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Keywords: Background: Reliability studies have a long history in the physical therapy literature and their sophistication has

Measurement evolved over the decades. Often, however, there has been incomplete reporting or a lack of coherence among

Methods study purpose, design, choice of analysis, sample size justification, and reporting of results. Two possible ex-

Rehabilitation . . . . o

Reliabili planations for this oversight are a vaguely written purpose statement and statistical software that does not

v provide all essential information.

Research design o . . . . X L X

Statistics Objective: The goal of this masterclass is to provide considerations and resources to assist investigators structure a
coherent reliability study design and subsequent presentation of results.
Discussion: This masterclass highlights the importance of framing a study purpose that clearly distinguishes
between a hypothesis testing and parameter estimation study and appropriately labelling the study design. It also
stresses the importance of stating whether the raters are the only ones of interest or whether they are intended to
represent a larger group of raters, applying a sample size calculation consistent with the study purpose, and
reporting results that align with the study purpose and design.

Introduction Better reporting standards including those advocated by the

Reliability studies have had a long history in the physical therapy
literature.'”> These studies have primarily addressed inter-rater, tes-
t-retest, or a combination of the two designs. Early publications pre-
sented point estimates of intraclass correlation coefficients (ICCs)® and
later reports accompanied the ICCs with 95% confidence intervals
(CIs).* Near the end of the 20th century, the standard error of mea-
surement (SEM) appeared with increased regularity,” and by 2010 it was
commonplace to find ICCs, their 95% ClIs, and point estimates of SEMs
included in many reliability studies of interest to physical therapists.
Although there is a rich history of reliability studies in the physical
therapy literature, often these studies have shown a lack of coherence
among the purpose, design, appropriate choice of analysis, reporting,
and interpretation of results. For example, reliability studies (1) rarely
include a sample size calculation or exhibit coherence among the pur-
pose statement, sample size calculation, and analysis;6 ) occasionally
apply an inappropriate ICC form that ignores a meaningful difference in
mean scores between test and retest;8 14 and (3) have reported SEMs
without including Cls even though ICCs are reported with CIs.”>1° We
believe that vaguely written research questions and statistical software
packages that do not provide all relevant analyses play important roles
in contributing to the lack of coherence often seen in reliability studies.

Consensus-based Standards for the Selection of Health Measurement
Instruments group and Guidelines for Reporting Reliability and Agree-
ment Studies (GRRAS) are required.'®'” The goal of this monograph is
to provide considerations and resources to assist investigators structure
a coherent reliability study design and subsequent presentation of
results.

Before proceeding there are two essential points to acknowledge.
First, reliability is not a property of a measure, but rather of a measure’s
scores or measured values.'®'° Messick states, “Tests do not have re-
liabilities and validities, only test responses do. This is an important
point because test responses are a function not only of the items, tasks, or
stimulus conditions but of the persons responding and the context of
measurement.”'® The second point is that reliability is not an all-or-none
property: it exists to a degree. Deciding about the adequacy of reliability
in a specific context requires evaluating the extent to which measured
values differentiate among the objects of measure (hereafter referred to
as patients) and the absolute error expressed in the same unit as the
original measurement. As pointed out by the GRASS group, tagging
adjectives (e.g., poor, fair, moderate, substantial, almost perfect) to ICC
values is not enough.'” Making a judgment based on both relative (ICC)
and absolute (SEM) reliability coefficients is necessary. Having a firm
understanding of these fundamentals will discourage investigators from
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presenting the often-seen concluding statement that declares a measure
reliable, and the subsequent influence this authoritative pronouncement
may have on readers.?*%!

Framing the study purpose

A clearly crafted purpose statement conveys the context and sets the
stage for what is to follow in the design, sample size calculation, and
analysis (Fig. 1). Too often vague verbs such as “to investigate”, “to
examine”, and “to explore” are found in purpose statements.”' %> These
verbs lack the specificity needed to allow the seamless transition from
purpose statement to research question. Better verbs such as “to deter-
mine” and “to estimate”, for example, direct a reader’s expectation to-
wards hypothesis testing, where the study’s obtained reliability
coefficient will be formally compared to the hypothesized null value, or
parameter estimation, where point and interval estimates (e.g., 95 % CI)
for the likely location of the population’s reliability value will be re-
ported. If the goal is hypothesis testing, including null and alternate
hypotheses further clarify the investigator’s intent concerning the
directionality of the subsequent statistical test (i.e., 1- or 2-tailed).
Essential components of parameter estimation purpose statements
include specification of the confidence level of interest (e.g., 95 % CI)
and whether the interval of interest is 1- or 2-sided.

Hypothesis testing example

Purpose statement: The purpose of this study was to determine if the
inter-rater reliability, as quantified by a Form 2,1 Shrout and Fleiss ICC
(hereafter identified as ICCzjl),23 of the Chedoke Arm and Hand Activity
Inventory (CAHAI?* in patients post-stroke fulfilling the eligibility
criteria exceeds 0.90.

Research Question: Does the inter-rater reliability, as quantified by a
Shrout and Fleiss ICC2,1,23 of CAHAT** scores from patients post-stroke
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fulfilling the eligibility criteria exceed 0.90? The answer to this clearly
stated question will be either “Yes” or "No” as determined by the critical
p-value (e.g., p < 0.05).

Null hypothesis: CAHALI test scores from patients post-stroke ful-
filling the eligibility criteria will not demonstrate sufficient reliability
for clinical application (ICCy; < 0.90).22°

Alternate hypothesis: CAHALI test scores from patients post-stroke
fulfilling the eligibility criteria will demonstrate sufficient reliability
for clinical application (ICCz; > 0.90).%%%°

Parameter estimation example

Purpose statement: The purpose of this study was to estimate the
inter-rater reliability of CAHAI scores as quantified by Shrout and Fleiss
ICC,,; and 2-sided 95% CI, in patients post-stroke fulfilling the eligibility
criteria.

Research question: To what extent are rater assigned CAHAI scores
reliable, as quantified by a Shrout and Fleiss ICCy ; and 2-sided 95% CI,
in patients post-stroke fulfilling the eligibility criteria? The answer to
this question will be point and interval estimates of the ICC.

Design

Typical designs appearing in the physical therapy literature include
intra-rater, inter-rater, test-retest, and a combination of rater and test-
retest designs. An assumption for all reliability designs is that the
feature being measured does not change during the course of the study: a
patient’s true score does not change. In this commentary we restrict our
discussion to the frequently seen design where a single rating is obtained
by either each rater in an inter-rater reliability study, or a single rating at
each occasion in an intra-rater or test-retest reliability study.

Sample variability impacts the magnitude of an ICC. All else being
equal, a sample with a larger variability—think a wider range of

Purpose Statement and
Research Question

Hypothesis Testing (HT)
- Null hypothesis
- Alternate hypothesis

Parameter Estimation (PE)
- Confidence interval (95% ClI)
- Cl width

Design

HT Sample Size
- Type | error

- Power

- Null ICC value
Expected ICC value

l

Appropriate choice of:
- Design label

- ANOVA model

- ICC form

- SEM

HT Analysis and Results

- Mean values for raters,
trials, or occasions

- Variance components

- Test against null ICC value
- p-value (1-tailed according
to directional hypotheses)

- SEM and 2-sided 95% ClI

PE Sample Size
-1—aCl

- Cl width

- Expected ICC value

|

PE Analysis and Results
- Mean values for raters,
trials, or occasions

- Variance components

- ICC and 2-sided 95% ClI

- SEM and 2-sided 95% ClI

Fig. 1. Design and analysis components of a reliability study.
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values—will have a higher ICC than a sample with less variability. For
this reason it is critical that the sample is representative of the popula-
tion of interest. This is an important consideration at two levels. First, it
is important that the study patients are representative of those to whom
the results will be applied. An ideal sampling strategy for reliability
studies would be random sampling from a larger pool of individuals
fulfilling the eligibility criteria. Often, however, this is not possible
because investigators do not have access to a sufficient number of pa-
tients at a single point in time. When this is the case, consecutive sam-
pling of patients fulfilling the eligibility criteria is a reasonable method
for obtaining an unbiased sample.

When raters are involved in the measurement process, knowledge of
their characteristics and who they are intended to represent is necessary.
In addition to mentioning the raters’ experiences with patients similar to
the study sample, and whether the raters have had training on the
outcome measure, it is essential for an investigator to state whether the
raters taking part in the reliability study are viewed as the only raters of
interest, or whether they are intended to represent a larger group of
raters. We will subsequently see in the analysis section that this
distinction has an important implication for the choice of analysis of
variance (ANOVA) model from which the ICC and SEM are obtained.

An example of a pure inter-rater reliability study design would be
clinicians observing and scoring the same stimulus (e.g., CAHAI scores
assigned to videotaped performances of a group of patients). An
example, of a pure test-retest reliability study would be patients
completing a self-report functional status measurement over an interval
when no true change is believed to have occurred. Often however, owing
to feasibility and the importance of providing a real-world context to the
assessment process (i.e., video-taped ratings don’t account for differ-
ences eliciting test results), a design that combines both inter-rater (or
intra-rater) and test-retest reliability components (a patient provides
separate performances or stimuli for each rater or occasion) is necessary.
For example, a design where four raters independently administer and
score the CAHAI would include variations between raters and patient’s
performances. Not only does an interpretive challenge arise when an
investigator assigns the intra-rater, inter-rater, or test-retest label to the
combined design, but the combined design has also led some in-
vestigators to apply a Form 3 ICC, for example, when a Form 2 ICC is
more appropriate.® > We will elaborate on this peculiarity in the
analysis section. For a combined design it may be more informative to
comment on sources of variation (see Appendix for variance calculation)
rather than assigning a procrustean label to the study design. For
example, an investigator could state the following: “Our design has
components of inter-rater and test-retest reliability. Accordingly,
apparent differences among raters’ scores include both differences
among raters and inherent variation in patients’ performances.”

Another important consideration in an inter-rater reliability study-
—either pure or combined design—is the potential effect the order of
testing may have on the results. If the order of testing among raters were
the same for all patients, it would be impossible to determine whether a
systematic difference among raters was owing to a rater or the order of
testing associated with that rater. Although some investigators have
randomized the order of testing to raters, randomization alone does not
ensure balance, particularly in reliability studies with relatively small
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sample sizes. The Latin Square design provides one remedy for
addressing this concern.”” In a Latin Square design the order of testing is
perfectly balanced among raters; an example is shown in Fig. 2. Notice
that in this example each rater’s assessment order precedes any other
rater’s order the same number of times.

Sample size estimation
Hypothesis testing sample size

Several sample size estimation methods exist for hypothesis testing
reliability studies,?>?%?® one of which is illustrated below.?® Before
proceeding it is important to acknowledge that the distribution of reli-
ability coefficients is non-normal. Accordingly, the first step in a sample
size calculation is to transform the expected and null reliability coeffi-
cient values to a distribution that approximates a normal distribution.
This is accomplished with Fisher’s Z-transformation.?’ The expected
reliability (Rg) is what an investigator anticipates finding in the study,
and the null reliability value (Ry) is that specified in the null hypothesis
statement.

Fisher’s Z-Transformation of expected reliability value Rg

1 +(k—1)RE>

Z; = 0.5
g n( 1-Rs

Fisher’s Z-Transformation of null reliability value Rg

1+ (k—1)Rp
Zo = 0.5In (1_41{0>
where In is the natural logarithm and k is the number of repeated
measurements (raters or occasions)
The transformed Z-values are then applied to the following sample
size formula which is based on a 1-way ANOVA model.”® Estimates from
this model will be conservative when a two-way model is applied.

n:< k (Zo+ 25)" )

2 (Zs — Z)? (k—1)

where k, Zg, and Zg have been defined previously, and Z,and Z; repre-
sent the standard normal deviates for Type I and Type II errors respec-
tively. For a Type I error of 0.05 and a Type II error of 0.20 these Z-
values would be 1.64 (1-tailed owing to the directional hypotheses) and
0.84, respectively.

Parameter estimation sample size 2-sided confidence interval

Often investigators are interested in gaining an impression of a
reasonable range of values in which the population reliability coefficient
is likely to lie. When this is the case a 2-sided CI is desirable and can be
estimated as follows>"

(822, [(1-Re)® (1+ (k= 1)Re)’]) :
n= k (k—1) w?) +

where Z, /5 is 1.96 for a 2-sided 95% CI; k is number of raters, occasions,

Order of Testing
1 3 2%
Patient 1 Rater 1 Rater 2 Rater 3 Rater 4
Patient 2 Rater 2 Rater 1 Rater 4 Rater 3
Patient 3 Rater 3 Rater 4 Rater 1 Rater 2
Patient 4 Rater 4 Rater 3 Rater 2 Rater 1

Fig. 2. Latin Square balanced for four raters.



P. Stratford et al.

or trials; w is the CI width; Rg is the expected ICC value.

Analysis

Given the importance of context specificity, it is essential to report
patients’, and when applicable, raters’ descriptive characteristics.'®!”
Also, summary statistics describing rater or occasion mean values is
necessary as they communicate in familiar units the extent to which a
systematic difference among raters or between occasions exists.

For a test or measure to be clinically useful, it must have a suffi-
ciently high ICC and a sufficiently low SEM. What constitutes “suffi-
cient” will be context specific. Accordingly, reporting parameter
estimates, or hypothesis test results of both the ICC and SEM are
essential. Information necessary to calculate ICCs and SEMs is obtained
from ANOVA tables. Form 1 ICCs and their corresponding SEMs are
calculated from a 1-way ANOVA model, and Forms 2 and 3 ICCs and
their related SEMs are calculated from a 2-way ANOVA model.

Intraclass correlation coefficients

Many popular statistical software packages provide hypothesis
testing and CI options for ICCs. This is fortunate because the calculations
required to determine the appropriate degrees of freedom are extensive
and detailed by Shrout and Fleiss.? In addition to the formulae provided
by Shrout and Fleiss, CIs can also be estimated using a bootstrap pro-
cedure where sampling with replacement is applied and is appropriate
when the statistical distribution is unknown or the assumption of normality is
not satisfied.>"

Although there are many forms of ICCs, we will restrict our
discussion to those presented by Shrout and Fleiss where each rater (or
each occasion in a test-retest design: our words) provides only a single
measured value per patient.”” In their seminal article, Shrout and Fleiss
introduced six forms of ICCs in the context of an inter-rater reliability
study (Table 1).?® To assist investigators in choosing among these ICC
forms, Shrout and Fleiss posed the following three questions: (1) “Is a
one-way or two-way ANOVA model appropriate for the analysis of the
reliability study?” (2) “Are differences between judges’ (or occasions: our
words) mean ratings relevant to the reliability of interest?” (3) “Is the
unit of analysis an individual rating or the mean of several ratings?”**

A Form 1 ICC is appropriate when there is no natural structure
linking repeated measurements and it is rarely misapplied. For example,
different patients are assessed by different combinations of raters.
However, making the appropriate choice between a Form 2 and Form 3
ICC has been challenging for some investigators, particularly when the
design combines intra-rater or inter-rater, and test-retest
components.® 1> We believe the source of the problem lies in the in-
vestigators’ applications of a pure rater design (i.e., Shrout and Fleiss’
illustration) to that of a combined design. To better understand the
source of the problem it is informative to compare the Forms 2 and 3
ICCs shown in Table 1. The salient feature is that although both forms
are based on a 2-way ANOVA model, the denominator of the Form 2 ICC
calculation includes the variance component associated with a system-
atic difference among repeated measurements, whereas the Form 3 ICC
excludes this variance component. Therefore, when a systematic dif-
ference among repeated measurements exists, the Form 2 ICC will be less
than the Form 3 ICC. We will subsequently see that this also impacts the
SEM calculation. We provide three examples to provide clarity when
choosing between Forms 2 and 3 ICCs.

32,33

Example 1. When a reliability study has a test-retest component
where patients’ performances are obtained for different trials or occa-
sions, it is important to know whether a systematic difference exists.
Accordingly, a Form 2 ICC is appropriate regardless of whether the same
rater plays a meaningful role in obtaining the measured value or not.

Example 2. A Form 2 ICC is appropriate when reporting a pure inter-

Brazilian Journal of Physical Therapy 29 (2025) 101193

Table 1
ANOVA models, ICC forms, and SEM calculations.

ICC Description ICC Forms Obtained SEM Calculation
Form From Variance
Components*
1,1 1-way ANOVA: 0?2 SEM; =
ICC1 = 5——
1,k Sot{rce SS df MS o2+ a2 VMSW = /o2
Patients SSP df, MSP 5 5
o o, SEMy = /02 /k
Within SSW df,, MSW ICCyx = 5
Patients need not have the "f + ?W

same number of measured
values, nor do the
measurements need to be
performed by the same
rater or set of raters

2,1 2-way ANOVA without an o2 SEM; =

i ; . ICCyy = —5—L2— _

2,k interaction term: 21 ”3 T oita? \/m
Source SS df MS o2 SEM,, —
Patients SSP df,, MSP ICCyy = L

2 | 52
Rater/ or Occasion SSO df, 24+% 4 % \/(”a +02)/k
MSO Pk k

Error SSE df. MSE
All patients are rated by the
same set of raters which are
considered to represent a
larger group of raters
3,1 2-way ANOVA without an SEM; =

3,k interaction term: VMSE = \/,Tg
Source SS df MS 52 SEM, — \/o%/k
Patients SSP df,, MSP ﬁlcc&k = ¢
Rater or Occasion SSO df, P e
MSO %

Error SSE df, MSE o4 %
All patients are rated by the Pk

same set of raters which are
the only raters of interest

Terms mentioned in the table.

SS sum or squares.

df degrees of freedom.

MS mean square.

0'12, is the patient variance.

o2 is the within patient variance.

62 is the rater or occasion variance.
62 is the error variance.

k is the number of measurements averaged.
ICC intraclass correlation coefficient.
SEM standard error of measurement.

rater (or intra-rater) design where the raters are intended to represent a
larger group of raters.

For example, an investigator is interested in estimating the inter-
rater reliability and determining whether a systematic difference
among raters is likely following a standardized training program for the
CAHAL The investigator is interested in generalizing the results to all
raters who take part in future standardization training programs. Thus,
knowing the extent to which a systematic difference is likely to occur in
the population is important not only for the current investigator, but also
to a wider audience.

Example 3. A Form 3 ICC is appropriate when reporting a pure inter-
rater (or intra-rater) design where the reliability study raters are the
only raters of interest.

A team of investigators will be undertaking a randomized clinical
trial to evaluate two rehabilitation programs for patients post-stroke.
The CAHAI will be the primary outcome measure, and it will be
administered by four raters who have been hired for this project. In the
clinical trial, each patient will be assessed pre- and post-intervention by
one rater. Although it would be ideal to have both assessments per-
formed by the same rater, the investigators believe it is possible that for
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some patients different raters will perform the pre- and post-assessments
in the subsequent clinical trial. In the reliability study each patient is
assessed by all four raters. Because the reliability study raters are also
the same and only raters performing the assessments in the subsequent
clinical trial, a Form 3 ICC is appropriate. The reasoning is that if a
systematic difference is identified in the reliability study, for example,
Rater 3's mean rating is 4-points more than the other raters, the inves-
tigator can correct for this bias for all of Rater 3's rating by subtracting 4-
points. Accordingly, the systematic rater variance in the reliability co-
efficient calculation is effectively reset to zero and can be removed from
the ICC calculation. The Form 3 ICC is appropriate.

Standard errors of measurement

Although it is now customary to include point estimates of the SEM
in reliability studies, they are rarely accompanied by a CI. A likely
explanation is that many statistical software packages do not provide
these results. However, estimates of the SEM and 95% CI can be ob-
tained by applying the information shown in Table 1 and the following
formula®>*:

SSE SSE
2 ! 2
)(17(1/2, df, Za/Z. df,

Appendix

Variance Components and ICCs
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where SSE is the sum of squares within or error from a 1-way or 2-way
ANOVA respectively. y2 /o and Vo | are the chi-square values associated
with the lower and upper confidence limits of interest, and df, is the
degrees of freedom for the error term from the appropriate ANOVA
model.

Summary

The goal of this monograph was to provide considerations and re-
sources to assist investigators design reliability studies and report their
results in the physical therapy literature. This work is based on existing
guidelines'®!'” and our review of published reliability studies, where
frequently seen limitations included vaguely written purpose state-
ments, mislabeling of study designs, not reporting whether raters were
intended to represent a larger group of raters or the only raters of in-
terest, failure to provide appropriate sample size calculations, applica-
tion of inappropriate ICC forms, and not reporting Cls for the SEMs. In
closing we propose that the most important consideration is to provide a
clear and specific purpose statement and to ensure that each step of the
design and subsequent reporting is true to this statement.

Declaration of competing interest

None.

In this example four raters independently administered and scored the CAHAI on 32 patients fulfilling the study’s eligibility criteria. The order of
testing was balanced among raters. Accordingly, apparent differences among raters also includes inherent differences within a patient’s performance

across the four occasions.
Summary Statistics by Rater

Rater 1 Rater 2 Rater 3 Rater 4
Mean, SD, N Mean, SD, N Mean, SD, N Mean, SD, N
37.1,25.1, 32 38.4,24.2, 32 41.3, 23.8, 32 36.8, 24.2, 32
ANOVA and Variance Calculations
Source Sum of Squares DF Mean Square Variance Calculation Variance Components
Patient 71,572.93 31 2308.80 MSP - MSE ~ 2308.80 —19.29 572.38
Nraters 4
Rater/Occasion 389.46 3 129.82 MSRO —MSE ~ 129.82 -19.29 3.45
Npatients 32
Error 1794.29 93 19.29 MSE = 19.29 19.29
572.38 572.38
ICCQJ = ICC3.1 =

572.38 +-3.45+19.29 572.38 +19.29

ICC,; = 0.96 ICC3; = 0.97

SEM = 4.77 SEM = 4.39
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