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Relationship of lung function loss to level of initial
function: correcting for measurement error using the
reliability coefficient
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SUMMARY The regression oflung function change on the initial lung function level is biased when the
initial level is measured with random error. Several methods have been proposed to obtain unbiased
estimates of regression coefficients in such circumstances. We apply these methods to examine the
relationship between lung function loss over 11 years and its initial level in 433 men aged about 20
when first seen. On theoretical and practical grounds the best method is the correction of the
regression coefficient using the reliability coefficient. This is defined as the ratio of the error free
variance to the variance ofthe variable measured with error, and is easily estimated as the correlation
between repeat measurements of the underlying level. In young men the loss of some lung functions
(forced vital capacity [FVC], forced expiratory volume in one second [FEVI], forced expiratory flow
in the middle half of expiration, and the ratio FEVI/FVC) do not appear to be related to initial level.

In epidemiological research, it is often relevant to
determine if a change in measurement of a variable
between two occasions is related to the initial level of
that variable. Random measurement or observational
error in the initial measurement results in a biased
estinate of this association. Despite extensive
documentation of this phenomenon (regression to the
mean) over several decades, ' inferences are often
still based on associations which may well be explained
by random measurement error, as recently pointed out
in the case of blood pressure.5 The purpose of this
paper is to review methods of analysis of change on
initial level which attempt to take account of the
consequences of random error of measurement and
apply them to determine whether lung function loss is
related to initial level in young men.

Theoretical considerations

MEASUREMENT ERROR
The linear model of the relationship between change
and initial level, assuming there is no measurement
error and no confounding, is:
L2-LI = O + OLLI + e (1)

* Present address and address for correspondence and reprints:
Professor L M Irwig, University of Sydney, Department of Public
Health, Building A27, Sydney, New South Wales 2006, Australia

where: L1 = the error free value or "level" on the
first occasion

L2= the error free value on a second
occasion, eg, ten years later

a = a constant
OiL = the regression coefficient for LI
£ = the residual term, ie, random deviation

from the linear model.
Note that change is measured as the second minus the
first measurement. A negative value therefore
indicates loss.

In practice, Li (i = 1 or 2) is usually observed with
random error (6k) resulting in a measurement Mi,
where Mi = Li + Si. The model from equation 1 then
becomes:
M2-Ml=aC+PLMl +£-81 +62 PL61 (2)

alternatively expressed as:
M2=z+(l+ PL)M X+±+62- (l±+ L)6 (3)

The error component now includes (1 + 3L)61. which
is not independent of M1 and therefore violates the
necessary assumptions of regression analysis.6
The coefficient 1 + 1L is defined as aL21-X/aL-,X
where aL2L1 is the covariance between LI and L2
and aL,2 is the variance ofL . When Mi is used instead
of Li, the use of CM XM2/aMX 2 leads to a
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biased estimate hIXL. As the random measurement
error terms 61 and 62 are by definition uncorrelated,
substituting Mi for Li does not alter the expected
covariance, ie, cymlM2 = (aL1L2.7 Because_M12 is
greater than aL12, the expected value of 1 + IL will be
smaller than I + 3L. Assuming that LI and 61 are
independent and normally distributed, cMm 1 2 is equal to
CL12 + ca 2. The ratio of the variance of error free
values (CTL, 2) to that ofmeasurements (CM 1 2) is called
the reliability or generalisability coefficient (G):7-12

=2 = M12 Ca 2a2 1
2

G=~~~~ -
I l=I ---- (4)

CTM aM1 CTM1

It follows that the expected value of I + PL1 is equal to
G(l + 3L). The implications for longitudinal data are
easily demonstrated by a simple example in which
change is not associated with initial level, ie, 1L = 0 or
I + PL = 1. In the presence ofmeasurement error, G is
less than 1. Therefore the expected value of +TjL will
be less than 1 and hence the expected value of
(hrRi5-1 will be less than zero. In other words,
random error of measurement induces a spurious
negative regression of change on initial level, the
phenomenon known as regression to the mean."4

CORRECTION OF REGRESSION COEFFICIENTS
FOR RANDOM ERROR OF MEASUREMENT USING
THE RELIABILITY COEFFICIENT (METHOD 1)
The unbiased estimate of 1 + 1L can be obtained by
dividing the calculated regression coefficient by the
relevant reliability coefficient,'3 ie:

+ -L= GjL (5)

The correeL is then obtained by subtracting 1
from +J3L. The regression coefficient for L
estimated from samples can be corrected for random
error of measurement by the method outlined above
using estimates ofG (6). The variance of a corrected
regression coefficient is estimated approximately4 by:
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(1 + iL = 0) will be unaltered after correction ifn and
n I are very large; otherwise the test will be less
significant. However, the hypothesis one wishes to test
is whether change is independent of initial level, ie,
whether PL = 0 or 1 + 3L = 1. If the biased estimate
of rL is negative, the corrected estimate will approach
zero or become positive and its standard error will
increase. If the corrected estimate of PL is negative, the
probability of rejecting the null hypothesis will be
decreased.
The reliability coefficient is estimated easily by the

correlation between repeat measurements of the same
underlying level (p).9 The reason is as follows. Imagine
repeat measurements (MA and MB) of the same
underlying level L. Assuming that 6 is independent of
L and that 6A is independent of 6B, the expected value
of the covariance of MA and MB will be the same as
that of error free measurements LA and LB,' ie:

aMAMB = aLALB = a2L (7)

Now PMAMB -= AB a L
CMACaMB a M

In the case of lung function measurements concerned
with the detection of chronic airways obstruction,
repeat measurements should be days or weeks apart so
as to include both technical and short term biological
components of the random error variance. This is in
contrast to much of the published literature on lung
function variability, in which random error of
measurement is often assessed on only one piece of
equipment by one technician and sometimes on only
one occasion. 4

Correction of regression coefficients using the
reliability coefficient is based on the assumption that
random measurement error is normally distributed
and independent ofthe true level oflung function.8 9 15
However, correction of regression coefficients is
consistent if the error is not normally distributed,
though the variance of the regression coefficient may
be slightly biased.'5

a=2 2+-.. -k = aT I+ L -

(m21 L

(1 L)2

(6)

-G 2( 1
l-G
2

n-I

+ 1

n1-l

where n = sample size for calculation of I+1L, and
n= number of pairs ofmeasurements for calculation
of G.

As n and n1 approach infinity, the variance of the
corrected regression coefficient decreases to

1'
[-+= l L/G, the

probability of rejecting the null hypothesis

OTHER METHODS OF CORRECTING REGRESSION
COEFFICIENTS FOR RANDOM MEASUREMENT
ERROR
Apart from the use of the reliability coefficient, the
literature contains several other methods of correcting
for the effect of measurement error in longitudinal
data.'6 All of them are based on the principle of
substituting the predictor MI by some other measure
of Ll.

Substituting L1 predicted from other variables
(Method 2)16 One can use an independent estimate
of initial level, Mla, predicted by a set of instrumental
variables. These are defined as variables which are
correlated with the predictor of interest but
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Correction of error in estimating lung function loss over time

independent of its random error of measurement. If
the error of Mia is ala, then:

M2-Ml = a + PLMIa + £-61 +62 |PL6a (8)

For example, one can predict some lung functions by
height, and use the predicted value as MIa in equation
(8). This method is equivalent to using an instrumental
variable (H), to estimate the regression coefficient as
follows: 17

a2M2H
1 + PL = ___9_

Even if height is measured with minor error, making
the IL61a term in equation (8) negligible, the method
has several disadvantages. First, the predicted value
excludes the component of variance due to biological
variability unrelated to height. This component may
have a different relationship to lung function change
than that of the height related component. Second, the
variance of the predicted M la will be smaller than that
of L1. This results in a large standard error of the 1L
estimate.

Substituting (M1 + M2)/2for LI (Method 3)3-
The regression of M2 - Ml on (MI + M2)/2 is a
method of longitudinal data analysis which is in use in
the lung function literature. 18 The method is based on
the following concept. If the variance of random
measurement error of a single observation is ca,52, that
of the mean of j observations is a652/j, assuming
independent errors on the two occasions.8 The
reliability coefficient (G) of the mean ofj observations
increases as j increases:

CrL2
G=

+ (72 (10)
aL + a62

This equation demonst-ttes the value of multiple
measurement of a preoictor. However the method
described uses the mean of Ml and M2 rather than
repeat measurements at the time M1 is measured. The
model is then:

M2- = (11)

+L ( M+M2) +-61+62-(PL(1+ )

The method partly takes account of the association
between the predictor and the residual because the
variance of the term

61+62 )

will be less than that of PL61 alone. The predictor is
also less associated with 61 but is now associated with
62. However, the most important defect ofthe model is
that it is biologically incorrect. It incorporates a
component of change in the
(MI + M2)/2 term on which PiL is estimated.16 This
results in overestimation of PL and the possibility of
showing a spurious positive association between lung
function change and initial level. This is easily
demonstrated by analysis of the hypothetical data in
table 1. The data are free of random error of
measurement and not intended to represent lung
function data. The least squares regression equations
calculated from this data set are:

M2- = 22-5 + 0O0L,
(using the error free MI as the measure of LI)

and M2 -M = 1105 + 0-14LI
(using (MI + M2)/2 as the proxy of LI).

Whether this effect is important in lung function data
will be explored later in this paper when all of the
above methods are applied to a data set.

Table 1 Hypothetical datafor measurementsforMI andM2
(measured without error)

M4 M2

40 40
40 45
40 60
40 65
40 80
40 85
100 100
100 105
100 120
100 125
100 140
100 145

Substituting an independent measure of LI (Method
4)19 - One can obtain two measures of LI (Ml and
Mla) on occasions close enough to ensure that they
both measure the same underlying level, but for which
the random error ofmeasurements ofM1 and MIa are
independent. The model is described in equation (8).
The method solves part of the problem of the
association between residual terms and explanatory
variables, because SI is independent ofM Ia. However,
I3L61a is still associated with M la and the estimate of ,BL
obtained from the regression analysis should be
corrected using the G of Mla. In contrast to the
situation when M2 - MI is regressed on M1, the
absolute value of the ,L estimate will increase with
correction, because M2 - M, is obtained
independently of the predictor MIa.
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Application of methods to longitudinal lung function data

THE DATA SET
All men who intend to work in dusty occupations in

South African mines must have a medical examination
before starting employment. Examinations are

repeated 6 months later and then annually. The sample
was assembled from white men who had their first
routine examination between 1964 and 1966.
Sampling was done by clerical staff on the basis of the
availability of lung function laboratory personnel and
equipment, and without knowledge of the men's
medical status. Spirometric and peak expiratory flow
rate measurements were made at the first routine
examination 6 months after entry into the industry,
and at irregular intervals thereafter. During 1976 and
1977, about 11 years after the initial examination, all
men in the original sample were retested if they were
still working in the mining industry in the region.

Spirometry was performed on one of four 9 litre
Godart water sealed spirometers. Spirometers were
calibrated regularly and methods of measurement
were very similar to recommendations subsequently
published by the American Thoracic Society.
Spirometry was performed with the subject seated and
using a noseclip. The forced vital capacity (FVC),
forced expiratory volume in 1 second (FEVI, referred
to as FEV in this paper) and forced expiratory flow in
the middle half of expiration (FEF25-75%, referred to
as FEF) were measured on each of three acceptable
tracings. Lung function measurements were adjusted
to body temperature, atmospheric pressure and
saturated water vapour pressure (BTPS). The
numerically highest values of FVC, FEV, and FEF
were used, irrespective of whether they came from the
same or different tracings. The value for FEF was

therefore not selected from the tracing with the largest
sum of FVC and FEV, as is recommended.20 The
procedure used tends to overestimate FEF by about
5%.21 After spirometry, peak expiratory flow rate was
measured on one of five calibrated Wright Peak
Expiratory Flow Meters with the subject standing.
The highest of three blows judged acceptable by the
technician was recorded as the value for each man. The
proportion of the sample excluded because of
incomplete data or extreme outlying measurements of
change ( > 4 standard deviations from the mean) was
less than 1%.
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Only 652 of the 1974 men in the initial sample
remained in the mining industry long term, defined as

having their final lung function measurement at least 8
years after the initial measurement. The average time
between initial and final lung function tests on these
men was 11 3 years, with 79% ofmen having between
10 and 12 years of follow up. Long term longitudinal
data analysis was restricted to individuals in the
narrow age interval of the greatest biological interest,
ie, the 433 men aged between 18 00 and 22-99 years of
age. These 433 men with long term follow up represent
only about one third of all 18-22 year olds who had
initial examinations. Concern over how representative
they are is reduced by two findings. First, over half of
the men who did not remain in the mining industry
long enough to qualify for inclusion had left within
two years of their initial examination. Within so short
a time it seems unlikely that their leaving was related to
the development of respiratory impairment. Second,
there were no major differences in the initial age,
anthropometric characteristics or lung function
measurements of the 433 men who remained in the
industry and those who left.
The means of the initial spirometric measurements

were toward the upper end of the range expected for 20
year old men from prediction equations22-24 and the
mean peak expiratory flow rate was similar to that
expected using the Wright flow meter25 27 (table 2).
Lung function change (LFT change) was calculated as

the final minus the initial measurement. Change with a

negative sign, as shown in table 2, therefore indicates a
loss of function over the 11 years between the initial
and final lung function test. The mean change of all
lung function measurements was within the range
expected over 11 years from other studies.28 30 The
distributions of initial lung function data did not show
any major deviations from normality. Lung function
change data were also distributed reasonably
symmetrically around the mean, though somewhat
kurtosed.

Correlation coefficients (product-moment or

Spearman) between potential confounders (smoking,
the number of years worked in dusty occupations, age,
weight change and the time between initial and final
examinations) and initial lung function tests all had

Table 2 Descriptive statistics for lung function measurements

Initial Final LFT change (final-initial)

LFT Mean SD Mean SD Mean SD

FVC (litres) 5 57 0 61 5 46 0 68 -0 11 0-42
FEV (litres) 4 68 0 52 4-34 0 60 -0-35 0-42
FEF (litres/s) 5 49 1 23 4 38 1-34 - 1-12 1 00
FEV% 843 64 796 68 -47 5 5
PEFR (litres/min) 575 67 574 73 - 2 65

LFT = Lung function test; FVC = forced vital capacity; FEV = forced expiratory volume in Is; FEF = forced expiratory flow between 25% and 75% of expiration;
FEV% = FEVI/FVC x 100; PEFR = peak expiratory flow rate.
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Psychosomatic symptoms among the elderly in Hong Kong
absolute values less than 0 15. Bias in regression
coefficients due to confounding was therefore
considered unlikely.

RELIABILITY COEFFICIENTS
A subset of data on 331 men with examinations one
year apart was used to estimate the reliability
coefficient of lung function data. Reliability
coefficients for lung function may be underestimated
using this method because a 1 year time period
between examinations is likely to include some true
variation in lung function level. However, lung
function variability measured over a few weeks or one
year is very similar.31 Correlelograms have been
suggested as a method of estimating reliability
coefficients including only that component ofvariance
due to random error ofmeasurement. 10 The results of
correlelogram analysis were not dissimilar to those
obtained from repeat measurement at 1 year, though
heavily dependent on model assumptions.32 Estimates
ofthe reliability coefficient based on equations (4) and
(5) ranged from 0-929 for FVC to 0-786 for FEV%
(table 3). Because the random error variance was

Table 3 Reliability coefficient (G) based on lung function
tests one year apart (n = 331)

LFP G

FVC 0-929
FEV 0-899
FEF 0-836

,,/FEF 0-847
FEV% 0-786
PEFR 0-818

* See table 2 for description

found to be associated with level (the mean of the two
readings) for FEF, FEF was used in all further
analyses so that the necessary assumption of
independence could be met.

COMPARISON OF RESULTS OF DIFFERENT
METHODS OF CORRECTING REGRESSION
COEFFICIENT (table 4 and 5)
All the ordinary least squares (OLS) regression
coefficients of lung function change on initial level
without any correction for measurement error were
significantly negative (table 4). Regression coefficients
corrected using the reliability coefficients (Method 1)
did not differ significantly from zero, except for
PEFR, for which the coefficient remained significantly
negative, and FEV%, which was only marginally
significant. Standard errors of the regression
coefficients were increased by the correction
procedure, but did not differ markedly, whether
calculated from equation (6) or simply by dividing the
standard error of the OLS regression by G (table 4).
The regression coefficients using height as an
instrumental variable for FVC and FEV (Method 2)
were not significantly different from zero (table 4). The
predicted variables had less variation than equivalent
observations because only 40% of the variance of
FVC and 27% of the variance of FEV were explained
by height. The standard errors of the regression
coefficients of change on predicted initial lung
function were therefore larger than those of the
corrected coefficients of change on initial values.
Predicted values were not calculable for the other lung
function tests as there were no appropriate
instrumental variables. When change was regressed on
the mean of the initial and final lung function results

Table 4 The regression of change on initial measurement using various methods (n = 433)

Regression Regression on
corrected predicted Regression on

LFI7 OLS regression using G initial LFT (Ml + M2)/2
(Method 1) (Method 2) (Method 3)

FVC JL -0-109 (-0-16)t -0-041 +0-076 +0129
SE 0-033 0-036 (0-036)4 0-052 0-033
p 0-001 0-3 0-1 <00001

FEV PL -0-154 (-019) -0-059 -0-032 +0159
SE 0-037 0-043 (0-041) 0-072 0037
p <0001 0-2 0-7 <0-001

,/FEF IL -0-128 (-0-15) 0-030 NA +0 242
SE 0-042 0-053 (0050) 0039
p 0-002 0-6 <0-001

FEV% IL -0-303 (-0-35) -0-113 NA +0-076
SE 0-039 0-056 (0050) 0044
p <0-001 0-04 0-08

PEFR PL -0-382 (-0-39) -0 244 NA +0-103
SE 0-043 0-055 (0-053) 0 050
p <0-001 <0-001 0-04

PL = Regression coefficient estimate; NA = Not applicable; * See table 2 for description; t Bracketed values in this column are correlations between lung function
change and initial measurement; t The first standard error is estimated from equation (6), the bracketed standard error is estimated from SE(OLS)/O.
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(Method 3), the coefficients were positive in all cases

and only failed to reach significance for FEV%
(table 4).
The regression of lung function change on an

independent initial measurement (Method 4) required
three separate lung function test results. This analysis
was therefore done only on a subset of 221 men who
had an additional ("middle") lung function test
between their initial and final examination. Change
was calculated as the final minus the middle lung
function adjusted to the mean time between the two
examinations (6 5 years). The results of the regression
coefficients of lung function change on the initial lung
function (measured independently on average of 4 4
years earlier) are shown in the third column of table 5.
Only that for FVC differed significantly from zero.
For comparison, the OLS regression coefficients of
change on middle measurement, without and with
correction for measurement error, are shown in
columns 1 and 2 respectively. The results obtained by
Methods 1 and 4 were reasonably similar, with the
notable exception of PEFR for which change was
strongly negatively associated with initial level when
Method 1 was used. The effect of correcting Method 4
for random error of measurement in Mla was to
marginally increase the absolute magnitude of the
coefficients and their standard errors without
decreasing their p values (fourth column of table 5).

Discussion

The method we favour for correcting coefficients for
random error of measurement is that using the
reliability coefficient (Method 1). Apart from its
appeal on conceptual grounds, its advantages over the
other methods are as follows. (1) Unlike Method 2, it

Les Irwig, Hennie Groeneveld, and Margaret Becklake

does not require additional data on instrumental
variables, which are in fact not always available. Even
when they are, the standard errors of the corrected
regression coefficients are very large. (2) Unlike
Method 3, it is not expected, on theoretical grounds, to
give biased results. The coefficients obtained in our

data suggest that the bias in Method 3 is of sufficient
magnitude to cause concern. (3) Unlike Method 4,
which requires repeat initial measurement on the full
sample, a reliability coefficient (G) can be estimated
from a subset or alternative sample. Furthermore the
coefficients from Method 4 are still biased unless
further corrected for the measurement error in the
initial independent measurement.
Our analysis suggests the absence of any important

relationship between change and the initial level of
FVC, FEV and FEF in 18-22 year old men. At first
sight this appears contrary to the well known "horse
racing effect" whereby loss is negatively associated
with attained level, ie, the lower one's function, the
more one loses. 8 This was first described in a data set
on older men and is too large to be explained by the
bias inherent in Method 3, which was used to correct
for random measurement error in those data.'8 The
effect occurs because lung function level in older men
is in part determined by loss from the peak level
attained in the early 20s until the age at which lung
function is first measured. Subsequent loss is likely to
be correlated with the loss prior to the first
measurement and therefore with the first
measurement itself. In our data, the first measurement
was approximately at the time the peak level of lung
function was attained. The lack of association of loss
with level in young men is therefore not incompatible
with the notion of the "horse racing" association in
older men. However, our data do suggest that those

Table 5 Regression ofchange (final-middle lungfunction tests) on middle and initial lungfunction tests (Method 4, n = 221)

On middle LFT On independent Method 4
LFT' OLS on middle LFT corrected by G initial LFT Jurther

(Method 1) (Method 4) corrected bY G

FVC (L -0191 -0-129 -0-115 -0-124
SE 0-034 0-038t 0-038 0-041t
p <0001 0 001 0-002 0-002

FEV 3L - 0-232 -0 146 - 0-073 -0 081
SE 0-038 0-044 0-048 0-053
p <0-001 0001 0-1 0.1

/FEF L -0 215 -0-073 -0 026 -0-031
SE 0-041 0-053 0 052 0-062
p <0-001 0-2 06 06

FEV% lL -0-300 -0 109 -0 072 -0-092
SE 0 043 0 062 0-048 0 061
p <0-001 0-08 0.1 0.1

PEFR 3L -0-423 -0-295 - 0062 - 0 076
SE 0054 0-069 0-068 0-083
p <0-001 <0001 04 04

LFT = Lung function tests; See table 2 for explanation; 8L = Regression coefficient estimate; t Standard errors estimated from equation (6).
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individuals with a lower peak adult level, because of
genetic factors or environmental influences during
childhood, are not at risk of a more rapid subsequent
age related loss of function in adult life.
The example in this paper illustrates the effect of

random measurement error on regression coefficients
ofchange on initial level. The magnitude ofthe effect is
considerable even in the case oflung function, which is
less prone to error than many other measurements in
medicine. It highlights the need to estimate random
error of measurement. For this purpose the reliability
coefficient, which indicates the proportion ofvariance
attributable to true variability, is of more value than
the more commonly used coefficient of variation. The
reliability coefficient, estimated as the correlation
between repeat measurements, is of practical value in
correcting regression coefficients in many areas of
epidemiological research.
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