shoulder Assessment Form (ASES)
scores vs. mean of the 2 scores for each case. For most cases, the
magnitude of difference between CAT and full-form ASES scores
was lower than 5 points, with very few cases showing a difference
of 10 points or higher. The minimal clinically important difference
(mcid) for the ASES instrument is 12 points, indicating that use of
the ASES CAT in place of the full form would not affect clinical
interpretation of outcomes. In addition, the difference between
scores is independent of the overall score (no bias toward larger
differences at higher scores).

considered a change in ASES score of 12 points to indicate
true improvement for most cohorts, and this value was used
as the MCID. Because the MCID reflects the patient’s
experience, we believe that the most appropriate way to
understand the inherent uncertainty in the ASES instrument
is to consider 2 measurements to be indistinguishable
within the margin of error of the instrument when the
observed difference is less than the MCID. Our data
showed that the CAT and full ASES scores were within the
MCID for 99.75% of cases and were within one-half of the
MCID for 95% of cases.

Our analysis showed that OBERD CAT accurately re-
produces the entire frequency distribution of the ASES full-
form scores, not merely summary statistics such as the
mean and standard deviation. This close match in score
distributions is particularly important given that the distri-
butions were not normal. Furthermore, the inherent vari-
ability of the ASES shoulder survey, as reflected by the
MCID of 12 points for the ASES score, %2731 is substan-
tially greater than the uncertainty introduced by the CAT
prediction. The paired score differences were symmetri-
cally and randomly distributed (ie, clustered around zero,
with only insignificant bias toward the CAT or full-form
score being consistently higher), and only 0.07% of the
differences were greater than the MCID.
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Table III  Summary statistics for full-form vs. ASES CAT scores by site and overall
No. of patients Full ASES scores, mean (SD) ASES CAT scores, mean (SD) R ICC
Site 1 565 66.02 (27.72) 66.23 (27.65) >0.99 >0.99
Site 2 1184 55.43 (26.33) 55.75 (26.30) >0.99 >0.99
Site 3 1014 71.59 (23.10) 71.49 (23.06) >0.99 >0.99
Overall 2763 63.53 (26.51) 63.67 (26.42) >0.99 >0.99

ASES, American Shoulder and Elbow Surgeons Standardized Shoulder Assessment Form; CAT, computerized adaptive testing; SD, standard deviation;

R, Pearson correlation coefficient; ICC, intraclass correlation coefficient.

The findings of this study must be considered in light
of certain difficulties and limitations. In a test-retest ac-
tivity or in the comparison of instruments that address the
same topic, it is usually important to expose each in-
strument to equivalent subjects, especially when patient-
level comparisons are needed, as in this study. Typically,
in such cases, both instruments will be administered to
each subject. However, they cannot be administered at
the same time, posing the following difficulty®: If both
instruments are administered in the same setting, the
patient may be remembering his or her answers rather
than providing an independent information. If time is
inserted between administrations, it must be long enough
to mitigate the memory effect, but if such a period is too
long, the patient’s condition may have changed.
Balancing these effects is generally left to the judgment
of the investigator. In the present case, the particular
relationship of the 2 instruments at hand permitted this
problem to be avoided: A single administration of the
standard form to a patient allowed calculation of the CAT
score as well.

To wit, in our study, instead of asking the patient to
answer the CAT, the response is delivered from his or her
full form. The CAT behavior is not affected by the origin of
the response. Moreover, a subject’s environment does not
differ between a CAT administration and administration of
any other type of questionnaire in OBERD. Although a
CAT is required to show 1 question at a time, because it
does not know what the next question will be until it ob-
tains the current answer, OBERD also presents 1 question
at a time for all instruments as a feature of its interface
design. The subject sees no difference whether the question
is taken from a fixed list, selected at random, or provided by
any other selection scheme, such as a CAT system.

Because the CAT and a list will generally present the
questions in a different order, there remains the important
matter of whether the order is significant. This is actually
an issue for any PROM because, in modern testing theory
(item response theory [IRT]), a measure is distinguished
from other types of surveys in part by the requirement that
each question can be regarded as an independent observa-
tion unaffected by other questions. When the ASES in-
strument was constructed, methods designed to ensure this
were rarely used for PROMs, and the validity of the ASES
instrument has been questioned on these grounds.® These

doubts were removed when studies of the psychometric
properties of the ASES instrument found excellent agree-
ment with the goals of IRT."” In addition, 2 of the present
authors (O.R.P. and P.S.) had examined ASES data sets in
terms of Rasch theory,” the progenitor and strictest form of
IRT,> even before the construction of the CAT (unpub-
lished data, December 2016). Satisfactory results were
found for the usual indicators such as “infit” and ‘“‘outfit”
statistics, as well as good person and item separation. Of
special importance, the residual correlations were all in the
range (<0.3) generally held'“*?’" to indicate inde-
pendence—the final requirement to establish that the same
set of patient responses can be used for both instruments.

It should be noted that the ASES development process
was exemplary in the following regard. The research
committee examined existing questionnaires, considered a
large number of questions, prepared and refined a first draft,
circulated this draft at the annual meeting, evaluated and
incorporated the comments and suggestions obtained,
circulated a second draft for comment at the next annual
meeting, and only then produced the final result. This
scrutiny by so many reviewers suggests a low likelihood of
any remaining ambiguities or infelicities. The result is
shown in Table I, in which the simple structure and short
clear questions can be seen directly, without need of mea-
surement theory.

A limitation of the present work is that neither this study
nor the training of the ASES CAT considered differences in
level of agreement that might exist between cohorts
differing in demographic details, diagnosis details, treat-
ment details, or comorbidities. Results from prospective
studies that examine such cohorts can be readily incorpo-
rated into the CAT system to improve its performance
should weaknesses be revealed. It is recommended that
such factors be evaluated for use as explanatory variables in
future CAT versions even though they are not considered by
the standard ASES instrument.

Conclusion

The analyses performed here provide strong evidence
for reliability of the OBERD CAT. This study shows that
the CAT system can be used interchangeably with the
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full ASES instrument for both research and clinical
purposes. Furthermore, there is a significant reduction in
question burden with CAT, which should translate into
saved patient time and practice resources. Our surgeons
and those in clinical practice who obtain PROMs often
note that form completion, whether paper or digital
format, drops off with repeated assignments, precluding
the accumulation of valuable longitudinal outcome data.
The fatigue factor will decrease with the abbreviated and
more personalized CAT format, thus allowing improved
engagement with the ASES outcome score. The goal of
80% retention of respondents over the long term then
becomes more achievable. The ASES CAT can also
improve the rate of obtaining complete, validated pre-
operative scores to allow comprehensive prospective
scoring for future clinical trials.
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