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n a 5-year study, a self-report measure of shoulder
unction—the Flexilevel Scale of Shoulder Function
FLEX-SF)—was developed by use of item response the-
ry. A large pool of candidate items (N � 68) was
eveloped. A questionnaire that included the 68 items,
nother scale of shoulder function, and clinical and
emographic questions were administered to 400 per-
ons with shoulder complaints. Patients’ responses to
he 68 items were calibrated by use of Andrich’s rat-
ng scale model. Thirty-three items were selected from
he pool and subdivided into three overlapping testlets
argeting low, medium, and high shoulder function. A
able translates raw scores on testlets to a common
athematical metric. The validity and reliability of the
LEX-SF was evaluated in a longitudinal study of 199
atients. The FLEX-SF scores were highly reliable and
xhibited excellent validity (including responsiveness).
e report on a simulation of a computer-adaptive test

f shoulder function. This simulation is based on the
evelopmental items we tested for use in the FLEX-SF.
he results indicate that greater measurement effi-
iency can be achieved with a computer-adaptive test
ormat. (J Shoulder Elbow Surg 2005;14:90S-94S.)

n recent years, interest in self-reported outcomes has
ncreased substantially. The use of patients’ subjective
udgments to evaluate health outcomes implies confi-
ence that the measures that elicit these self-reports
re scientifically sound. Psychometrics is the science
nd mathematics that concerns itself with such issues.
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0S
he development of an outcome measure by use of
sychometric methods is a rigorous, expensive, and

ime-consuming project. The investment returns confi-
ence that the scale’s scores adequately and accu-
ately portray the outcome of interest. Scientifically
ound measurement is fundamental to excellence in
esearch and clinical evaluations.

Our work in evaluating the psychometric proper-
ies of existing scales of self-reported shoulder out-
ome4,6,20 convinced us of the need to develop a
ew measure. This report details how, in a 5-year
tudy, psychometric methods were used to develop a
elf-report measure of shoulder function—the Flexi-
evel Scale of Shoulder Function (FLEX-SF).5 We de-
eloped this scale by use of item response theory
IRT),8 a psychometric method that (1) accounts for
ifferences in item difficulty and (2) supports Flexilevel
cales. A Flexilevel Scale is composed of 2 or more
testlets,” or subsets of items, that target respondents
ith different levels of the trait being measured. The
LEX-SF measures self-reported shoulder function. Pa-
ients respond to an initial “routing item” that classifies
hem as having low, medium, or high shoulder func-
ion. They then respond only to the testlet that best
argets their level of shoulder function.

In addition to describing the development of the
LEX-SF, we report on a simulation of a computer-
daptive test (CAT) of shoulder function. This simula-

ion is based on the developmental items we tested for
se in the FLEX-SF. CAT-based outcome measures are
ore efficient even than Flexilevel Scales. They hold

ubstantial promise in the field of outcomes research.

TEM POOL DEVELOPMENT

A first step in the psychometric method is to de-
elop a large pool of items that could, potentially, be
ncluded in the final measure. With a large pool of
nitial items, scale developers can be selective in
hoosing the best items for the measure. Scale devel-
pers can gather potential items in 3 major ways: (1)
dapt published items from other physical function
cales, (2) write items based on input from an expert
anel, and (3) develop items based on patient inter-
iews. We used each of these in developing the item

ool for the FLEX-SF. Existing physical function scales
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ere examined, and items from those measures were
dapted. An expert review committee consisting of a
houlder surgeon, 3 physical therapists, and a psy-
hometrician met to write (and evaluate) items. Most
mportantly, we interviewed patients and asked about
heir shoulder problems and how shoulder dysfunc-
ion impacted their lives.

There were 68 candidate items in the initial pool.
he research team developed a questionnaire that
ncluded these items, another scale of shoulder func-
ion,7 and clinical and demographic questions. The
urvey was administered to 400 persons with shoul-
er complaints. Data were collected and entered into
n electronic database.

TEM CALIBRATION

Previously published shoulder scales12,13,18,19

ere developed by use of the classical psychometric
odel. For the FLEX-SF, we used a modern psycho-
etric method called item response theory (IRT). In the
lassical approach, patients respond to items that
uery them about their ability to do specific tasks (eg,

hrow a ball or lift a l-lb weight). Response options
ary. In some scoring systems, there are only 2 op-
ions (“no � 0” or “yes � 1”). More often, respon-
ents indicate on a Likert-type scale1 the degree of
ifficulty they have performing specified functions. A
houlder scale might present patients with the follow-
ng continuum of response options: “I can’t do this �
,” “great difficulty � 1,” “some difficulty � 2,” “little
ifficulty � 3,” and “no difficulty � 4.” The number
ssociated with the response chosen is the item score.
o obtain a person’s score for the whole scale and, in
oing so, estimate his or her level of shoulder func-

ion, the item scores are manipulated mathematically.
n most cases the mathematical manipulation is simply
he addition or averaging of item scores.

This approach has limitations that concerned us in
caling shoulder function. First, with classically devel-
ped scales, no consideration is given to the relative
ifficulty of the tasks that constitute the scale’s items.
wo items on the Simple Shoulder Test13 ask respon-
ents if they can lift an object to shoulder level without
ending their elbow. One asks about lifting an object
eighing 1 lb; the other asks about lifting an object
eighing 8 lb. The classical method does not account

or the different difficulties of the 2 tasks. A second
imitation of the classical approach is that participants
re asked to respond to all items, including ones that
re not appropriate for them. For example, persons
ith a massive rotator cuff tear are asked to answer
uestions such as, “Can you throw a ball overhand
0 yards?”
IRT approaches overcome limitations of the classi-

al psychometric model. After collecting patient re-

ponses to the 68 developmental items of the FLEX-SF, a
e used a computer program3 to analyze (ie, cali-
rate) items and patients’ responses with an IRT
odel—Andrich’s rating scale model.2 We calcu-

ated fit statistics for each of the 68 candidate items.
ight items failed to meet conventional standards for
tem fit and were dropped from further analyses.

TRUCTURING THE FLEX-SF

The IRT calibration ordered items from easiest to
ardest. Figure 1 displays the relative difficulty of 5
ample items from the final form of the FLEX-SF. Thirty-
hree of the best items were subdivided into three
verlapping testlets: an easy testlet, a middle-difficulty

estlet, and a hard testlet. Each testlet was printed on
different color of paper. To begin the FLEX-SF,

atients answered the question, “How much difficulty
o you have using your affected arm to place a can of
oup (about 1 lb) on a shelf at shoulder height?”
nswers to this initial item were used to route respon-
ents to the testlet that best targeted their function

evel. Respondents are directed to, for example,
Take only the items on the blue (or yellow or pink)
iece of paper.” A table translates scores on testlets to

he corresponding FLEX-SF scores. FLEX-SF scores are
alibrated to a common mathematical metric.

VALUATING THE FLEX-SF

We conducted a longitudinal study of 199 patients
o evaluate the final version of the FLEX-SF. Partici-
ants completed a packet of questionnaires at recruit-
ent. A follow-up packet of questionnaires was
ailed monthly for 3 months after recruitment. The
acket included the American Shoulder and Elbow
urgeons (ASES) scale,18 the short form (SF)–12,21

nd the FLEX-SF.5

cale reliability

The reliability of an outcome’s measure can be
stimated in a number of ways. Test-retest reliability
valuates the stability of scores over time. Internal
onsistency estimates reliability based on the relation-
hips among item scores and their consistency within
he study population. To evaluate test-retest reliability,
e calculated an intraclass correlation coefficient.
he calculated value of the intraclass correlation co-
fficient was quite high, 0.90, with a 95% confidence
nterval of 0.84 to 0.94. To evaluate how internally
onsistent items were, we calculated Cronbach �
alues for each of the testlets individually. The values
e obtained for this reliability analysis also were
igh. For the easy, medium-difficulty, and hard test-
ets, respectively, we calculated values of .96, .93,

nd .97.
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core-level reliability

With classically developed shoulder scales, only a
cale-level estimate of reliability can be calculated.
his estimate averages the reliability of the scale in
easuring low through high scores and obscures the

act that scales typically are more precise in measur-
ng some levels of shoulder function than in measuring
thers. A unique feature of scales developed by use of

RT models is that the reliability of every possible score
n the outcome measure is estimated. We compared

he score-level reliability of the FLEX-SF with that of the
SES scale. The details of these analyses and our

esults are reported in detail elsewhere.5 The FLEX-SF
cores proved more reliable than the ASES scores
cross all levels of the scale. In some cases the
ifferences were quite substantial.

alidity

Validity calculations estimate the degree to which
scale measures the outcome it is purported to mea-

ure. Inappropriately, many researchers will describe
scale as “valid” or “not valid.” Validity, however, is
ot a dichotomous characteristic. The purpose of psy-
hometric analyses is to gather and evaluate evi-
ence regarding the validity of using a scale’s scores

n a specified population for a specified purpose.
here are many ways to collect evidence to support
or reject) an outcome measure’s validity. To ensure
hat items of the FLEX-SF represented self-reported
houlder function well, we interviewed patients and
onvened an expert panel to review potential scale
tems.

Easiest
Items

Hardest
Items

|

Reach earlobe on
affected side

W/affected arm steady a
jar while loosening lid

W/affected arm pull object
from back pocket

 W/affected arm lower 1-5 lbs
weight from top of closet

 Sitting in driver’s seat, pull 5-10 lbs
weight from back seat to front

Easy
Testlet

Middle
Difficulty

Testlet

Hard
Testlet

Figure 1 Example items from the 3 testlets of the FLEX-SF.
Once the FLEX-SF was developed, we used addi- b
ional methods to evaluate its validity. For example, a
et of a priori hypotheses formalized our expectations
egarding the associations among FLEX-SF scores and
cores on other outcome measures. These expecta-
ions were largely upheld. FLEX-SF scores proved also
o be quite responsive; that is, changes in FLEX-SF
cores corresponded well with changes in external
ndicators such as scores on other outcome mea-
ures.10 To estimate the minimally clinically important
ifference for FLEX-SF scores, we identified the subset
f patients who reported a noticeable change in
tatus. The averaged score change in this subset was
.02. This value supports responsiveness of FLEX-SF
cores to changes in clinical status. Details of addi-
ional validity assessments have been reported else-
here.5

OMPUTER-ADAPTIVE SHOULDER TESTING

On the basis of our psychometric analyses of the
LEX-SF, we concluded that FLEX-SF scores were reli-
ble and valid in monitoring the status of patients with
houlder problems. In addition, we found that using
he Flexilevel testing strategy appreciably reduced
esponse burden without sacrificing the scientific
oundness of the measure.

The measurement model that allows Flexilevel test-
ng makes possible an even more efficient mode of
utcomes measurement—computer-adaptive testing
CAT). (Note: A scale administered by computer is not
omputer-adaptive. In the former, an exact equivalent
f the scale in its paper-and-pencil form is adminis-

ered to the patient. The delivery mode only is
hanged.) With CAT measures, after the first item, the
resentation of each successive item is determined by

he person’s responses to previous items. In a CAT-
ased outcome measure, a computer algorithm esti-
ates a patient’s level of the outcome being mea-

ured (eg, shoulder function), updates the estimate
ach time the patient answers another item, and
elects the next item to present based on its match with
he computer’s updated estimate of the respondent’s
rait level.

There currently are no CAT-based shoulder out-
ome scales. To demonstrate how such a scale
ould work, however, we simulated a CAT of

houlder function based on data we collected in
eveloping the FLEX-SF. This simulation demon-
trates how CATs operate to maximize the effi-
iency of adaptive scaling.

IMULATION METHODS

For our simulation of computer-adaptive testing of
houlder function, we required (1) a software pro-
ram for adaptive testing, (2) a pool of items cali-

rated to an IRT model, (3) a data set of patients’
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esponses to this pool of items, (4) a stopping rule,
nd (5) a flashy acronym. For the simulation, we used
software program developed at the University of

exas at Austin. At the time of this study, we had
ccess only to a version of this program that simulated
AT by use of an IRT model called the partial credit
odel (PCM).15 As stated above, our pool of shoul-
er function items was calibrated with a different IRT
odel.2 Therefore, we recalibrated 60 of the devel-
pmental pool of items using the PCM. Scores were
alibrated to range from 1 to 25.

The responses of persons who answered all 60
tems (N � 213) were input into the simulation pro-
ram. This data served as a proxy for patients’ re-
ponses to the items as presented by the computer.
he simulation rests on the assumption that patients
ould have answered the items of the CAT in the

ame way that they answered the items in the paper-
nd-pencil version.

With traditional measures, assessment stops when
he patient completes all of the items of the scale. With
AT measures, patients respond only to a subset of the
vailable pool of items, so a stopping rule must be

dentified. Stopping rules may specify that the assess-
ent ends (1) after a given number of items are admin-

stered, (2) after a specified level of precision is
eached, or (3) after some combination of 1 and 2. For
ur study, we chose to specify the level of precision.
ypically, a measurement’s precision improves as pa-
ients respond to more items. This improvement is evi-

Figure 2 Questions (Q) and answers (A) for 2 patients
function) in a simulated computer-adaptive administra
enced in a decrease in the magnitude of the standard t
rror of measurement (SEM). In a shoulder outcomes
AT, a patient’s estimated shoulder function is updated
ith every response, as is the SEM statistic. For the
urrent demonstration, we programmed the computer
lgorithm to cease administering items once the SEM fell

o or below 1.5 (indicating 95% probability that the
atients’ actual shoulder function lies within �3 points of

he calculated score).
To distinguish the FLEX-SF from the simulated, CAT-

ased shoulder outcome measure, we will refer to the
atter as the Shoulder Health Outcomes Computer
daptive Test (SHO-CAT). (A publicly available ver-
ion of the SHO-CAT was planned for release in
004. Information regarding obtaining the software
ill appear on the Web site of the Measurement
xcellence and Training Resource Information Center
METRIC] at http://www.measurementexperts.org.)

IMULATION RESULTS

The process CAT uses to select items and estimate
atients’ shoulder function is iterative and analogous

o a children’s game of “I spy.” In this game, after
very guess, the guesser is told, “You’re getting
armer” or “You’re getting colder.” On the basis of

his continuing feedback, the guesser gradually
hones in” on the target object. In much the same
ay, a computer-adaptive shoulder measure hones in
n a good estimate of the patient’s shoulder function.
his estimate improves each time a patient responds

with high shoulder function and one with low shoulder
f shoulder function questions.
(one
o an item. The progress of the estimation procedure

http://www.measurementexperts.org
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an be evaluated by tracking changes in the value of
he SEM. As the estimate becomes more accurate
“warmer”), the SEM decreases. For the current sim-
lation, we programmed the computer algorithm to
top administering items once the SEM dropped be-
ow 1.5.

For the majority of the patients in our simulated
HO-CAT, the SEM-based stopping rule was reached
fter only a few items. Of the patients, 61% (129/
13) were administered 5 items or fewer and 73%

155/213) were administered 10 items or fewer. For
2 patients (6%), the CAT reached the specified SEM
fter only 3 items had been administered.

For demonstration purposes, we selected 2 exam-
nees to demonstrate how the SHO-CAT tailors the
dministration of items to the shoulder function of the
atient (Figure 2). The same initial item was adminis-

ered to each patient: “How much difficulty do you
ave hanging a heavy coat in a closet?” Figure 2
isplays the assessment path for 2 patients, one with
elatively low shoulder function (left side of figure) and
nother with relatively high shoulder function (right
ide of figure). For both of these patients, the stopping
ule was reached after 4 questions had been an-
wered.

To the initial item regarding hanging a heavy coat
n a closet, the lower-functioning patient (P-LOW)
esponded “can’t do this” and the higher functioning
atient (P-HIGH) responded “no difficulty.” From
ere, the assessment paths for the 2 diverge. P-LOW
ets the easier question, “How much difficulty do you
ave washing the side of your face opposite your
ffected shoulder?” In contrast, the second item ad-
inistered to P-HIGH asks about the difficulty of

while sitting in the driver’s seat of a car, reaching
nto the backseat and pulling a 5-10 lb weight to the
ront seat.” As displayed in the figure, this individual-
zing of the items administered continues until the
EM drops to 1.5 or below.

ONCLUSIONS

We concur with the many health outcome re-
earchers who have trumpeted the promising future of
daptive testing for the measurement of patient-
eported outcomes.9,11,14,16,17,22-24 Our evaluation
f the FLEX-SF and our simulation of the SHO-CAT
onvince us that the adaptive scaling methods have
reat potential in improving the measurement of
houlder function.
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