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Abstract

Background. Anaesthetic journals frequently publish studies comparing measurement methods. A common method of
analysis is the Bland and Altman plot, which relates the difference between paired measurements to the mean of the pair.
Previous reviews have shown that key data are often omitted from reports using this method of analysis, and the analysis
of more complex data is frequently insufficient.
Methods. We identified articles by searching reports, and subsequent citations, considering use of the method. We assem-
bled a list of frequent and important criteria from these articles. These key features were tested by assessing articles in the
yr 2013 and 2014, in five anaesthetic journals: Anaesthesia, Anesthesiology, Anesthesia and Analgesia, The British Journal of
Anaesthesia, and The Canadian Journal of Anaesthesia.
Results. We found 29 features suggested for reporting such studies. Eight of these were frequently found. We chose 13 key
features. In the journal articles reviewed to test these features, three features were almost always reported: the data struc-
ture, a plot of the bias, and the limits of agreement of the differences. Often, features required for adequate interpretation of
the studies were absent, notably an a priori decision of acceptable limits of agreement, and an estimate of the precision of
the limits of agreement.
Conclusions.Bland and Altman analysis remains poorly reported. Our formal list of key criteria will assist authors in provid-
ing all the relevant features of a study. We explain errors that may be made in reporting, and suggest methods for analysis,
including easily available software.
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To compare different methods of measurement, study results
are often presented and evaluated using the general method
popularised by Bland and Altman, whose paper in 1986 became
one of the most commonly cited in statistics.1 This process

compares measurements made by two different methods, and
has been widely adopted by anaesthetists. An example is shown
in Figure 1. This plot displays the difference between a pair of
measurements made with the two methods, in relation to the
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mean of this pair of measurements. The values fall within the
“limits of agreement” which summarize the overall matching be-
tween the two methods of measurement. If measurements with
the two methods are similar, then the differences between them
will be small, with an average near zero, they will be consistent
over the range of measurement values, and the limits of agree-
ment will be narrow. Statistical treatment of the data is simple, if
only one pair of measurements is taken in each of a number of
separate subjects. However if several measurements are made in
multiple subjects (as in the example in Figure 1), the limits of
agreement are less easily calculated, and are not exactly known.
In the example shown in Figure 1, we present the limits of agree-
ment with their 95% confidence intervals. Answering the final
question “do these methods yield results that are in agreement?”
depends in large part on the overall range of the limits of agree-
ment and also their confidence intervals. A misinformed answer
to this question could mean that a new, unreliable measurement
device is inappropriately used to guide clinical practice.

Repeated reviews since 19992–8 have shown that the Bland and
Altman method is inconsistently used and inadequately reported.
Several of these reviews specified features that if reported, would
allow proper evaluation of a published study. Unfortunately these
helpful suggestions were often not laid out systematically as an
explicit list of specific requirements. Because previous reviews of
the Bland and Altman method did not formally list the key fea-
tures required, valuable suggestions and recommendations for
adequate reporting appear to be rarely followed.

The most important element of inadequate reporting relates
to the “limits of agreement”. This is a critical feature of the
method. These limits are an estimate, based on the experimental
sample provided by the study, and represent the likely scatter of
the average differences. The limits of agreement can only be used
properly if the confidence intervals of these limits are known.6,9

These confidence intervals are affected, often substantially, by
the structure of the data, particularly when several measure-
ments are made in each of a number of subjects (Fig. 1). This form
of data is frequent in clinical studies. Measurements recorded on
the same patient could be expected to vary less than measure-
ments recorded from separate patients.10 Confidence intervals for
the limits of agreement are rarely presented in medical studies.4,11

This may in part be because methods to calculate these values
easily are not readily available,10,12 compared with software that
is used to carry out other frequently used statistical tests.

Reporting guidelines are now common for many types of sci-
entific study.13 Using guidelines should improve the standard of
published research, and allow more effective pooling of study
data.14 In an attempt to improve the standard of reporting com-
parisons of methods of measurement, we reviewed all available
material on Bland and Altman analysis. We collected published
material which suggested features that should be reported
when a comparison of methods was conducted, and drew up a
practical summary. We tested this list to assess the use of re-
porting standards, by examining comparison studies recently
published in major journals of anaesthesia. Our findings suggest
that journals should provide explicit guidance for the reporting
of comparison studies.

Methods
Establishing criteria

We assembled all the papers (original articles, editorials, and
letters, in the English language) we could find that discussed,
criticised, or recommended how comparison studies using con-
tinuous data should be reported. Having identified six obvious
source articles2,3,5,6,8,15 published between 1990 and 2007, we
then used links from these articles to “related papers” or similar
facilities in PubMed, the ISI citation index, and Google Scholar. A
conventional search for original articles in PubMed failed to re-
turn many of these articles, possibly because relevant publica-
tions were not original papers, but were editorials or even
letters, or because search terms are too literal.

We searched PubMed using a broad strategy using MeSH
keywords that were associated with our source articles, (i.e.
“[Data Interpretation, Statistical] AND Monitoring, Physiologic/
statistics & numerical data*”). This yielded many more general
articles on standards or guidance on reporting.

We consulted “instructions to authors” provided by the fol-
lowing journals: Anesthesiology, Anesthesia and Analgesia, The
British Journal of Anaesthesia, Anaesthesia, and The Canadian
Journal of Anaesthesia. We wrote to the Editor-in-Chief of each
of these journals asking if their journal provided any specific
guidance for editors, assessors or referees, relating to statistical
matters in general and specifically in regard to comparison
studies. In several cases, a repeat request was required. Two
journals failed to respond.

We found 111 papers that were potentially useful in provid-
ing guideline material (Supplementary material A). These pa-
pers included not only those relevant to the method of Bland
and Altman, but also more general articles on reporting compar-
ison studies, and more general guidelines on reporting. We re-
viewed each of these articles and noted all the suggestions
made concerning reporting criteria which were directly relevant
to the Bland and Altman method. The papers that were used to
provide these suggestions are indicated in the supplement.
From these suggestions, we assembled the most frequent and
pertinent criteria (Supplementary material B). The results sec-
tion below (Results –Setting Criteria) reports how these were as-
sembled into a list of 13 key items, that would allow a practical
measure of the completeness of presentation of Bland and
Altman comparisons (Table 1).

Assessing recent publications

Each author independently searched two calendar yr of issues
for these journals (2013 and 2014, excluding supplements and
special issues) to obtain a contemporary sample of comparison
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Fig 1 Influence of multiple measurements in several subjects (indicated by

the different symbols) on the precision of the limits of agreement. Data

replotted from Bland and Altman (2007) J Biopharm Stat 17 571. Grey areas

represent the 95% CI for the Limits of Agreement.
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studies in principal anaesthetic journals. After review and dis-
cussion, all authors agreed on the inclusion of the articles se-
lected for scoring. These papers are listed in Supplement C.
Each paper was assessed and scored by each author indepen-
dently, using our list of criteria. A single mark was allocated for
criterion present, and zero for not present. In many articles, the
presentation of these criteria was not explicit: for example, the
adequacy of limits of agreement was considered in the discus-
sion section or by reference to previous publications, and not a
priori. General difficulties with scoring were discussed by the au-
thors, allowing refinement of the criteria, but the final scores al-
located to each article remained individual.

The conduct of the study reported in each article, and the
structure of the data, influenced the actual criteria that could be
applied to each paper. One such criterion was reporting the re-
peatability of a measurement. This can only be assessed if several
measurements have been made in conditions when the feature
measured is not expected to vary. This condition, often expressed
as “true value remains constant” is not frequent in anaesthesia:
the alternative, “true value varies” is much more common. The
other criterion that may not be always applicable is when several
sets of measures are made in several subjects, a more complex
structure compared with when only one pair of measures is
made in each of several subjects. The former circumstance of
multiple patients, each with multiple measurements, will be de-
scribed as “repeated measures” as has been done previously.6

The adequacy of reporting of each criterion, when applica-
ble, was summarized by the sum of the marks allocated by the

authors, and expressed as a percentage of the occasions when
this was an applicable criterion. We also noted the citations of
“methods papers” made by each paper, to see if these were ap-
propriate to the data considered.

Results
Results: setting criteria

Not all the journals surveyed provided guidelines to authors for
reporting Bland and Altman comparisons. One journal sug-
gested the “Bland and Altman method” but gave no further de-
tails. One journal provided more specific advice, by referring to
two publications which we had included in our “source arti-
cles”.8,16 One journal referred assessors to the original paper by
Bland and Altman17 which is often insufficient, and gives no
guidance on acceptable reporting of the variables.

We found 111 papers that could be relevant to our question
“what do authors recommend should be reported when a Bland
and Altman analysis is presented?” These papers are listed in
supplementary material A. However, a substantial minority of
these papers were suggesting alternative methods of analysis,
and did not directly provide guidance about the Bland and
Altman method per se. After these papers were excluded, we
analysed the recommendations of 64 publications (indicated by
* in the list) and noted the features that these publications sug-
gested for adequate reporting. We noted a total of 29 unique

Table 1 List of key features for adequate presentation of Bland and Altman analysis

1. A priori, establish the acceptable limit of agreement.
A statement that the authors determined what was clinically relevant, and expected the observed LOA to fall within that range

2. Describe the data structure (i.e. single paired measurements, replicates, several measures in different subjects)
This feature may be implicit in the description of the study,(e.g. a single measure of NIBP with two devices in each patient). Replicates are imme-

diately repeated measures(i.e. “true value constant”) so that the innate variation of the measurements (one of the several sources of varia-
tion) can be determined. These are not frequent in anaesthetic literature but could be present for example replicate blood samples subjected to
the same assay within a few s

3. If possible, estimate the repeatability of the measures.
(i.e. if replicates are available, estimate the differences between replicates and the SD of these values).

4. Plot the data and inspect for absence of trend and constant variance
For example, provide a distribution histogram of the differences which should be normally distributed. If the plot suggests that there may be a

trend in the differences, see if there is a significant regression. See if the scatter of the differences depends on the mean of the observations
(commonly, an increase in scatter with an increase in the mean)

5. If necessary, transform the data (e.g. ratio, log) to account for changes in variance in the differences
In other words, follow on from 4

6. Plot and report numerically the mean of the differences (Bias)
7. Give an estimate of the precision (e.g. SD, or 95% CI)

This is usually the SD of the differences
8. Calculate and indicate the limits of agreement (LOA) of the differences
9. Provide an estimate of precision (e.g. 95% CI)

The CI may be applied to the LOA to give the upper and lower bounds of the estimate of the confidence range.
10. Ensure that the range of the mean values is sufficient. A narrow range of original values will result in agreement being inevitable.

This can be verified by inspecting the results of randomly paired variables (see Preiss and Fisher)
11. Variance between and within subjects, or a statement that the CI of the LOA were calculated taking the data structure into

account.
The CI for the limits of agreement can be substantially affected by the data structure

12. Software or computing processes used.
Readers may wish to check the results, validate the findings, or use the methods in a further study.

13. Statistical assumptions made, such as normality of the data.
If the normality of the data is tested, state the test used, and the result obtained
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features. Eight of these features were found in five or more of
these publications, and another 10 features were suggested by
between two and five publications in the papers reviewed.
These results are detailed in supplementary material B. The
nine most popular features are listed below:

1. A priori, establish the acceptable limits of agreement
2. Describe the data structure (e.g. single paired measure-

ments, replicates, several measures in different subjects)
3. If possible, estimate the repeatability of the measurement.
4. Plot the data and inspect for absence of trend and constant

variance.
5. If necessary, transform the data (e.g. ratio, log) to account for

changes in variance in the differences
6. Calculate and plot the mean of the differences (bias)
7. Give an estimate of the precision of the bias (e.g. SD, or 95%

CI)
8. Calculate and indicate the limits of agreement (LOA) of the

differences
9. Provide an estimate of precision of the LOA (e.g. 95% CI)

Figure 1 shows an example of the last feature. Surprisingly,
none of the features in this table were mentioned in 29 out of
the 65 publications that provided guidance, perhaps because
some were “too obvious to mention”. Such features are often
presented in the plot itself (the plot of the difference between
measures, against the mean of the two measures) and features
of the population such as the total number of subjects, the num-
bers of measurements, and the sampling conditions, are usually
expected to be provided in any research report.

We found one guidance paper which showed clearly that the
usefulness of the limits of agreement may depend on the range
of the values studied. This paper randomly reassigned data val-
ues between pairs of measurements. Analysis of these “shuffled
pairs” showed that if the range of the measurements was small,
the limits of agreement remained “acceptable”.18 Although this
was the only paper we found that suggested a specific check for
this feature, it is clearly an important factor. A simple example
is shown in supplementary material D. As a result, we added
the following requirement:

10. Ensure that the range of mean values in the data is
sufficient.

Other features that we found in our survey were mentioned
rarely, because they are only relevant in specific conditions.
Thus, only four publications suggested that variance within and
between subjects should be assessed. This knowledge is re-
quired to calculate the CI for the limits of agreement, when sev-
eral measures are made in different subjects. The CI for the
limits of agreement can be substantially affected by the data
structure19 (See Figure 1, and the discussion for further explana-
tion) We therefore set a criterion:

11. Present Variance between and within subjects, or provide a
statement that the CI of the LOA were calculated taking the
data structure into account.

Finally, in our publication review, we found that only three
papers discussed the computing methods used and only two
provided sources for code. We therefore added these features as
they are desirable in any report using statistical tests:

12. Software or computing processes used.
13. Statistical assumptions made, such as normality of the data.

These key criteria were assembled into a standard document
with explanatory comments. (Table 1)

Results: assessing recent publications

The authors initially agreed that 44 papers from the sample of
recent journal issues should be considered. (supplementary ma
terial C) After a first attempt at scoring, further discussion ex-
cluded two papers from further consideration. One (paper 1 in
material C) had applied the comparison method to regression
coefficients, which is certainly an unconventional and probably
an inappropriate application of the method. The other (paper
41) was a comparison of methods of measurements of cardiac
output, which referred to the Bland and Altman method in cita-
tions, but only applied polar plot analysis, and did not apply the
Bland and Altman procedure. One paper was included which
was unconventional (paper 22). Here, the Bland and Altman
method was used to compare changes, not absolute values, of
cardiac output measured by two different methods, before and
after interventions. In all, 42 papers were scored.

In the 42 papers considered, we assessed 13 key features of
the presentation of results, listed in Table 1. In some papers, not
all features were relevant: for example, in 10 of the 42 studies
analysed, single measurements were made in individuals.
Those studies that involved “repeated measures” are indicated
by * in the supplementary material.

Each author marked each paper independently. We found
that some criteria, for example the exact data structure, were
difficult to judge, requiring repeated careful reading to be cer-
tain of these features. The option of ‘not applicable’ was possi-
ble, and if all three markers considered a criterion ‘not
applicable’ then that criterion score was removed from the pos-
sible maximum score for the paper, reducing possible score be-
low 39. The score for each paper was expressed as a percentage
of the possible score for that paper.

Thus the maximum possible score for each paper could vary
from 27 to 39. The median of the scores was 59% (quartile val-
ues, 50 and 70%) (Fig. 2).

Some criteria, such as data structure, and the bias between
the methods, were well reported: others such as the precision of
the limits of agreement, were reported rarely (Fig. 3).

Considering the 32 studies in which multiple measurements
were made in several individuals, 26 of these cited a reference
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Fig 2 Distribution of scores achieved by the papers reviewed. The median

score was 57%, (quartiles 50, 70).
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to an appropriate method of analysis, regarding management of
variation between and within subjects. The other eight did not
cite appropriate references for a method of analysis (These
papers are indicated by † in supplementary material). Thirteen
papers stated that the confidence intervals presented for the
differences between the methods took account of the data
structure, or presented information about the between- and
within- subject variation, or both. However, only five of these
papers presented 95% CI for the limits of agreement, although
30 papers provided a plot of the limits of agreement. In some pa-
pers, a different feature, the accuracy root mean square error,
was used to express the variability of the differences.

Discussion

We tested our checklist of key features required for reporting
Bland and Altman analysis by reviewing recent articles in major
anaesthetic journals. We found that that current reporting of
the Bland and Altman method is imperfect. Although data
structure was described and bias was plotted reliably, the clini-
cally acceptable limits of agreement were not established a priori
in more than 50% of the publications reviewed. Bland and
Altman consider this to be a key criterion.10

The journals we chose were exclusively anaesthetic, and
those with the highest impact factor. It was used to test the list
of criteria we devised, and not intended to investigate specifi-
cally the reasons for poor reporting. A possible further study
would be the use of a priori limits in specific fields, such as car-
diac output measurement, where some authors have already
suggested limits.

Agreement between devices is commonly determined by the
limits of agreement. The precision of this measure depends on
the source of variance in the data, for example when multiple
measurements are taken from each patient. We illustrate these
different sources of variance, drawn from measurements taken
from one of the papers we reviewed, in Figure 4. It shows how a
compound figure of all the data could mislead, concealing dif-
ferences in bias between subjects. Out of 32 papers in which
multiple measurements were taken from each patient, only four
received a score for providing an estimate of the precision of the
limits of agreement. As we show in Figure 1, this precision may
in some cases be limited, and proper knowledge of this feature
may alter practical decisions about the value of a measurement
device. This was the most frequent feature that was poorly

reported (Fig. 3). Our limited observations provide little evidence
for the reasons for this, which could include setting alternative
limits such as “percentage error”, the wish to conceal possibly
poor agreement, and the lack of software available to derive
these values.

Poor reporting of Bland and Altman analysis has been de-
scribed before. In 1999, Critchley, Lee, and Ho2 reviewed studies
of cardiac output, searching for four features. In 2000, Mantha
and colleagues3 suggested five items that should be provided for
adequate description of a comparison study.3 Both groups re-
viewed samples of publications and found that few reported the
features that they sought. A later study5 had similar findings.
Other authors have pointed out that other features are impor-
tant: Myles and Cui6 emphasised that the precision of limits of
agreement depends on the structure of the data, and Preiss and
Fisher18 have shown that the range of the data affect the limits
of agreement.18

In view of the past poor standard of reporting, and the evi-
dence we present from recent publications that the present po-
sition is little better, we suggest that a practical, formal list of
desirable criteria could be helpful for authors and reviewers. We
derived our list based partly on a consensus of a large corpus of
previous advice, and partly on more recent findings. If subse-
quent reports were required to use such a list, then study de-
scriptions would be more complete, and perhaps more clear.
We found that although we had a definition of the features we
wished to find in our sample papers, and read the papers care-
fully, it was often hard to establish some important features.
The most obvious of these was the data structure, which has a
substantial influence on the method of analysis and interpreta-
tion of the results.19,20 As with many topics, and has been
shown when using other reporting criteria, omissions are more
easily recognised when a checklist is used.

Poor reporting makes subsequent meta-analysis difficult.
Important measures such as cardiac output, haemoglobin, and
body temperature have been studied many times, but meta-
analysis of such study reports is difficult because the data are
presented in different ways and varying detail.21–23 Others have
noted this difficulty24, which may result from poor instructions
to authors on this topic,25 and have suggested more formal rules
for data presentation.26,14

Precison of the limits of agreement
Is the range of the mean values sufficient?

Transform the data if necessary
Estimate of the repeatability if possible

Statistical assumptions made
Multiple measures: variance assessment

Define the acceptable limits of agreement
Check for trend in the differences and variance

Precision of the estimate of the bias
Software or computing methods used

Plot the limits of agreement
Plot difference vs mean, with the bias

Data structure described

0 50
Percentage of publications that

provide this feature

100

Fig 3 Frequency with which the criteria were found in the test survey.
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Fig 4 An example taken from one of the papers we surveyed, where a fig-

ure presented multiple measurements taken from 20 subjects. We empha-

size two data sets from individual subjects with substantial variation in

bias. (compare A with B). Other subjects in the data presented showed var-

iable precision. These features were barely discernible in the original

publication.
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Cardiac output measurement systems are often compared in
anaesthesia journals. To set limits of agreement a priori, as sug-
gested by most of the publications we surveyed, the investigator
should define the agreement needed to allow a new measure-
ment system to be substituted for a previously used device. This
is fundamentally a clinical decision, affected by considerations
such as how much a measurement needs to differ from a previ-
ous value to warrant intervention. Rather than setting an a priori
value, Critchley and Critchley2 considered the inherent repeat-
ability of cardiac output measurements taken with different
devices, derived a percentage measure using an estimate of the
combined variances, and defined this as [plus or minus 2(SD) of
the measurement differences/mean of the average measure-
ments]. They assessed the repeatability of measurement meth-
ods, such as repeated thermodilution measures when the true
value was constant, at about 20%. If the new method had a simi-
lar % error, then the theoretical minimum % error would be 30%,
so they argued that such a value would indicate adequate agree-
ment. Subsequently, this expression of % error has been used as
a summary statistic to allow comparison of different measure-
ment devices for cardiac output. It may easily be derived from
the SD of the mean of the differences, if the mean of the mea-
surement averages is also provided, and may allow different
cardiac output studies to be compared. Thus, the mean of the
average values should be provided when % error is not stated.
This measure was advocated in only one of the publications we
identified in our initial search. The concept of “acceptable” %
agreement has been derived a posteriori from the variation of re-
peated measures obtained when the presumed true value is
constant (which is not available in many clinical studies). More
importantly, this measure does not incorporate any indication
of the confidence limits of the estimated variance, which can
vary between different studies, and could be considerable, so we
suggest that the use of % error is inadvisable.

We could not devise an effective formal search process to
find publications that would provide guidance. Permutations of
standard MeSH or ISI terms were unhelpful, as were the index
terms provided with articles that were clearly relevant.
Generally, we found links such as “see related articles” and cita-
tions of the key articles that we had already identified, were
more likely to provide helpful material. However our aim was
not to collect all the information available on a topic, as is re-
quired for a systematic review of evidence. Rather, we wished to
assemble sufficient material to develop a consensus view of fre-
quent key features, and we are confident that we have assem-
bled sufficient material (supplementary material B) to do this.
What was remarkable was how some vital information was
rarely detailed specifically (e.g. our key item 2, data structure). If
an obvious feature such as this had not been explicitly identi-
fied as important, it could be that some other important fea-
tures were also not included by these papers that we studied,
and thus could not be chosen for inclusion in our criteria. Our
method could not show up “holes” in current advice: this defi-
ciency would only be met by a consensus of experts.

We tried to be objective when we drew up our list of appro-
priate criteria, and chose the most frequently suggested fea-
tures. These were limited by pragmatic considerations. The
selection of such features from the source articles was to some
degree subjective, but refined by repeated reading of the chosen
texts. However, the observations of Preiss and Fisher17 that the
data range affected the limits of agreement was judged impor-
tant, even though this matter was not considered by any other
authors. Unfortunately no software is readily available to carry
out this check. However careful inspection of the plot will

indicate the relative magnitude of the mean values and the dif-
ferences. For guidance, we provide an example in the
Supplementary material D. This shows a plot not dissimilar to
many published, but easily generated by random association of
samples from a single population. Apart from this feature, our
list contains the predominant “top ranking” recommendations,
plus obligatory features such as statistical methods. A consen-
sus conference could have been an alternative way to generate
a checklist, but this would require substantial resources that
were not available to the authors.

Our test of these key features, conducted on a recent sample,
had the advantage of being performed by three independent
scorers. Each had been trained to search for the criteria, and
each searched independently. Consensus was achieved for the
“not relevant” judgement as that affected the denominator of
the score of completeness of reporting, but judgement of pre-
sent/not present remained an individual judgement.

We hope that if a checklist of explicit key features, such as
we propose, or similar, is applied by both authors and editors,
then the standard of presentation of comparison studies can be
improved. In addition, analysis may be assisted by freely avail-
able software27 which provides a simple guide to users to carry
out and report these studies, based on recent publications on
the topic.10,12
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