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Clinical agreement in quantitative measurements

A.INDRAYAN, R. CHAWLA

ABSTRACT
With advances in medical technology, simpler and safer
methods for diagnosis and therapy are increasingly replac-
ing the old ones and it has become important that these be
correctly assessed. When a measurement by a new method
is the same as that using the old method, one frequently
encounters the problem of assessing the agreement.
Evidence such as a correlation equal to 1 or equality of
means is known to be inadequate. However, two recent
approaches-limits of agreement and intraclass correlation
coefficient-have gained acceptance but each has its
own merits and demerits. To help investigators choose a
procedure which is appropriate and to help them use it
properly, we provide a description of these two approaches
and discuss their advantages and disadvantages, both
clinical and statistical, using a real example.
Natl Med J India 1994;7:229-34

INTRODUCTION
Among the newer developments in medicine are the dis-
coveries of new instruments, methods and techniques to
measure anatomical and physiological changes with greater
accuracy and precision, yet at a lower cost in terms of
manpower, materials and time. The emphasis now is on non-
invasive and safer methods of investigation which require
smaller sampling volumes and can help in continuous
monitoring of a patient. The acceptance of these new
methods depends on a convincing demonstration that they
are nearly as 'good' as the older established ones. The old
methods are not necessarily gold standards, for they may
themselves be inaccurate. For instance, blood pressure (BP)
is measured by the time-tested technique of auscultation
using the conventional mercury sphygmomanometer but a
more correct reading is probably obtained only by an
invasive method using an intra-arterial cannula. For BP
measurement, besides these, a large number of other
methods are now available. These include the wrist-watch
type instrument, the aneroid manometer, an oscillometric non-
invasive measurement, the ultrasound Doppler and now the
pulse oximetry derived technique. While each is useful
in a specific situation, there is always further scope for a
simpler substitute with a wider range and accuracy. Irrespec-
tive of what is being actually measured, it is highly unlikely
that the new method will give exactly the same reading in
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each case as the old one. How do we decide that the methods
are interchangeable? This statistical problem has been
described in medical literature as being of agreement. Our
search of MEDLlNE databases reveals that the term has
been used in medical literature in other contexts as well.
There are examples of its use in physician agreement with
recommendations of a task-force I and the impact of the Free
Trade Agreement on the Mexican health sector. 2 In addition,
Korsten et al.) discuss the agreement of thoracic impedance
with clinical indicators after cardiopulmonary bypass and
Bentzen et al. 4 write on optimizing spatial agreement between
computed tomography and mechanical strength of tibial
trabecular bone.

However, we are restricting ourselves to the statistical
use of the term where the concern is with the pair (X,Y)
measuring the same characteristic on the same subject.
(X,Y) may be a qualitative or a quantitative pair. Examples
of qualitative agreement are assessing optic disc characteris-
tics by two or more observers.' the results obtained by a
diarrhoeal calendar maintained at home and recalled on
interview," and the results of serological testing for Lyme
disease in different laboratories. 7 The statistic of choice to
assess agreement in such nominal or categorical types of data
is the kappa coefficient. Some details of this are available in
Sackett et al., 8 Cyr and Francis? and Jeyaseelan and Rao.1O
This article discusses only quantitative agreement.

QUANTITATIVE AGREEMENT
A review of the literature suggests that the problem of
quantitative agreement between two measurements arises in
at least four different situations.

1. Comparing self-reported values with those measured
using an instrument or a chart. Examples of this are urine
frequency and bladder capacity by patient questionnaire
and frequency-volume charts, II alcohol consumption
using a self-reporting diary arid quantitative food ques-
tionnaire ;'? or simply the self-reported weight and
the measured weight.

2. The same variable is measured by two different methods
or at two different sites. Maiello et al. 13measured regional
left ventricular ejection fraction by' gated blood pool
scintigraphy and by contrast ventriculography. Smith
et al. 14 compared paracetamol concentrations in saliva
with those in the serum. Clements et al.15 were interested
in comparing the bolus and infusion methods of estimat-
ing hepatic blood flow in patients with liver disease.
Various other examples of such problems have been
mentioned by Bland and Altrnan'<'? and Lee et al.18

3. The third situation requiring assessment of agreement is
between observers as in measurement of leg length for
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diagnosis of mechanical or structural lumbar pain,'? in
measuring electroconvulsive fit duration in psychiatric
patients-? and using a disability scale for patients with
multiple sclerosis.P This can be extended to agreement
between laboratories .as in the estimation of haemoglobin
or glucose levels when parts of the same blood sample are
sent to two different laboratories. The usual objective is
to replace an expensive or complicated method and
reduce personnel or laboratory equipment by a low cost,
simple, safe or more convenient substitute.

4. The fourth type of agreement study is where intra-
observer measurements are compared. Examples of such
studies are measurement of the depth of the anterior
chamber of the eye22 and analysis of systolic and diastolic
left ventricular function.P The objective here is to
evaluate the reliability, repeatability or reproducibility of
the method or technique.

The statistical problem in these cases is to check whether
the Y =X type of relationship exists in individual cases. This
is different from the conventional regression where the
relationship is of the type E(Y)=X. There are several
examplesll,15,24,25 in the literature where agreement is
undesirably evaluated in terms of the product moment corre-
lation coefficient (r). Kochupillai et al. 26 compared T4
measured by spot assay and by direct method using r but the
term agreement was not used. More examples of such misuse
of r are given by Bland and Altman. 17 One of US27 has discussed
the demerits of correlation and cautioned against its misuse
in agreement studies. This was followed by an article by
Jeyaseelan and Rao.'? It is evident that the correlation
coefficient would be perfect unity when the mathematical
relationship Y = a + bX holds. Lee et al.18 have provided
hypothetical examples of systolic BP where the values shown
are based on the relationship Y =20+ X and Y = 120+0.2X.
Both yield r=1 but the values are far from Y=X. Aggregate
agreement in terms of means as assessed by Barrington and
Lambourn-? for duration of fits measured by two observers,
or by Walia et al.28 for skin-fold thickness measured by
calipers and cr scanning is also not correct since means can
be equal even when individual twin measurements are widely
different. Both these (a high r and means not different)
are necessary prerequisites but not sufficient to conclude
agreement.

The deficiency in correlation in agreement studies was
realized by Oldham'? in the 1960s. He proposed a graphical
technique for depicting discord. Later in 1983, Altman and
Bland'? provided further details and repeated the argument
for medical readers.?" They advocated that the difference
Y - X be examined and proposed a limits of agreement
approach. More recently Lee et al.18 advocated the use of
intraclass correlation coefficient as an index of agreement.
Bland and Altman= enumerated deficiencies of intraclass
correlation and Lee31 followed it with a response. Jeyaseelan
and Raolo also endorse the intraclass correlation approach of
Lee et al. 18 We examine both these approaches in some detail
in the following paragraphs and discuss their relative merits
and demerits so that a judicious choice can be made between
the two.

Example
To illustrate the two approaches, we use our data on systolic
BP derived from the plethysmographic waveform of a pulse
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oximeter. This method may be useful in pulse less diseases
such as Takayasu's syndrome. The details have been given
previously by Chawla et al.32 The blood pressure was
measured by the conventional Korotkoff sounds and read-
ings were also obtained at disappearance of the waveform on
pulse oximetry after gradual inflation of the cuff and at
reappearance on gradual deflation. The study was done on
100 adult healthy volunteers. It was found that readings
at disappearance of the pulse oximetry waveform were
generally higher than those recorded using Korotkoff sounds
while those recorded at reappearance were generally lower.
Thus, the average (A VRG) of the two was investigated for
agreement with the Korotkoff readings. The scatter obtained
is shown in Fig. 1 along with the line of equality. On the
whole, the agreement between the AVRG and the Korotkoff
readings was found to be within clinical tolerance'? but later
we observed that there was a tendency for the A VRG to be
lower by 2 mmHg if the Korotkoff reading was less than
120 mmHg and higher by 2 mmHg if it was more than or
equal to 120 mmHg. To investigate this further, we studied
the subjects in these two groups separately. Group I com-
prised 69 subjects with AVRG <120 mmHg and Group II the
other 31 with AVRG > 120 mmHg. The bias of 2 mmHg was
adjusted in these two groups separately as required and then
the agreement was assessed.

The top half of Table I shows that the product moment
correlation coefficient (r) between Korotkoff readings and
A VRG is 0.87 when all 100 subjects are considered together
and the means are far from being significantly different
(p>0.5). The correlation with (AVRG+2) in Group I was
not good (r=0.57) but the mean difference was almost zero.
In Group II the mean difference between (AVRG-2) and
Korotkoff readings was nearly zero but the correlation was
excellent (r=0.92). However, these do not necessarily
indicate that the agreement is also excellent.

Limits of agreement approach
Under this approach of Bland and Altman.!? the difference
D=Y-X is plotted against the mean (Y+X)/2 for each
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TABLEI. Agreement in systolic levels measured by Korotkoff sounds and derived by pulse oximetry

Group II (n=31)
AVRG;;,:120

Combined group (n= 100) Group I (n=69)
AVRG<120

Korotkoff AVRG- 2Korotkoff AVRG* Korotkoff AVRG+2

Mean (SD)
Mean difference
p value for paired t-test
Product moment correlation

coefficient (r)

115.5(13.2) 115.1 (13.4) 109.4(8.4) 109.6(6.4) 129.0(12.1) 129.5(9.9)
-0.4 +0.2 +0.5
~.5 ~.7 ~.6

0.87

SD of difference (SD)
Limits of agreement (D ±2SD)
95% CIon the limits
Intraclass correlation coefficient (r\)
95% lower bound on intraclass

correlation coefficient

6.7
(-13.9.13.0)
(-16.2.15.2)

0.87

0.82 0.43 0.83

0.57 0.92

7.0
(-13.8.14.2)
(-\6.7.\7.1)

0.56

4.9
(-9.3.10.3)
(-\2.3. \3.3)

0.9\

AVRG Average of readings at disappearance and reappearance of wave form on pulse oximeter

subject. Note that when variances of X and Yare equal, the
correlation between (Y - X) and (Y + X)/2 is zero. If the
differences are randomly distributed around zero and none
of the differences are large then the agreement is considered
to be good. D/-O indicates a constant bias which is 20 in
the relationship Y=20+X, and can be corrected by sub-
tracting 20 from each Y. If D follows at least an approximate
normal distribution then D ±2So (standard. deviation of
difference) provides the estimated limits of agreement. If
the distribution is only approximately normal, a deviate of
2 is preferable to the exact value of 1.96. Since the differences
assess only the measurement error, the distribution of D is
likely to be normal even if the distribution of Y and X is
substantially different from normal. If D ±2So limits are
within clinical tolerance in the sense that a difference of that
magnitude does not alter the management of the subjects,
then the first method can be replaced by the second method.
In the investigation done by Chawla et al.32 such limits of
agreement between standard mercury manometer readings
of systolic BP by the auscultatory method and those obtained
as an average of the levels at disappearance and appearance
of the pulse oximeter waveform were reported to be
±14 mmHg. They considered these limits to be within
clinical tolerance. It was therefore advocated that in cases
where auscultation is not possible, readings obtained from
the pulse oximeter could be used to measure the systolic
BP. (Incidentally, the readings obtained by oscillometric
non-invasive blood pressure equipment in the same subjects
were also found to differ within ± 13 mmHg limits from
the standard auscultatory method. This provided additional
evidence that a variation of the order of 10 to 15 mmHg
between the methods is expected.)

Bland and Altman'? went a step further and worked out
the precision of the estimates of limits of agreement. The
95% confidence interval (CI) on bias is D ±2sdvn.
Bland'? shows that the standard error of D - 2So and of
D +2So is approximately V(3So'/n) under the assumption
of normality and a large n. Thus the 95% CIon the lower
limits is (D-2So)±2V(3So'/n) and on the upper limit
is (D +2So)±2V(3So'/n). This in effect means that
the 95% CIon limits are D -2So-2V(3So'/n) and
D +2So+2V(3So'/n). He gave an example of peak

expiratory flow rate readings by a standard and mini meter
showing that the values which apparently looked to be in
fair agreement yield an unacceptably large disagreement
indicating considerable discrepancies in the two flow meters.

In our example. as mentioned earlier, the AVRG+2 in
Group I, AVRG-2 in Group II and AVRG combined has
negligible bias which is measured by the mean difference,
D (Table I). The plot of differences v. subject means is
depicted in Figs. 2a to 2c which shows a random distribution
in each case. Some points are too close or overlap and cannot
be distinctly seen. Using the above mentioned approach,
the limits of agreement are as shown in the lower half of
Table I. These limits are slightly smaller in Group II but in
Group I are nearly the same as when they are combined.
As already stated, a difference of ±14 mmHg has been
advocated to be within clinical tolerance limits because this
also happens to be the difference between the Korotkoff
sound changes and the well established non-invasive blood
pressure instrument readings in the same subjects.F When
a 95% CI is considered the limits enlarge depending upon
So and n. Under the limits of agreement approach, it is
left to the medical specialists to decide whether or not a
difference of the order of D + 2So (which happens to be
approximately 15 mmHg in our example between the two
methods of measuring the systolic BP) is clinically tolerable.

Lee!' remarked that the clinical assessment about
tolerance of limits of disagreement would be highly subjec-
tive and it is extremely difficult to achieve a consensus on
this. Besides a clinician's own perception, the tolerable
differences could vary from one situation to another. He
cited the example of two dietary methods for ascertaining the
intake of various nutrients. The clinical tolerance of the
differences in the two methods would be different if the
objective was nutritional counselling from that if the objec-
tive was investigation on aetiology. He also points out that
the limits of agreement approach fails in case of comparison
of the oscillometric monitor method with the intra-arterial
pressure method of measuring BP since the oscillometric
monitor tends to over-read in the low BP range but under-
read in the higher range. Though apprehension about
subjectivity is valid, the second objection could easily be
taken care of by using the trend in the plot of differences
advised by Bland and Altman.'?
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FIG 2. Satterplot of differences v. subject means

Intraclass correlation coefficient approach
Lee et at. 18 proposed that intraclass correlation coefficient be
used to assess agreement. The model considered by them is

(A)

where M, and M2 are the methods effect. The two methods
are assumed to be (0,as2) for all j. Also, the error eij for
each (i,j) is N(O,a'/). The model assumes no interaction
between methods and subjects, thus even a non-linear trend
of differences against (Y + X)12 is ruled out. In other words,
any discord should be due only to bias and random error. The
model leads to ANOV A as in Table II.

The population intracIass correlation coefficient is given by

The last column of Table II shows that its estimate is

n(S-E)
nS+2M+(n-2)E

Note that M, Sand E in formula (C) are mean squares, which
are obtained by dividing the sum of squares by the corres-
ponding degree of freedom (df). The expressions given by
Jeyaseelan and Rao'? are for the sum of squares but they

TABLEII. ANOYA for model (A)

have inadvertently called them mean squares. r, measures
correlation in excess of chance between measurements by the
two methods. Lee et al. 18 have also given expressions for CI
on r.. Differing somewhat from them, we feel that for assessing
agreement only the lower bound is important. For 100(1- a.)%
confidence this is given by

lower bound n(S-FaE) (D)
Fcx.[2M+(n-2)E]+nS

where Fa. is the upper WO(1-IX) percentile of F-distribution
with (n-1, v) degrees of freedom. The second degree of
freedom v is approximated by

(n-1)[2rF+n(1 +r)-2rF
v 4(n-l)r2F2+[n(1+r)-2rF (E)

(B)

(C)

where F=MIE as usual. Also, r in equation (E) is rl but the
subscript has been omitted to keep it simple. The formulas
(C), (D) and (E) are the corrected versions of those given by
Lee et at. 18 (Their expressions contained some typographical
errors.) The df v can come in decimals, which then needs to
be rounded-off, and percentile point of F may have to be
interpolated. In the context of agreement, r[ makes sense
only if method means are not significantly different. This test

Mean squares
Source df MS Combined Group I Group II E(MS)

Methods 1 M 10.12 2.09 3.16 a/+naM2
Subjects n-I S 333.91 86.35 232.00 a/+2as2
Error n-I E 22.59 24.89 11.83 a 2

e

df degree of freedom

TABLEIII. Comparative merits of the two approaches of assessing agreement between two methods of
measurement

Item Limits of
agreement
approach

Intraclass correlation
coefficient
approach

1. Does not depend on subjective judgement of clinicians
2. Easy to communicate and interpret
3. Independent of intersubject variability
4. Methods fixed instead of random with same variance
5. Provide separate estimate of bias and random error

No
No
Yes
Yes
Yes

Yes
Yes
No
No
No
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comes from the first row of Table II, which is equivalent to
the paired t-test.

In case of our pulse oximeter data, the MS values for
Group I and Group II separately are shown in Table II. For
Group I, the calculations are based on AVRG+2 and for
Group II on AVRG-2. Even though p values for testing the
significance of difference between method means are not
shown, these are exactly the same as in Table I for the paired
t-test. In the lower half of Table II, the values of rl and the
95% lower bound are also shown. Incidentally, in this case
the values of intraclass correlations are not very different
from product moment correlations, but they can be very
different.

MERITS AND DEMERITS OF THE TWO
APPROACHES
The advantage with rl is that it is unit free, and the range is
from zero for no agreement in excess of chance to unity for
perfect agreement. Negative values are theoretically possible
but are ruled out in agreement studies. Because of its unit
free and (0,1) nature, the intraclass correlation is easy to
communicate and interpret. Lee et al. 1M advise that a value
greater than 0.75 for the lower limit of CI be regarded as an
indication of good agreement. In our opinion, in place of
two-sided CI, a one-sided lower bound is more appropriate
in this case. In view of the cut-off of 0.75, there is no need to
depend on the clinicians' subjective assessment unlike in the
limits of agreement approach. Using this criterion, the agree-
ment is good in Group II as well as in the combined data but
not in Group I. But this is expected since rl has a problem. It
is evident from (B) that rl would be high if 0/ is high, i.e. if
the subjects are heterogeneous. Thus it would always be the
high systolic BP which is more variable than the diastolic BP.
This deficiency becomes evident in Group I in our example,
where the variability is small as this group contains only those
subjects whose A VRG is less than 120 mmHg. This is the
main criticism by Bland and Altman 16 against the use of intra-
class correlation coefficient in agreement studies. To this
Lee31 replied that the subjects have to be representative of
the population so that sample variability is as much as in the
population. What it means practically is that if agreement is
evaluated over the entire range of BP values then it is not
readily applicable to the subset containing only the lower
values. This is aptly illustrated in our example. He also points
out that the usual product moment correlation coefficient
also suffers from the same drawback but that does not throw
it out of use. The second objection to the use of the intraclass
correlation coefficient in assessing agreement is the assump-
tion that the two methods are random samples out of a large
number of methods and that both methods have the same
measurement errors (variance). In practice, the methods are
fixed and equality of error itself may be under irivestigation
in agreement studies. Only in the case of inter-rater reliability
studies can this assumption be justified. The third objection
is that rl undesirably combines the bias and random error.
Estimate of bias could be useful in suggesting improvements.
In our present example the adjustment of 2 mmHg in our
groups is based on such a bias. Jeyaseelan and Rao,1O while
recommending rl have made a mention of the first, that too
in the context of r and not rJ, but have completely ignored
the second and the third objections which may be serious
in some cases. They have made a reference to the graphical
method but have not given details of the limits of agreement

approach. This approach obviates the three objections in
intraclass correlation but that does not make it foolproof.
As already mentioned, the ultimate decision under the limits
of agreement approach depends on a clinician's subjective
assessment which can vary greatly from specialist to specialist
and from situation to situation. We also mentioned earlier
that a high r is a prerequisite but not sufficient for good
agreement. In Group I in our example, this correlation is
relatively poor and so is rl (Table I). Though smaller rand
rl can be partly ascribed to smaller variability in this group,
this evidence against good agreement cannot altogether be
ignored. If the correlations are ignored and judgement is
based entirely on the limits of agreement, as advocated by
Bland and Altrnan.!? the agreement in Group I would be
considered nearly as good as in the combined groups. A
small ri indicates that this may not be entirely true.

A comparative chart of the merits of the two contending
approaches is given in Table III. Our conclusion from this
table is that none of the methods is perfect and there is a need
for another method which could incorporate the merits of
both and is free from the demerits. Till such time, we recom-
mend the use of the limits of agreement approach in cases
where clinicians develop a reasonable consensus on the
maximum tolerable differences. When this consensus is
elusive, as is sometimes likely, then the intraclass correlation
coefficient should be used. A holistic view would be to use
both the approaches and be confident if both reveal a
high degree of agreement between the methods under
comparison. In our example, such caution is required in
concluding agreement in Group I, but good agreement
in Group II and in the combined groups can be safely
concluded.
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