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Abstract

Minimal measurement error (reliability) during the collection of interval- and
ratio-type data is critically important to sports medicine research. The main com-
ponents of measurement error are systematic bias (e.g. general learning or fatigue
effects on the tests) and random error due to biological or mechanical variation.
Both error components should be meaningfully quantified for the sports physician
to relate the described error to judgements regarding ‘analytical goals’ (the re-
quirements of the measurement tool for effective practical use) rather than the
statistical significance of any reliability indicators.

Methods based on correlation coefficients and regression provide an indica-
tion of ‘relative reliality’. Since these methods are highly influenced by trege
of measured values, researchers should be cautious in: (i) concluding accept-
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able relative reliability even if a correlation is above 0.9; (ii) extrapolating the
results of a test-retest correlation to a new sample of individuals involved in an
experiment; and (iii) comparing test-retest correlations between different reliabil-
ity studies.

Methods used to describe ‘absolute reliability’ include the standard error of
measurements (SEM), coefficient of variation (CV) and limits of agreement
(LOA). These statistics are more appropriate for comparing reliability between
different measurement tools in different studies. They can be used in multiple
retest studies from ANOVA procedures, help predict the magnitude of a ‘real’
change in individual athletes and be employed to estimate statistical power for a
repeated-measures experiment.

These methods vary considerably in the way they are calculated and their use
also assumes the presence (CV) or absence (SEM) of heteroscedasticity. Most
methods of calculating SEM and CV represent approximately 68% of the error
that is actually present in the repeated measurements for the ‘average’individual
in the sample. LOA represent the test-retest differences for 95% of a population.
The associated Bland-Altman plot shows the measurement error schematically
and helps to identify the presence of heteroscedasticity. If there is evidence of
heteroscedasticity or non-normality, one should logarithmically transform the
data and quote the bias and random error as ratios. This allows simple compari-
sons of reliability across different measurement tools.

It is recommended that sports clinicians and researchers should cite and inter-
pret a number of statistical methods for assessing reliability. We encourage the
inclusion of the LOA method, especially the exploration of heteroscedasticity that
is inherent in this analysis. We also stress the importance of relating the results
of any reliability statistic to ‘analytical goals’ in sports medicine.

It is extremely important to ensure that the ables would be measured on a ratio s€lBoth
measurements made as part of research or athletgpes of data are considered continuous, since the
support work in sports medicine are adequately revalues may not merely be whole numbers, but
liable and valid. The sport medic’s dependence ortan be expressed as any humber of decimal points
adequate measurements was recently mentioned alepending on the accuracy of the measurement
reviews on the sports medicine subdisciplines otool 6!
biomechanics, physiology and psychology re- Mainstream clinical tools may hold sufficient
search!-3l This multidisciplinary nature of sports reliability to detect the often large differences in
medicine means that a variety of different types ofinterval or ratio measurements that exist between
data are collected by researchers. Nevertheless, thealthy and diseased patients. Formulae are now
most common measurements in sports medicinavailable for clinicians to calculate, from continu-
are continuous and on an interval or ratio scale. Foous measurements, the probability of this concept
example, body temperature measured in degreesf ‘discordant classification’ amongst patiefits.
Celsius or whole body flexibility measured in cen- Nevertheless, laboratory measures of human per-
timetres above or below the position of the feetformance may need to be sensitive enough to dis-
when elevated above ground are not theoreticallyinguish between the smaller differences that exist
bounded by zero and are therefore considered to Heetween elite and subelite athletes (the ability to
interval datd¥ On the other hand, it is impossible detect changes in performance, which may be very
to obtain values of muscle strength or body masssmall, but still meaningful to athletic performance).
for example, that are lower than zero. Such vari+or sports medicine support work, it is desirable

O Adis International Limited. All rights reserved. Sports Med 1998 Oct; 26 (4)



Measurement Error in Sports Medicine 219

that a measurement tool be reliable enough to be Reliability can be defined as the consistency of
used on individual athletes. For example, a clini-measurements, or of an individual's performance,
cian may need to know whether an improvementbon atest; or ‘the absence of measurement iror’.
in strength following an injury-rehabilitation pro- Realistically, some amount of error is always pres-
gramme is real or merely due to measurement efent with continuous measurements. Therefore, re-
ror. Researchers in sports medicine may need tgapility could be considered as the amount of
know the influence of measurement error on statiSmeasurement error that has been deemed accept-
tical power and sample size estimation for experipe for the effective practical use of a measure-
ments. A full discussion of this latter issue is be-pan 1001, Logically, it is reliability that should be
yond the scope of this review but interested readertsested for first in a new measurement tool. since
areg directed towards 'Bates etfséland Dufek et it will never be valid if it is not adequately consis-
al® who recently outlined the importance of data : o

N " . tent in whatever value it indicates from repeated
reliability on statistical power (the ability to detect measurements. Terms that have been used inter-
real differences between conditions or groups). R :

changeably with ‘reliability’, in the literature, are

The issue of which statistical test to employ for bility’. * ducibility’ * . ,
the quantification of ‘good’ measurement has been'®Peatability’, ‘reproducibility’, ‘consistency’,

recently raised in the newsletter of the British As- @3'€ément’, ‘concordance’ and ‘stability’.
sociation of Sport and Exercise Sciedt®snd in Baumgarté#®l identified 2 types of reliability:

an Editorial of theJournal of Sports Sciengél as  relative and absolute. Relative reliability is the de-
well as in other sources related to subdisciplines ogree to which individuals maintain their position
sport and exercise sciené&15! Atkinsordl® and  in a sample with repeated measurements. This type
Nevill*X] promoted the use of ‘95% limits of agree- of reliability is usually assessed with some type of
menti6] to supplement any analyses that are pereorrelation coefficient. Absolute reliability is the
formed in measurement studies. This generatedegree to which repeated measurements vary for
much discussion between sports scientists througimdividuals. This type of reliability is expressed
personal communication with respect to the choiceeither in the actual units of measurement or as a
of statistics for assessing the adequacy of measur@roportion of the measured values (dimensionless
ments. This review is an attempt to communicateratio).

these discussions formally. Baumgarte?®l also defined reliability in terms
of the source of measurement error. For example,
1. Definition of Terms internal consistency reliability is the variability be-

tween repeated trials within a day. Researchers

Studies concerning measurement ISSUes COVEely . 14 he careful in the interpretation of this type
all the sports medicine subdisciplines. The most AR ; .

o .of reliability, since the results might be influenced
common topics involve the assessment of the reli-

ability and validity of a particular measurement by systemla;lc b'as..dueto. C|r.c.ad|an var|at.|on N per-
tool. Validity is, generally, the ability of the meas- formance Stab|!|ty.r_el|f':1bll|ty was defined as.
urement tool to reflect what it is designed to mea.th€ day-to-day variability in measurements. This is
sure. This concept is not covered in great detail if1® Most common type of reliability analysis, al-
the present review (apart from a special type ofthough itis stressed that exercise performance tests
validity called ‘method comparison’, which is May need more than one day between repeated
mentioned in the discussion) mainly because of théheasurements to allow for bias due to inadequate
different interpretations and methods of assessingecovery. Objectivity is the degree to which differ-
validity amongst researchers. Detailed discussionsnt observers agree on the measurements and is
of validity issues can be found in the book editedsometimes referred to as rater reliabif}. This

by Safrit and Wood-"] type of reliability assessment is relevant to meas-
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urements that might be administered by differentprior tests measured on a week-to-week basis. Such
clinicians over time. bias should be investigated if the test is to admin-
These different definitions of reliability have lit- istered many times as part of an experiment and
tle impact on the present review, since they have akhould be controlled by attempting to maximise
been analysed with similar statistical methods inmotivation on all the tests with individuals who are
the sports medicine literature. Nevertheless, a realready well trained.
searcher may be interested in examining the rela- The other component of variability between re-
tive influence of these different types of reliability peated tests is the degree of random error. Large
within the same study. Generalisability theory (theamounts of random differences could arise due to
partitioning of measurement error due to differentinherent biological or mechanical variation, or in-
sources) is appropriate for this type of analysisconsistencies in the measurement protocol, e.g. not
This review considers one of the base statistics [theontrolling posture in a consistent way during
standard error of measurement (SEM)] for measmeasurements of muscle stren@#hWhilst such
urement error that happens to be used in generabbvious sources of error as protocol variation can
isability theory, but does not cover the actual con-be controlled, the random error component is still
cept itself. Interested readers are directed tausually larger than that due to bias. Unfortunately,
Morrowi?!] for a fuller discussion and Roebroeck the researcher can do relatively little to reduce ran-
et all22l for an example of the use of the theory indom error once the measurement tool has been pur-

a sports medicine application. chased, especially if it is due wholly to inherent
mechanical (instrument) variation. An important
1.1 Systematic Bias and Random Error issue here, therefore, is that the researcher could

compare magnitudes of random error between dif-

Irrespective of the type of reliability that is as- ferent pieces of equipment that measure the same
sessed (internal consistency, stability, objectivity),variable so that the ‘best’ measurement tool is pur-
there are 2 components of variability associatedthased. This denotes that, whatever the choice of a
with each assessment of measurement error. Theseatistic of measurement error, researchers investi-
are systematic bias and random error. The sum totajating the reliability of a measurement tool should
of these components of variation is known as totahlso be consistent in this choice (or provide a num-
errorl23l ber of statistical analyses for global comparison

Systematic bias refers to a general trend foramongst future researchers).
measurements to be different in a particular direc-
tion (either positive or negative) between repeated 2 Heteroscedasticity and
tests. There might be a trend for a retest to be higher yomoscedasticity
than a prior test due to a learning effect being pres-
ent. For example, Coldwells et/#l found a bias One issue that is rarely mentioned in sport and
due to learning effects for the measurement of baclkexercise reliability studies is how the measurement
strength using a portable dynamometer. Bias magrror relates to the magnitude of the measured vari-
also be due to there being insufficient recovery beable. When the amount of random error increases
tween tests. In this case, a retest would show as the measured values increase, the data are said
‘worse’ score than a prior test. It may be that, afterto be heteroscedastic. Heteroscedastic data can also
a large number of repeated tests, systematic biashow departures from a normal distribution (i.e.
due to training effects (if the test is physically chal-positive skewness$§! When there is no relation be-
lenging) or transient increases in motivation be-tween the error and the size of the measured value,
comes apparent. For example, Hickey &afound  the data are described as homoscedastic. Such char-
that the final test of some 16km cycling time trial acteristics of the data influence how the described
performances was significantly better than the 3error is eventually expressed and analysed!

O Adis International Limited. All rights reserved. Sports Med 1998 Oct; 26 (4)


https://www.researchgate.net/publication/15087537_Sources_of_variation_in_back_and_leg_dynamometry?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0
https://www.researchgate.net/publication/15087537_Sources_of_variation_in_back_and_leg_dynamometry?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0
https://www.researchgate.net/publication/14700829_The_application_of_generalizability_theory_to_reliability_assessment_an_illustration_using_isometric_force_measurements?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0
https://www.researchgate.net/publication/14120736_Evaluation_of_instrument_error_and_method_agreement?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0
https://www.researchgate.net/publication/13844241_Why_the_analysis_of_performance_variables_recorded_on_a_ratio_scale_will_invariably_benefit_from_a_log_transformation?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0

Measurement Error in Sports Medicine 221

Homoscedastic errors can be expressed in the aenalysis of variance (ANOVA) modé&ld to test
tual units of measurement but heteroscedastic dataypotheses. The consideration of measurement er-
should be measured on a ratio scale (although thisor is a different concept, since one may not neces-
can be interpreted back into the units of measuresarily be concerned with hypothesis testing, but the
ment by multiplying and dividing a particular mea- correct, meaningful and consistent quantification
sured value by the error ratio). With homoscedastiof variability between different methods or re-
errors, providing they are also normally distrib- peated tests. Coupled with this, the researcher would
uted, the raw data can be analysed with convemeed to arrive at the final decision as to whether a
tional parametric analyses, but heteroscedastimeasurement tool is reliable or not (whether the
data should be transformed logarithmically beforemeasurement error is acceptable for practical use).
analysis or investigated with an analysis based on
ranks. 3. Analytical Goals

There could be practical research implications
of the presence of heteroscedastic errors in meas- The above concept for reliability assessment ba-
urements. Heteroscedasticity means that the indisically entails the researcher relating measurement
viduals who score the highest values on a particula@rror to ‘analytical goals’ rather than the signifi-
test also show the greatest amount of measuremef@nce of hypothesis tests. The consideration of
error (in the units of measurement). It is also likelyanalytical goals is routine in laboratory medi-
that these high-scoring individuals show the small-cing33:34lbut seems to have been neglected in sport
est changes (in the units of measurement) in reand exercise science.
sponse to a certain experimental interven&éh. One way of arriving at the acceptance of a cer-
Therefore, in line with the discussions on measuretain degree of measurement error (attaining an an-
ment error and statistical power referred to in thealytical goal), as already mentioned, is estimating
introduction, it may be that the detection of smallthe implications of the measurement error on sam-
but meaningful changes in sports medicine—relategle size estimation for experiments or on individ-
variables measured on a ratio scale is particularlyals’ differences/changes. The present authors
difficult with individuals who score highly on were able to locate only 3 published reliability
those particular variables. studies relevant to sports science/medicine which
have calculated the influence of the described
measurement error on sample size estimation for
future researck2-37 Hopkingd38! provides meth-
ods, based on test-retest correlations, in which re-

The statistical philosophy for assessing agreesearchers might perform this extrapolation of
ment between measurements can be considered moeasurement error to sample size estimation. Sam-
be different from that surrounding the testing of ple size can also be estimated from absolute reli-
research hypothes&8:39% Indeed, the identifica- ability statistics such as the standard deviation
tion of, and adherence to, a single statistical metho¢SD) of test-retest differencé&s3
(or the citation of several different methods in a Researchers in sport science have, at least,
paper on reliability) could be considered as moreecognised that an analytical goal might not neces-
important for measurement issues than it is for testsarily be the same as the acceptance of significance
ing hypotheses. There are several different statistion a hypothesis te&€l In the present review, by
cal methods that can help examine a particulaconsidering each reliability statistic in turn, we aim
hypothesis. For example, in a multifactorial exper-to highlight how an ‘acceptable’ level of measure-
iment involving comparisons of changes over timement error might still be falsely accepted, when
between different treatments, one may employstatistical criteria that are still not based on any
analysis of summary statisti¢}8 or multifactorial ~ well-defined analytical goals are employed (e.g.

2. Can a Measurement Tool be
Significantly Reliable?
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correlations >0.9, sample mean coefficients oftions of this review, each statistical method for as-
variation <10%). Such criteria are in common usesessing reliability will be considered using, where
in the sport and exercise sciences. possible, real data relevant to sports science and
medicine.
4. Statistical Methods for Assessing
Reliability in Sports Medicine 4.1 Paired t-Test for Detection of

Many statistical tests have been proposed in the Systematic Bias

sport science literature for the appraisal of meas- This test would be used to compare the means

urement issues. This is illustrated in table | whichs 4 test and retest i.e. it tests whether there is any

cites the different methods used in the ‘measuregasisiically significant bias between the tests. Al-

ment’ studies presented at the 1996 conference qfogh this is useful, it should not of course be

the American College of Sports Medicine. It iS gmpioyed on its own as an assessment of reliability,
stressed that some of these studies were ‘methoglce the t-statistic provides no indication of ran-

comparison’ (validity) studies, although the major- 4oy variation between tests. Altni&hand Bland

ity investigated reliability issqes. It can be seen that,,§ Altmaré2 stressed caution in the interpretation

the most common methods involve the use of hyy 5 paired t-test to assess reliability, since the de-

pothesis tests (paired t-tests, ANOVA) and/or COrgtion of a significant difference is actually de-
relation coefficients (Pearson’s, intraclass correla-pendent on the amount of random variation be-
tion). Other methods cited in the literature involve ;e tests.

regression analysis, coefficient of variation (CV)
or various methods that calculate ‘percentage vari
ation’. Alittle-quoted method in studies relevant to
sport science is the ‘limits of agreement’ techniqu
outlined by Bland and Altman in 198841 and

refined in later yearg2-44l In the following sec-

Specifically, because of the nature of the for-
mula employed to calculate the t-value, significant
systematic bias will be less likely to be detected if
Gtis accompanied by large amounts of random error
between tests. For example, a paired t-test was per-
formed on the data presented in table Il to assess
repeatability of the ‘Fitech’ step test for predicting

Table I. The various statistical methods used in repeatability and maxm_1a| Qxygen uptake @Zmax)- The mean Sys-
validity studies presented at the 43rd meeting of the American tematic bias between week 1 and week 2 of 1.5

College of Sports Medicine*%#* ml/kg/min was not statistically significantgt=
Type of analysis Number of studies 1.22, p = 0.234), a finding that has been used on its
rg’eF;‘t’t;eng\i? for bias (i.e paired 16 own by some researchers (table 1) to conclude that
Pearson's correlation coefficient (1) 17 a tool has ac_ceptable measurem_enF error. How_e\_/er,
icc 3 if one examines the data from individual partici-
Hypothesis test and Pearson's 1 pants, it can be seen that there are differences be-
correlation coefficient (r) tween the 2 weeks of up #16 ml/kg/min (partic-
Hypothesis test and ICC 9 ipant 23 recorded 61 mi/kg/min in the first test but
cv 4 only 45 mi/kg/min in the retest).
Absolute error 7 . ..
Regression 3 The possible compromising effect of large
Total 70b amounts of random error on the results of the paired
a Validity studies as well as reliability investigations were in- t-test is further illustrated by applying it to the hy-
cluded in this literature search. The critique of the statistical pothetica| data in table Ill. With these data, a test-

angl)_/ses in the p.resent review may not necessarily apply to retest t-value of zero would be obtained (p - 0_99),
validity examination.

b 5.6% of the total number of studies presented, 1256. which could be InterprEted as excellent re“ab.”lty’
ANOVA = analysis of variance; CV = coefficient of variation; ICC = even thoth there are very Iarge random differ-
intraclass correlation. ences in the individual cases. With the use of a t-test
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Table II. Test-retest data for the Fitech step test predicting maximal oxygen consumption.? The data have been ranked to show that a high
correlation may not necessarily mean that individuals maintain their positions in a sample following repeated measurements (adequate relative
reliability).

Individual Test 1 (ml/kg/min) Test 1 (ranks) Test 2 (ml/kg/min)  Test 2 (ranks) Difference Absolute difference
(ml/kg/min) in ranks

1 31 2.0 27 1.0 -4 1.0
2 33 3.0 35 3.0 +2 0
3 42 9.0 47 135 +5 45
4 40 6.0 44 8.0 +4 2
5 63 28.0 63 28.0 0 0
6 28 1.0 31 2.0 +3 2
7 43 125 54 235 +11 1
8 44 15.0 54 235 +10 8.5
9 68 29.0 68 30.0 0 1
10 47 18.0 58 255 +11 75
11 47 18.0 48 16.0 +1 2
12 40 6.0 43 55 +3 0.5
13 43 125 45 11.0 +2 15
14 47 18.0 52 20.0 +5 2
15 58 245 48 16.0 +10 8.5
16 61 26.5 61 27.0 0 0.5
17 45 16.0 52 20.0 +7 4
18 43 125 44 8.0 +1 45
19 58 245 48 16.0 -10 8.5
20 40 6.0 44 8.0 +4 2
21 48 205 47 135 -1 7
22 42 9.0 52 20.0 +10 1
23 61 26.5 45 11.0 -16 155
24 48 20.5 43 5.5 -5 15
25 43 125 52 20.0 +11 75
26 50 22.0 52 20.0 +2 2
27 39 4.0 40 4.0 +1 0
28 52 23.0 58 255 +6 25
29 42 9.0 45 11.0 +3 2
30 7 30.0 67 29.0 -10 1
Mean (SD)

47.4 (10.9) 48.9 (9.4) +1.5 (6.6)

a Data obtained in a laboratory practical at Liverpool John Moores University. t = 1.22 (p = 0.234); r = 0.80 (p < 0.001); ICC =0.88; rc =
0.78; sample CV = 7.6%; limits of agreement = —1.5 + 12.9 ml/kg/min (0.97 x/+ 0.29 as a ratio).

CV = coefficient of variation; ICC = intraclass correlation; r = Pearson’s product-moment correlation; rc = concordance correlation; SD =

standard deviation; t = test statistic from t-test.

per se very unreliable (relatively high random er-  The use of a t-test may still be recommended in
ror) measurements would be concluded as very rea measurement study that investigates a simple test
liable (relatively small bias)! It should be noted and retest, since it will detect large systematic bias
that the correlation between test and retest may nofrelative to the random error), and the terms in the
in all data sets, be a good indicator of the amounformula for the t-value can be used in the calcula-
of absolute random error present, which is the basison of measures of random error (e.g. limits of
of the denominator in the paired t-test equation (seagreement). Nevertheless, the researcher may need
the discussion of correlation methods below).  to supplement this analysis with the consideration
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Table Ill. Hypothetical data from a validity study comparing a test table (the calculation of an F-value for differences

and a retest of spinal flexibility. The sole use of a t-test on these data between tests in a repeated measures ANOVA in-
would provide a t-value = 0 (p = 0.99), which may lead some

researchers to conclude good reliability when large random varia- volves variance due to tests and residual error. The

tion is evident variance due to individuals is involved in the cal-
Test 1 (degrees)  Test 2 (degrees) Difference (degrees) culation of a intraclass correlation but is ‘parti-

1 10 +9 tioned out’ of a repeated measures ANOVA hypoth-
10 1 -9 esis test; see section 8).

22 2(2’ jz As with the t-test, ANOVA is useful for detect-

3 2 27 ing large systematic errors and the mean squared
30 3 o7 error term from ANOVA can be used in the calcu-

4 40 +36 lation of indicators of absolute reliabilit§?:461 An

40 4 -36 important point in the use of a hypothesis test to
Mean (SD) assess agreement, whether it be either a paired t-
13.8 (14.7) 13.8 (14.7) 0(26.3) test or ANOVA, is that if significant (or large

SD = standard deviation. enough to be important) systematic bias is de-

tected, a researcher would need to adapt the meas-

urement protocol to remove the learning or fatigue
of an analytical goal. For example, the bias of 1.5effect on the test (e.g. include more familiarisation
ml/kg/min for the data in table | represents abouttrials or increase the time between repeated meas-
3% of the grand meanMjmax of the sample. This urements, respectively). It is preferable that the
seems small in relation to the amount of randommethod should then be reassessed for reliabiity.
error in these data (see section 8). Besides, a godain intuitive researcher may suspect that a test
experiment would be designed to control for anywould show some bias because of familiarisation.
such bias (i.e. control groups/conditions). Never-It follows, therefore, that a reliability study may be
theless, it could be that the bias (probably due tdest planned to have multiple retests. The re-
familiarisation in this case) is reduced if more re-searcher would then not need to go ‘back to the
tests are conducted and examined for reliabilitydrawing board’ but merely examine when the bias

This denotes the use of ANOVA procedures. between tests is considered negligible. The number
of tests performed before this decision is made

4.2 Analysis of Variation for Detection of would be suggested as familiarisation sessions to a
Systematic Bias future researcher. This concept is discussed in

greater detail by Baumgarté#!

ANOVA with repeated measures (preferably
with a correction for ‘sphericity!j?l has been used 4 3 pearson’s Correlation Coefficient
for comparing more than one retest with a f&<t!
With appropriate priori or post hoanultiple com- The Pearson’s correlation coefficient has been
parisons (e.g. Tukey tests), it can be used to assei®e most common technique for assessing reliabil-
systematic bias between tests. However, the solgy. The idea is that if a high (>0.8) and statistically
use of ANOVA is associated with exactly the samesignificant correlation coefficient is obtained, the
drawback as the paired t-test in that the detectioequipment is deemed to be sufficiently relidbié.
of systematic bias is affected by large random (reBaumgarte?8! pointed out that correlation meth-
sidual) variation. Again it should be noted that aods actually indicate the degree of relative reliabil-
correlation coefficient (intraclass in the case ofity. This is definitely conceptually useful, since a
ANOVA) may not be as sensitive an indicator of researcher could, in theory, tell how consistently
this random error as an examination of the residuathe measurement tool distinguishes between indi-
mean squared error itself in the ANOVA resultsviduals in a particular population. However, Bland
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and Altmarff2l and Salé8l considered the use of Table IV. The same data as in table Il but manipulated to give a
the correlation coefficient as being inappropriate,'ess heterogeneous sample (indicated by the test and retest sam-

. e . . . ple standard deviations (SDs) being approximately half those in
since, among other criticisms, It cannot, on its OWN,ap1e Il). The data has exactly the same degree of agreement
assess systematic bias and it depends greatly on thidicated by column of differences) between the test and retest as
range of values in the samp#&l. The latter note of ~ the data presented in table II*

caution in the use of test-retest correlation coeffi-Test 1 (mikg/min)  Test 2 (ml/ikg/min)  Difference (ml/kg/min)

cients is the most important. For example, we havei1 37 -4
already seen that there is substantial random varis3 45 2
ation among the individual data in table II, but if 42 47 5
correlation was used to examine this, it would beso 44 4
concluded that the test has good repeatability (testss 43 0
retest correlation of r = 0.80, p < 0.001). Note thatys 51 3
the sample in table Il is very varied in maximal 43 54 1
oxygen consumption (28 to 77 ml/kg/min). a4 54 10
Intable IV, the same data from table Il have been,g 48 0
manipulated to decrease the interindividual varia-,; 58 n
tion while retaining exactly the same level of , 48 1
absolute reliability [indicated by the differences ,, 43 3
column and the standard deviation (SD) of these,, 45 )
differences]. When Pearson’s r is calculated for . - 5
these data, it drops to a nonsignificant 0.27 (p >0 48 10
0.05). This phenomenon suggests that researcheg& a 0
should be extremely cautious in the 2 common pro-, o0 ,
cedures of: (i) extrapolating test-retest correla-
tions, which have been deemed acceptable to a new o !
and possibly more homogeneous sample of indi-® 8 0
viduals (e.g. elite athletes); and (ii) comparing test-"° 4 4
retest r-values between different reliability studies*® 4 -
(e.g. Perrif%). To overcome these difficulties, 2 52 10
there are methods for correcting the correlation co®* 45 16
efficient for interindividual variability®!] Concep- 48 43 -5
tually, this correction procedure would be similar 43 52 °
to the use of an indicator of absolute reliability; %° 52 2
these statistics are relatively unaffected by popula3° 40 1
tion heterogeneity (see section 8). 52 58 6
42 45 3
5. Correlation and Relative Reliability 57 a7 10
i i Mean (SD)
Despite the above notes of caution when com-, , 59 47.6 (5.1) 15 (6.6)

paring correlation results, it could be argued that & — 5, ;=0 234) r= 0.7 (p > 0.05), IcC = 043, ro = 0.28,
high correlation coefficient reflects adequate rela-  sample Cv = 7.6%, limits of agreement = —1.5  12.9

tive reliability for use of the measurement tool in ml/kg/min (9.97 x[+1.29 as a ratio). Note that the results of
the particular population that has been investi- the correlation methods are very different from those calcu-

lated on the data from table II.

gated' This seems sensible, since the more homQ:-V = coefficient of variation; ICC = intraclass correlation; r =

geneous a population is, the less the measurememtarson's product-moment correlation; re = concordance correla-
error would need to be in order to detect differencegion; t = test statistic from t-test.

O Adis International Limited. All rights reserved. Sports Med 1998 Oct; 26 (4)


https://www.researchgate.net/publication/15639674_Comparing_Two_Methods_of_Clinical_Measurement_A_Personal_History?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0
https://www.researchgate.net/publication/14427049_The_effects_of_sample_size_and_variability_on_the_correlation_coefficient?el=1_x_8&enrichId=rgreq-ed0b18b89ad286997196d5ef33a89179-XXX&enrichSource=Y292ZXJQYWdlOzEzNDY1NjI0O0FTOjMxMzQwNDgwMjE3NDk3NkAxNDUxNzMyOTM1OTk0

226 Atkinson & Nevill

between individuals within that population. Using This is surprising given the high likelihood that

our examples, the correlation coefficients suggesheteroscedasticity is present in data recorded on the

that relative reliability is worse for the data in table ratio scalé€2® The presence of such a characteristic

IV than those in table 11, since the former data isin the described error would mean that a conven-

more homogeneous and, therefore, it is more diffitional correlation analysis on the raw data is not

cult to detect differences between individuals forreally appropriaté®l Taking this point further, a

that given degree of absolute measurement error.reliability study employing both conventional cor-
The use of correlation to assess this populationr€lation analysis on the raw, untransformed data

specific relative reliability is quite informative but, (Which assumes no evidence of heteroscedasticity)

unfortunately, the ability of a high correlation co- and the CV statistic (which does assume hetero-

efficient to reflect an adequate consistency ofscedasticity is present) can be criticised somewhat

group positions in any one sample is also questionfor mixing statistical ‘apples and oranges’.

able with certain data sets. For example, a re-

searcher may have the ‘analytical goal’ that the 5.1 Implications of Poor Interpretation of

VO,maxtest (table 11) can be used as a performance Test-Retest Correlations

test to consistently rank athletes in a group. The . .

researcher may fgllow convention andgdee?n that The above disparity between the results of cor-

this analytical goal has been accomplished, since (r,:lelation analysis and the perceived reliability may

highly significant test-retest correlation of 0.80 mean _that there may be measurementtools_m sports
(p < 0.001) was obtained (in fact, it would be eX_medlcme that have been concluded as reliable on

tremely difficult not to obtain a significant correla- the basis of the correlation coefficient, but they will

L S . not, in practical use, realise certain analytical
tion in a reliability study with the sort of sample o
oals. For example, the majority of tools and pro-

fchat |s.commonly used in stu.dle's'on meas“reme’ﬁows for the measurement of isokinetic muscle

ISSUES. male§ and females, individuals O.f.\{arymgstrength have been tested for reliability with corre-

age with a wide range of performance abilities). lation methods applied to heterogeneous data.
If one now examines, in table 11, the actual rank—,\/Iost of these correlations are above B°BOnly

ings of the sample based on the 2 tests using the.centy, with the emergence of more appropriate

measurement tool, it can be seen that only 3 indiznq\ysis techniques, is it emerging that the repeat-

viduals maintained their positions in the group fol- 5jjity of these measurements is relatively poor at
lowing the retest. Although the maintenance of théizster isokinetic speed®] Nevill and Atkinsof$3l

exact same rank of individuals in a sample may bgyamined the reliability of 23 common measure-
a rather strict analytical goal for a measuremeninent tools in sport and exercise science research.
tool in sports medicine (although this has not beerrhe yse of an absolute measure of reliability (ratio
investigated), it should be noted that 4 |nd|V|duaIS||m|ts of agreement) showed that there were con-
in this highly correlated data-set actually movedsijderable differences in reliability between meas-
more than 10 positions following the retest com-yrement tools.
pared with the original test. In this respect, a There are several other pieces of evidence which
correlation coefficient based on ranks (e.g. Spearsupport the lack of sensitivity of correlation for as-
man’'s) may be more informative for the quantifi- sessing even relative reliability; Bailey etl.and
cation and judgement of ‘relative reliability’. This Sarmandal et 4%¢! assessed the reliability of sev-
would have the added benefit of making no aseral clinical measures. Test-retest correlations
sumptions on the shape of the data distribution anganged from 0.89 to 0.98, but when a measure of
being less affected by outliers in the da#h. absolute reliability (limits of agreement) was re-
Arank correlation or a correlation on the loggedlated to the interindividual variation, the usefulness
test-retest data is rarely used in reliability studiesof the measurement tools was questionable. Atkin-
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son et al®”l examined if the measurement error of It is possible to relate test-retest correlations to
several performance tests was influenced by tha@nalytical goals regarding adequate sample sizes
time of day that the measurements were obtainedor experiment$3.58l Interestingly, for the estima-
Test-retest correlations were consistently very higtiion of sample sizes in repeated-measures experi-
at all times of day. Only when an absolute indicatorments, the correlation would be converted, mathe-
of reliability was examined did it become apparentmatically, to an absolute reliability statistic. BI&SH
that random measurement error seemed to bghowed how the SD of the differences or residual
higher when data was collected at night. Otten-£"0" (measures of absolute reliab?lity) cou!d_ be
bacher and Tomch&g! also showed that the cor- obtained from a test-retest correlation coefficient
relation coefficient is not sensitive enough to detecfC €stimate sample size. It is residual error, not the

inadequate method comparison based on irner‘c_orrelatlon coefficient, that is the denominator in

individual differences in a sample. It was found in repeated measures’ hypothesis tests and is there-

. . fore used in this type of statistical power estima-
a data simulation study that a between-method cor- yp P

tion.
relation only dropped from 0.99 to 0.98, even
though absolute reliability was altered to a degree
whereby it would affect the drawing of conclusions

from the measurements. The statistical implica- |ntraclass correlation (ICC) methods have be-
tions of this study would apply equally to the as-come a popular choice of statistics in reliability
sessment of measurement error and relative relistudies, not least because they are the advised
ability. methods in the 2 textbooks on research methodol-
Itis clear that the concept of ‘relative reliability’ ogy in sports sciendé?4% The most common

is useful and correlation analysis does providemethods of ICC are based on the terms used in the
some indication of this. Interestingly, in clinical calculation of the F-value from repeated measures
chemistry, a statistical criterion for ‘relative reli- ANOVA.[18 The main advantages of this statistic
ability’ is not a high correlation coefficient, but the over Pearson’s correlation are maintained to be that
related measure of absolute reliability expressed a'e ICC is univariate rather than bivariate and it can
a certain proportion of the interindividual vari- P& used when more than one retest is being com-
ancel33.34 Bailey et a5l and Sarmandal et &Fl pared with a tedté! 'I_'h_e ICC can also be calculated
adopted a similar approach when they related th&! SUch @ way that it is sensitive to the presence of
limits of agreement between 2 observers to popu§ystemat|c_blas n the data_(there IS an argument,
lation percentile (or qualitative categories) charts.oIIScussed in section 7, against the sole citation of

. . . . such an indicator of ‘total error’ which combines
Taking this stance, the ultimate analytical goal for : L )
both bias and random variation into a single coef-

relative reliability would be that the measurement,. .
i< | than the diff bet divid (ICIent). In fact, there are at least 6 ways of calcu-
erroris fess than the ditierence between individua ating an ICC, all giving different result&:>9

differences or analytical goal-related population Eliasziw et af®! discussed the choice of an appro-
centiles. It is recommended that statisticianspriate ICC. The most important implication of this,
working in sport and exercise sciences tackle the,g rep$1l stressed, is that researchers must detail
problem of defining an acceptable degree of relagyactly how this choice is made and how an ICC
tive reliability for practical use of a measurementhas been calculated in a reliability study.

tool together with an investigation of the statistic  \Whatever the type of ICC that is calculated, it
that is most sensitive for the assessment of relativgs suggested that, like Pearson’s r, an ICC close to
reliability. We suggest the employment of analyti- 1 indicates ‘excellent’ reliability. Various catego-
cal simulations applied to reliability data $&4dn ries of agreement based on the ICC, ranging from
order to realise these aims. ‘questionable’ (0.7 to 0.8) to ‘high’ (>0.9), are

6. Intraclass Correlation
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provided by Vincent®2! The present authors were relation coefficient’ (§), which is the correlation
unable to locate any reference in the sport and exbetween the 2 readings that fall on the 45 degree
ercise science literature relating these ICC ‘cut-off’line through the origin (the line of identity on a
points to any analytical goals for research. A morescatterplot). Nickersd®! maintained that this sta-
informative approach would be to calculate confi-tistic is exactly the same as one type of ICC that is
dence intervals for a given ICC as detailed by Mor-already used by researchers. First, this method is
row and JacksoBdl again sensitive to sample heterogen&#yThe ¢

The calculated ICB of 0.88 for the data in for the heterogeneous data in table Il is 0.78 com-
table Il would suggest ‘good’ reliability of the pared with 0.28 for the less heterogeneous (but
measurements. This is especially true when it hasame level of agreement) data in table IV. Second,
already been seen that there are quite large tesaélthough it may seem convenient to have a single
retest differences in some individuals and the relameasure of agreement (one that is sensitive to both
tive reliability, by examining the stability of the bias and random error), it may be inconvenient in
sample ranks, might not be sufficient for some an-ractical terms when this ‘total error’is cited on its
alytical goals. When the ICC is calculated on theown, so the reader of the reliability study is left
less heterogeneous data in table IV (same degregondering whether the measurement protocol
of agreement as in data from table Il), it drops to aneeds adapting to correct for bias or is associated
very poor 0.43. Therefore, it is apparent that thewith high amounts of random variatié8! This
ICC is prone to exactly the same constraints apossibility of ‘over-generalising’ the error, which
Pearson’s r, in that it includes the variance term fomay constrain the practical solutions to this error,
individuals and is therefore affected by sample hetalso applies to both the type of ICC which includes
erogeneity to such a degree that a high correlatiothe between trials mean-squared-error term as well
may still mean unacceptable measurement error fors the mean squared residual term in its calcula-
some analytical goal§2.63! tionl3245] and the limits of agreement method if

Myrer et all®4l highlighted with a practical ex- bias and random error are not cited separately (see
ample the difficulties in interpreting ICCs. Otten- section 8.3).
bacher and Tomche@R showed in data simula-
tions that an ICC never dropped below 0.94. This 7.1 Regression Analysis
occurred despite marked changes in the absolute
agreement between 2 methods of measurement and This is another common method of analysis in
whilst the sampling characteristics were control-agreement studies but, like hypothesis tests and
led. Quan and Shi#®! maintained that the ICC correlation methods, it may be misleading in some
should really only be employed when a fixed pop-reliability assessment&:5¢1 Conceptually, one is
ulation of individuals can be well defined. We sup-not dealing with a predictor and a response vari-
port the citation of the ICC in any reliability study able, which is the philosophy behind regression. In
but believe it should not be employed as the sol@ddition, sample heterogeneity is, again, a possible
statistic and more work is needed to define acceptProblem for extrapolation of the reliability analy-
able ICCs based on the realisation of definite anasis; the R and regression analysis for the data in
lytical goals. table Il are 0.64 and F =49.01 (p <0.0001), respec-
tively, thus, indicating ‘good’ reliability. For the
more homogeneous but equally agreeable data (in
terms of absolute reliability) in table IV, thé &nd

In an effort to rectify a perceived problem with regression analysis are 0.08 and F = 2.54 (p > 0.10),
Pearson’s correlation (that it is not sensitive to distespectively, indicating very poor reliability.
agreement between methods/tests due to system- For systematic bias, the null hypothesis that the
atic bias), Liff®l introduced the ‘concordance cor- intercept of the regression line equals zero would

7. Other Methods Based on Correlation
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be tested. As with the t-test, a wide scatter of inditistic (calculated this way) is still affected by sam-
vidual differences may lead to a false acceptancele heterogeneity (3.5 ml/kg/min for the data in
of this hypothesis (the conclusion that bias is notable 1l versus 2.8 ml/kg/min for the data with the
significant, even though it may be large enough tasame SD of differences in table 1V).

be important). Stratford and Goldsmil#! and Eliasziw et df°!
stated that SEM can be calculated from the square
8. Statistical Measures of root of the mean square error term in a repeated
Absolute Reliability measures ANOVA. This statistic would be totally

The most common methods of analysing absoYnaffected by the range of measured values. To add
lute reliability are the SEM and the CV. A little- t0 the confusion over the method of calculation,

used statistic in sport and exercise sciences, whicRland and Altmai#®! called this statistic ‘the intra-
could be considered to measure absolute re||ab|||.nd|V|dua| SD'. In addition to the differences in the
ity, is the limits of agreement method. One aspecferminology, this latter calculation also seems to
that these statistics have in common is that they arg@ive a slightly different result (4.7 ml/kg/min for
unaffected by the range of measurements. Therdhe data in table 1l and table 1V) from that obtained
fore, they all theoretically provide an indication of With the above equation for SEM based on the ICC.
the variability in repeated tests for specific individ- The cause of this seems to lie in the type of ICC
uals, irrespective of where the individuals rank inthat is employed (random error or random error +
a particular sample. The general advantage of thedaias). For the above calculations, we employed the
statistics over indicators of relative reliability is ICC without the bias error according to the meth-
that it is easier, both to extrapolate the results obds of Thomas and Nels&tl
absolute reliability studies to new individuals and  The statistic is expressed in the actual units of
to compare reliability between different measure-measurement, which is useful since the smaller the
ment tools. As discussed in sections 8.1 to 8.3SEM the more reliable the measurements. The
these 3 statistics do seem to differ in the way absoSEM is also used as a ‘summary statistic’ in gen-
lute reliability is expressed. They also make differ-eralisability theory to investigate different sources
ent assumptions regarding the presence of heter®f variation in test scord#?! Useful methods have
scedasticity (a positive relationship between thealso been formulated to compare SEMs between
degree of measurement error and the magnitude gheasurement tooledl
the measured value). The question of ‘how does one know if a partic-
ular SEM statistic indicates adequate reliability?’
seems to be unanswered in the literature. Baumgar-
One indicator of absolute reliability is the terf® showed how an SEM could be used to ascer-
‘standard error of measuremeHE-60.69The most tain whether the difference in measurements be-
common way of calculating this statistic that is tween 2 individuals is real or due to measurement
cited in the sports science literature is by means orror. It was stated that ‘confidence bands’ based
the following equatior8-45] on the SEM are formed around the individual
scores. If these bands do not overlap, it was main-
tained that the difference between the measure-
where SEM = ‘standard error of measurement’, SDments is real. However, researchers should be ex-
= the sample standard deviation and ICC = the caltremely cautious in following this advice, since the
culated intraclass correlation coefficient. The useSEM covers about 68% of the variability and not,
of SD in the equation, in effect, partially ‘cancels as Thomas and Neld8# discussed, 95%, which is
out’ the interindividual variation that was used to the conventional criterion used in confidence inter-
in the calculation of the ICC. Nevertheless, the staval comparisons. Eliasziw et & also discussed

8.1 Standard Error of Measurement

SEM=SDJV1 -ICC
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the use of SEM to differentiate between realof this on a sample of individuals is to calculate the
changes and those due to measurement error amdean CV from individual CVs. The use of a dimen-
suggested 1.9& x SEM which, interestingly, ap- sionless statistic like the CV has great appeal, since
proximates to the limits of agreement statistic (seehe reliability of different measurement tools can
section 8.3). be comparetf?l However, as discussed in detail by
Besides the lack of clarity over an acceptableAllison!”3l and Yao and Sayt&! there may be cer-
SEM, the use of this statistic is associated with sevtain limitations in the use of CV.
eral assumptions. First, it is assumed that there is a Researchers should be aware that the assump-
‘population’ of measurements for each individual tion of norma”ty for an assumed ‘popu|ation’ of
(the SEM actually approximates to the mean SDrepeated tests applies to CV in the same way as
for repeated measurements in individuals), and thajith the SEM. Detwiler et a8 discussed the dif-
this population is normally distributed and that ficylty of examining these assumptions for CV
there are no carry-over effects between the regith a small number of repeated measures. Unlike
peated tests. PayA8 discussed these assumptionssgM, CV methods apply to data in which the de-
in more detail. The use of the SEM also denotegyree of agreement between tests does depend on the
that heteroscedasticity is not present in the data, §qiagnitude of the measured values. In other words,

that it is appropriate only if the data are purely in-yhe yse of CV assumes that the largest test-retest
terval in nature. Therefore, if for example an SEM, 4 iation occurs in the individuals scoring the high-
of 3.5 ml/kg/min is calculated, it is assumed that, i \alues on the telé?] Although this charac-

thls amount of .absollute error is Fhe same for 'nd"teristic is probably very common with sports sci-
viduals recording high values in the sample as

th o I Nevill and Atkindsh  Ence data on a ratio scale (see section#13},is

h 0se shcorlngthO\tNtr\]/.a uhes. eV|d ar;' it NSOt best if heteroscedasticity is actually explored and
ave shown that this homoscedasticity 15 ur?C.OmEquantified before assuming it is present. This ex-

mon in ratio variables relevant to sports medicine.

: - loration is not very common amongst sport sci-
Practically, for researchers who are examining 4 y gst sp

subsamole of individuals who score highlv on cer-€M¢€ researchers carrying out reliability studies.
P gty Besides, there are reliability data sets which defi-

tain tests, the use of SEM may mislead them into_. .
thinking that the measurement error is only a smalpltely should not be dgscrlbed by CV. For example,
CV would be meaningless for data that can show

percentage of these scores (the measurement endr i | t bounded b i th
has been underestimated relative to the particula'?ega ive values (not bounded by zero), since the

sample that is examined). This denotes that, itise of Fhe Cv denot;as that the mdeaSLIJremth error
heteroscedasticity is present in data, the use of 8PProximates zero for measured values that are

ratio statistic (e.g. CV) may be more useful to theclose tq zero. This would not be so if zero values
researchers. were midway on a measurement scale (e.g. whole

body flexibility measures).
Another cautionary note on the use of CV cen-
tres around its practical meaning to researchers per-
The CV is common in biochemistry studies forming experiments. Some scientists seem to have
where it is cited as a measure of the reliability of achosen, quite arbitrarily, an analytical goal of the
particular assav_ll It is somewhat easier to per- CV being 10% or beloWw¢l This does not mean that
form multiple repeated tests in this field than it is all variability between tests is always less than 10%
in studies on human performance. There are variof the mean. A CV of 10% obtained on an individ-
ous methods of calculating CV, but the simplestual actually means that, assuming the data are nor-
way is with data from repeated measurements on mally distributed, 68% of the differences between
single case, where the SD of the data is divided byests lie within 10% of the mean of the dd#a.
the mean and multiplied by 168! An extension  Therefore, as with the SEM statistic, the variability

8.2 Coefficient of Variation
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is not described for 32% of the individual differ- analysis and introduced the method of ‘limits of
ences. For example, if a test-retest CV of 10% wasgreement’, an indicator of absolute reliability like
obtained with a test of maximal oxygen consump-SEM and CV. The main difference between these
tion and the grand sample mean of the 2 tests wastatistics seems to be that the limits of agreement
50 ml/kg/min, the CV of 10% might be considered assume a population of individual test-retest differ-
an indicator of acceptable agreement. Realisticallyences. Chatbul##! termed this type of statistic an
there could be test-retest differences of greater thagrror interval. SEM and CV, as discussed above,
10 ml/kg/min (20% of mean) in some individuals. jnyolve an assumed population of repeated meas-
The criticism of CV that it is very rarely applied yrements around a ‘true value’ for each individual.
to an analytical goal applies in particular to the chatburf?3! called this concept a tolerance inter-
common situation in which means are calculated,|. Although there are differences here on the sta-
from a sample of individual CVs. The true varia- yistical philosophy, the present review is more con-
tion between tests may be underestimated for SoMgged with the practical use of these statistics.
new individuals in this case. For example, the sam- 116 first step in the limits of agreement analysis

ple mean CV for the data in table Il is 7.6%, whichig 1 hresent and explore the test-retest data with a
could be used to indicate very good reliability. Th'SBIand-AItman plot, which is the individual subject

|shunre§1I|§,_t|pdg|vledr!f:hat overt:;\] t:urd otf) the Isarrﬁ’l?iﬁerences between the tests plotted against the
SNOWS Individual aitrerénces that can be caiculate espective individual means (it is a mistake to plot
to be greater than 13% of the respective means. he diff . h btained for
Sarmandal et 4%l and Bailey et af9l also the differences against the scores obtained for just
. o - pne of the testdY¥8l An example of a Bland-Altman
showed with practical examples how mean CVs o . . : . g
1.6 to 4% did not reflect adequate reliability for plot using the data in table 1l is provided in figure
) 1. Using this plot rather than the conventional test-

some clinical measurements. It is probably more test scatteraram. a rouah indication of svstemai
informative if the sample SD of the repeated test etest scattergram, aroug cation of systematic

is multiplied by 1.96 before being expressed as 1as gnd _random error 1 provided by examining
CV for each individual”? as this would cover 95% the direction and magnitude of the scatter around
of the repeated measurements. It is stressed, ho1€ Z€ro line, respectively. It is also important to
ever, that if a sample mean CV is then calculategobserve whether there is any heteroscedasticity in

this may still not reflect the repeated test error forthe data (whether the differences depend on the
all individuals, but only the ‘average individual’
(50% of the individuals in the sample). For this
reason, Quan and SH# termed this statistic the «
‘naive estimator’ of CV and suggested that it $
should not be used. These researchers and oth3
erd3844l described more appropriate CV calcula- ¥
tions based on the mean square error term (fromz
ANOVA) of logarithmically transformed data.
This is an important part of the last statistical _
method that is to be discussed; the limits of agree- Mean VOzmax (Mi/kg/min)

ment technique_ Fig. 1. ABland-Altman plot for the data presented in table Il. The
differences between the tests/methods are plotted against each

individual's mean for the 2 tests. The bias line and random error

8.3 Bland and Altman’s 95% Limits lines forming the 95% limits of agreement are also presented
of Agreement on the plot. Visual inspection of the data suggests that the dif-
ferences are greater with the highest maximal oxygen uptake

. (VO2max) values. A similar plot can be formed from the results of

Altman and Blank! recognlsed several of the analysis of variance (ANOVA) by plotting the residuals against

above limitations with these different forms of the actual scores. SD = standard deviation.

(ml/kg/min)
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. 12: b —1.5 ml/kg/min, the limits of agreement are —14.4

S 1o to +11.4 ml/kg/min. Expressed this way, the limits

& E 10 1 o:o * . of agreement are actually a measure of ‘total error’

22 9 ° (bias and random error together). It is probably

2 & 2: ° °® ® * more informative to researchers reading abstracts

2 21 %e 3. of reliability studies if the bias and random error
07 . : : S . components are cited separately, e.g. +112.9

20 30 40 50 60 70 80

. _ ml/kg/min.
Mean VOjpax (Ml/kg/min)

‘ . It was stated earlier that CV methods should be
e ey, USed onlyif the variabily depends on the magni-
scedasticity in the data presented in table Il (r = 0.18, p = 0.345). tude of the mean values (heteroscedasticity). If,
This F:orrelation is decreased to 0.01 wheln thg data are loga- from the positive correlation between the absolute
it ere = evdrce bl e gifferences and the individual means, there is
solute measurement error is greater for the individuals who heteroscedasticity in the data, then Bland and Alt-
score highly on the test). SD = standard deviation. marilél recommend the Iogarithmic (natural) trans-

formation of the data before the calculation of lim-

] . its of agreement. The final step would be to antilog
magnitude of the mean). Heteroscedasticity can b@,e gata. Bland and AltmE&#l provide a worked
examined formally by plotting the absolute differ- example for this.
ences against the individual means (fig. 2) and cal- | the examination of heteroscedasticity, Nevill
culating the correlation coefficient (correlation is 5nq Atkinsof®3! found that, if the correlation be-
appropriate here, since the alternative hypothesis igyeen absolute differences and individual means is
that there is a relationship present). If heteroscepositive but not necessarily significant in a set of
dasticity is suspected, the analysis is more compliyata it is usually beneficial to take logarithmic val-
cated (see below). ues when calculating the limits of agreement. For

If the heteroscedasticity correlation is close toexample, there is very slight heteroscedasticity
zero and the differences are normally distributedpresent in the data from table Il (fig. 2, r = 0.18,
one may proceed to calculate the limits of agreep = 0.345). If logs are taken, this correlation is re-
ment as follows. First, the SD of the diﬁerenCESduced to 0.01. Having taken |ogs of the measure-
between test 1 and test 2 is calculated. The SD ohents from both weeks, the mea®5% limits of
the differences of the data in table Il is 6.6 agreementis calculated to be —0.0386257. Tak-
ml/kg/min. This is then multiplied by 1.96 to ob- ing antilogs of these values the mean bias on the
tain the 95% random error component of 12.9ratio scale is 0.97 and the random error component
mi/kg/min (the95th percentile is the way reliability js now x/+ 1.29. Therefore, 95% of the ratios
data should be presented according to the BritisBhould lie between 0.97+ 1.29. If the sample of
Standards Institutdj®! If there is no significant differences is not normally distributed, which has
systematic bias (identified by a paired t-test) theralso been observed with some measurements rele-
there is a rationale for expressing the limits ofvant to sports medicin&3l the data would, again,
agreement asthis value. However, one of the dis- benefit from logarithmic transformation. The data
cussed drawbacks of the t-test was that significanin table Il are actually not normally distributed
bias would not be detected if it is accompanied by(Anderson-Darling test), but after log transforma-
large random variation. One could quote the rantion they follow normality. It follows that the pre-
dom error with the bias to form the limits of agree-vious tests for bias (paired t-test, ANOVA) should
ment, even if it is not statistically significant. For have, strictly speaking been performed on the log
the data in table Il, since there is a slight bias oftransformed data. Nevertheless, this does not de-
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tract, in any way, from the points that were madeability between different measurement tools using
regarding the use of these tests to detect bias ilimits of agreement is, at present difficult, since

reliability studies. there have been so few studies employing limits of

agreement for sports science measurements. With

9. Limits of Agreement and respect to the Fitech test data, the limits of agree-
Analytical Goals ment for reliability are very similar to those pub-

lished for the similar-in-principle Astrand-Rhyming

of agreement. Some researciérbave concluded test of predicted maximal oxygen consumptfh.

. We would conclude that these tests are probabl
acceptable measurement error by observing that P y

only a few of the test-retest differences fall outside!10t reh_able enough to monlto_r the small changes
n maximal oxygen consumption that result from

the 95% limits of agreement that were calculated

from those same differences. This is not how théncreasing the training of an a}lready athletic per-
limits should be interpreted. Rather, it can be saitf’on[SZI However, these predictive tests may detect

that for a new individual from the studied popula- arge differences in maximal oxygen consumption,
tion, it would be expected (an approximate g50,for example, after an initially sedentary person
probability) that the difference between any 2 testderforms a conditioning programri#él. One could
should lie within the limits of agreement. There- arrive at a more conclusive decision of adequate
fore, in the case of the Fitech test, we expect th€or inadequate) reliability by using analytical goals
differences between the test and retest of an indibased on sample sizes for future experimental uses.
vidual from the particular population to lie be- The SD of the differences (or the mean squared
tween —14.4 and +11.5 ml/kg/min. Since there wasesidual in the case of ANOVA) can be used to
evidence that heteroscedasticity was present in thestimate sample sizes for repeated measures ex-
Fitech data (the heteroscedasticity correlation reperimentd® It would be clear, even without such
duced following logarithmic transformation of the calculations, that the greater the random error com-
data), the limits are best represented by ratios. ponent of the limits of agreement, the more indi-
From the ratio limits of agreement calculated viduals would be needed in an experiment for a
gbc.)v.e (0.9%/+ 1.29), it can be said that for any given hypothesised experimental change. Alterna-
individual from the population, assuming the biasyjyely, the greater the random error indicated by the
that is present (3%) is negligible, any 2 tests willjits of agreement, the larger the minimal detect-
d|f2er dye tg measu'r.ement error.by no more tharyp,e change would be for a given sample size in
29% either in a positive or negative direction (thean experiment. Z& also provides calculations

error is actually slightly greater in the positive thanfor this issue of estimating minimal detectable

the negative direction with true ratio data that arechan es for measurement tools. One cannot iudae
heteroscedastic). It should be noted, as B#hd g ' judg

observed, that this value is very similar to the valuethe magnitude of a correlation coefficigrr seas

of 27% calculated in an arguably simpler mannerfs'mp,Iy as this, S|ryce.t.he.re 'S_ an ‘afjd?d factor’ of

from 100x (1.96x SD diffigrand mean) on the data interindividual variability in this statistic. o

prior to logging, where ‘SD diff represents stand- e have 3 comments on the use of limits of

ard deviation of the differences between test an@greement in sports science and medicine:

retest and ‘grand mean’ represents (mean of test @) Only recentl{?] has the limits of agreement

+ mean of test 2)/2. method been applied to multiple retests using an
As discussed earlier, it is the task of the re-ANOVA approach. This is preferable for the in-

searcher to judge, using analytical goals, whethe@lepth investigation of bias and also because the

the limits of agreement are narrow enough for theexamination of heteroscedasticity is enhanced (the

test to be of practical use. The comparison of reli-degrees of freedom are increased). The random

The next step is the interpretation of the limits
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error component of the 95% limits of agreement isstandard errors of the limits of agreement to show

calculated from how precise they are in relation to the whole pop-
ulation. From these, confidence intervals can be cal-
1.96/2 x MSE culated, which may allow statistical meta-analysis

for comparison of limits of agreement between dif-
where MSE is the mean squared error term from @erent studies.

repeated measures ANOVA. Recently, Bland and3) The reliability examples cited in Bland and
Altmani*3-44 accepted that measurement error maya|tman’s work6.39] appear not to consider that
be expressed in relation to a ‘population’ of re-pjias can occur in repeated measuremé&ft@nly
peated tests in indiViduaIS, which is the basis Of[he method Comparison (Va||d|ty) examp|es incor-
SEM and CV. They calculated this frodtMSE  porate the bias estimation in the limits of agree-
which equates to one method of calculating thement. This might be because the clinician is dealing
SEMI®I They did stress, however, the need to mulfrequently with biological assays, which are not
tiply this value by 1.96 in order to represent theaffected by learning or fatigue of testing. Since
difference between measured and the ‘true’ valughese effects are likely to influence measurements
for 95% of observations. For the example data ingf human performance, it is recommended that the
table I, thevMSEis 4.7 ml/kg/min so the '95% pjas between repeated trials is always reported

SEM'is 1.96x 4.7 =£9.2 ml/kg/min. For logged (separately from the random error component) by
data, one would antilog théMSEfrom ANOVA  the sports scientist.

and express this CV to the power of 1.96 to cover
95% of observations. This would be 1.69%=
x/+1.20 for the data in table Il when expressed as
a ratio. This review has attempted to evaluate the most
Hopkind38l cites a very similar statistic to Bland common statistical methods for evaluating reliabil-
and Altman’s 68% ratio CV of 1.097 (9.7%), al- ity. In view of the importance of minimal measure-
though it is calculated in a slightly different way ment error to sports science research and, although
and always expressed as a percenta@e8% for  one book on the subject has been publish@t,
our example data). Note that both these methods d§ surprising how neglected discussions on meas-
calculating CV (from ANOVA) give slightly higher urement issues are in sports science and medicine.
values than the ‘naive estimator’ of the mean valueAn important point is that correlation methods
of 7.6% calculated from individual CVs. This (including ICC) should be interpreted with caution
agrees with the observations of Quan and 8Rih. in such studies. This is a difficult notion to promote
Note also that expressing a CV4apercent rather  given the popularity of judging a high correlation
than asx/+ ratio may be misleading since a char-as indicating adequate reliability. An implication
acteristic of ratio data is that the range of error willof the poor interpretation of correlation analyses is
always be slightly less, below a given measuredhat equipment used routinely in the sport and ex-
value compared with the error above a measuredrcise sciences may have been erroneously con-
value. The calculation of CV implies, erron- cluded as being sufficiently reliable (realising cer-
eously with true ratio data, that the error is of equatain analytical goals for sports science use). It
magnitude either side of a particular measuredvould be sensible for researchers to reappraise the
value. results of test-retest correlations and supplement
(2) Because the calculated limits of agreement ar¢his with the application of absolute indicators of
meant to be extrapolated to a given population, iteliability. Ideally, a database should exist provid-
is recommended that a large sample size (n > 40pg information on the reliability of every measure-
is examined in any measurement sti3#lyBland  ment tool used routinely in sports medicine. This has
and Altmart®l also advise the calculation of the been attempted, using correlation, with isokinetic

10. Discussion
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muscle strength measuremefi® At present, the validity analysis. An important issue such as this
limits of agreement method has been applied mosshould warrant further discussion amongst sports
amongst sport science-relevant variables, to thecience researchers.
reliability and validity of adipose tissue measure- To concludeit seems ironic that the many sta-
ments[8s:89] tistics designed to assess agreement seem so incon-
The present review has attempted to highlightsistent in their quantification of measurement error
that some reliability statistics are cited in the sportsand their interpretation amongst researchers for de-
science literature without adequate investigationciding whether a measurement tool can be reliably
of underlying assumptions. The important assumpemployed in future research work. In brief, there
tion regarding the relationship between error andare difficulties with relative reliability statistics
the magnitude of the measured value is rarely exboth in their interpretation and extrapolation of re-
plored by reliability researchers. It may be thatsults to future research. There are also many differ
with some measurements, the variability decreasesnt methods of calculating the reliability statistic,
instead of increases as the measured values ih€C. Moreover, the expression of absolute reliabil-
crease (negative heteroscedasticity). In this casaty statistics differs to such an extent that one sta-
the data might need to be transformed differentlytistic (SEM) can be calculated in a w8{/1-CC)
before application of an absolute indicator of reli-that makes it still sensitive to population heteroge-
ability. Statisticians are currently working on such neity (i.e. not a true indicator of absolute reliability
problemd?2! It is imperative that the sports physi- at all). There is also a general lack of exploration
cian keeps abreast of the correct statistical soluef associated assumptions with absolute reliability
tions to these issues. One practical recommendastatistics and disagreement on the described pro-
tion is that future reliability studies include an portion of measurement error (6895%).
examination of how the measurement error relates While statistics will never be more important
to the magnitude of the measured variables, irrethan a well designed reliability study itself, it is
spective of which type of absolute reliability sta- sensible that there should be a standardised statis-
tistic is employed (SEM, CV, limits of agreement). tical analysis for any reliability study involving
The simplest way to do this is by plotting the cal-ratio of interval measurements. This may entail us-
culated residuals from ANOVA against the fitted ing several reliability statistics, so that different
values and observing if the classic ‘funnelling’ of researchers can interpret the one they are most ac-

heteroscedasticity is evident.
One issue which Bland and Altman consistentlye

discuss in their work on measurement issues is that

of ‘method comparisort®421 They maintain that
the disadvantages of many statistics used in reli-
ability studies also apply to studies investigatinge

customed to. To this end, we would suggest:

The inclusion in any reliability study of an ex-
amination of the assumptions surrounding the
choice of statistics, especially the presence or
absence of heteroscedasticity.

A full examination of any systematic bias in the

whether different methods can be used interchange-
ably or whether a method agrees with a gold stand-
ard measurement tool. They propose that the use of
limits of agreement is also more appropriate in

these situations, which happen to be very common

measurements coupled with practical recom-

mendations for future researchers on the num-
ber of pretest familiarisation sessions to employ

and the advised recovery time between tests so
that any bias due to fatigue is minimised.

in sports science as part of validity examina-e
tions[?% Obviously, such a use of limits of agree-
ment would be alien to the sports scientist who may

The inclusion of intraclass correlation analysis,
but with full details of which type of ICC has
been calculated and the citation of confidence

be accustomed to hypothesis tests, and regression intervals for the ICC. This analysis could be

and correlation methods as part of this type of

O Adis International Limited. All rights reserved.
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reliability through the test-retest stability of 8
sample ranks or the relation of the degree of o
absolute reliability to the interindividual or

between-centile differences in a population.
This is recommended even if a high ICC (>0.9)

has been obtained. 11.

e The citation of the most popular measures of
absolute reliability, depending on whether
heteroscedasticity is present (CV, ‘ratio limits of

agreement’) or absent (SEM, ‘absolute limits of 13.
agreement’). It is preferable that these are cal-14.

culated from the mean square error term in a
repeated-measures ANOVA model. The de-
scribed percentile of measurement error (68 or

95%) should also be stated. 16.

e The arrival at an eventual decision of reliability

(or not) based on the extrapolation of the meas-17-

urement error to the realisation of ‘analytical

goals’. These may include the effectiveness of 1s.

use of the measurement tool on individual cases,
a meaningful degree of relative reliability and

the implications of the measurement error for 19.

sample size estimation in experiments.
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