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Repeatability of the moments of the truncated
forced expiratory spirogram

MR MILLER, AC PINCOCK

From the University of Birmingham, Department of Medicine, Queen Elizabeth Hospital, Birmingham

ABSTRACT It is proposed that if the spirogram is truncated for moment analysis, this should be done
with respect to volume and not time. Errors are incurred when the moments of one spirogram are
compared with those of another. These errors are maximal with no truncation and are reduced by
truncation. A method is described for deriving sequential truncated moments of the forced expiratory
spirogram. The repeatability and discriminatory power of the truncated moments were assessed over
five consecutive days in 21 symptom-free subjects and were compared with conventional spirometric
tests. The first and second moments about the origin of the spirogram (a, and a,), the moment ratio
(Jas/a,) and the forced expiratory time to truncation (FET) are progressively less repeatable within
individuals the later the truncation point. The discriminatory power of a, and a, and FET declines
with later truncation but the discriminatory power of the moment ratio is maximal with truncation
at 859, forced vital capacity (FVC) and diminishes sharply if truncation is beyond 95% FVC. At
759% FVC truncation «, is as good as FEV, 9/ in discriminating between our subjects, whereas a,
at 1009, FVCis only half as good as FEV, 9. The moment ratio at 909, FVC truncation is highly
reproducible (mean within person coefficient of variation 2-1 %), has important discriminatory power
and is little influenced by events early in the spirogram (correlation with FEV,% r = —0-61,
p < 0-001). The moment ratio at 90 %, of FVC has attributes which may be useful in detecting early
airway obstruction and its further study is warranted in order to establish its normal range and
predictive value.

Moment analysis of distributions is widely used in
statistics. The “r”” th moment of a distributed variable
is the average “r”” th power of the variable. The
variable may be measured as its value relative to the
origin of the distribution or relative to a point within
the distribution (for example, the mean). For any
distribution the first moment about the origin (a1)
is the mean and the second moment about the mean
(u2) isits variance with respect to the mean. The spiro-
gram can be considered as a cumulative distribution
of transit times of the lung and its a; is the mean
time taken for increments of gas to be expired
(mean transit time). For the spirogram, a: is given by

V tr
ar=J.td—\:, (1)

0

where “t” is the mean time taken for volume
increments “dv”’ to be expired and “V”’ is the volume
expired. It has been proposed that a; is a sensitive
test of lung function!—3; its merits are that it is
standardised for lung volume and is sensitive to the
whole spirogram.

Any satisfactory test of lung function should be

repeatable within individuals and be able to detect
true differences between individuals. The forced
expiratory time (FET) is known to be highly variable
within individuals?5 and ar is dependent on FET.
The moments can be derived up to any point along
the spirogram by integrating only up to that point
(the truncation point) to derive ar. These truncated
moments can be from a spirogram truncated with
respect to time or volume. We have undertaken a
study to compare the repeatability of the moments of
the full spirogram with the moments of the truncated
spirogram to see if the latter were less variable within
individuals and still able to detect differences
between individuals. Truncation of the spirogram
after an arbitrary six seconds has been used as a
means of standardising the moments.2® We first
undertook a theoretical consideration of truncation
to challenge this convention.

Truncation
A satisfactory convention for truncating the spiro-

gram should also apply to all similarly shaped curves.
Consider a single exponential model of the forced
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expiratory spirogram of the form

v=1-—-ekt
where “v”’ is the volume expired as a fraction of
unity terminal volume, “t” is the elapsed time, and
“k” is the reciprocal of the time constant. Then
t =k 1In(l — v)~tand dv/dt = ke kt,
So from equation (1),

ar = kT v 1 —lrd-y Tr —ktdt

1 0[n(l-—v) ]V 0tke V(Z)
From these integrals the moments can be derived at
any time or volume of truncation.

Jaz/ar (the moment ratio) is an index of the
dispersion (on a log scale) of the time constants of
curves of this type. We will subsequently use
dispersion in this context to refer to dispersion on a
log scale. For single exponentials with different time
constants this dispersion will be constant, namely
zero. Hence a satisfactory convention for truncating
single exponentials should yield a constant moment
ratio at equivalent truncation points despite changes
in time constant.

Table 1 shows the moment ratio for four different
single exponentials at different times and volumes of
truncation. The moments for these curves were
derived from equation (2) being standardised by the
volume at truncation.

It can be seen from table 1 that with truncation
with respect to volume the moment ratio is correctly
found to be constant irrespective of the time constant.
However with truncation with respect to time, the
moment ratio varies with the time constant,
erroneously implying that these single exponentials
have differing dispersion of time constants. These
observations are also true if the moments are
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standardised by terminal volume which can be
deduced by dividing the moment ratios in table 1 by
the square root of the volume at truncation.

Furthermore, the same results are obtained if a
more complicated model simulation is used, such as
that proposed by Permutt and Menkes.” They
compared the spirogram with a model composed of a
mixture of an infinite number of exponentials whose
time constants are log normally distributed. w (the
mean of the log of the time constants) and o (the
standard deviation of the log of the time constants)
describe this distribution and o defines the dispersion
of the time constants.

Table 2 shows moment ratios (standardised by
volume at truncation) derived for varying 4 and o
values, with truncation with respect to both terminal
volume and time. If truncation is with respect to
volume for constant o with varying u, the moment
ratio is constant, thus correctly identifying these
curves as having the same dispersion of time
constants. However if truncation is with respect to
time for constant o with varying u, the moment ratio
varies, thus erroneously implying that these curves
have differing dispersion of time constants. Therefore
these curves can only be truncated with respect to
volume if valid comparisons of the moments of one
curve with another are to be made. Mathematical
proof of these observations will be supplied by the
authors on request.

Verification that these observations pertain to real
spirograms requires the comparison of two spiro-
grams with known identical dispersion of time
constants. The only way to obtain two such spiro-
grams is to produce a second spirogram from an

Table 1 +/ay/a, for four exponentials of the form vy = | —e~kt
Time constant Truncation at %, terminal volume Truncation at time in seconds
in seconds

20% 402, 60%, 80% 1009, 2 4 6 8 10
0-75 1-1656 1-1802 1-2014 1-2383 1-4142 1-2921 1-3812 1-4085 1-4135 1-4141
1-:00 1-1656 1-1802 1-2014 1:2383 1-4142 1-2589 1-3464 1-:3922 1-4085 1-4129
1:50 1-1656 1-1802 1-2014 1-2383 1-4142 1-2236 1-2921 1-3464 1-3812 1-3988
2:00 1-1656 1-1802 1-2014 1-2382 1-4142 1-2058 1-2589 1-:3073 1-:3464 1-:3742

Time constant = 1/k.

Table 2 \/ay/a, for theoretical spirograms derived from a mixture of an infinite number of exponentials whose time

constants are log normally distributed

" Truncation at 75%, of Truncation at 90%; of No truncation Truncation at Truncation at
terminal volume terminal volume three seconds six seconds
o=05 o=10 =05 o=10 o=05 o=10 o=05 o=10 o=05 o=10

-05 1:2504 1-3224 1-3199 1-4481 1-6025 2-3316 1-4187 1-4935 1-5332 1-6636

0-0 1-2504 1-3224 1-3199 1-4481 16025 2-3316 1-3357 1-:4002 1-4531 1-5362
05 1-2504 1-3224 1:3199 1-4481 1-6025 2:3316 1-2718 1-3295 1-3660 1-4334
1-0 1-2504 1-3224 1-3199 1-4481 1-6025 2-3316 1:2282 1-2774 1-2939 1-3544

@ = the mean of the log of the time constants; ¢ = standard deviation of the log of the time constants.
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original by multiplying all the transit times of the
original one by a constant factor. Table 3 shows the
moment ratios for two such spirograms, the second
spirogram having transit times 1-5 times longer than
the original. Only with truncation with respect to
volume does the moment ratio correctly identify
these two spirograms as having identical dispersion
of time constants.

Table 3 +/a,/a, for a real spirogram and one generated
from it with identical dispersion of time constants

Truncation  Truncation  Truncation  Truncation
at50% FVC at75% FVC at at
three seconds four seconds
Original
spirogram 1-1719 1-2087 1-4432 1-5091
Generated
spirogram 1-1719 1-2087 1-3543 1-4141

We conclude from this that if the moments of
truncated spirograms are to be compared, truncation
must be with respect to volume if the comparisons are
to be valid.

Repeatability study

SUBJECTS
Twenty-one untrained subjects (from hospital staff)
were asked to participate. They were selected to give
a balanced sex distribution (10 men and 11 women)
and reasonable age span (range 21-59 years, mean
35-0, median 29 years). Eleven subjects were lifelong
non-smokers, seven were ex-smokers (mean duration
five years), and three were current smokers (mean
duration 27 years). No subjects had any respiratory
symptoms or were on any medication that would
influence their pulmonary function. No-one was
convalescing from a respiratory infection or
developed symptoms during the study.

METHOD
After two test blows to familiarise them with the
equipment, each subject performed five maximal
forced expiratory manoeuvres at approximately the
same time on each of five consecutive days. Smokers
abstained from tobacco for two hours before testing.
Flow was measured using a Fleisch pneumo-
tachograph (diameter 60 mm) fitted with a capacitance
transducer whose signal was sampled every four
milliseconds and A/D converted using a 12-bit
converter. Flow trigger was set at 100 ml/s. Volume
was obtained by numerical integration using a
computer. Instantaneous volume, flow, and elapsed
time were stored in the computer when the incre-
mental volume exceeded 20 ml or the incremental
time exceeded 0-1 s, whichever was the sooner.
Recording stopped after the subject had finished the

blow. The system was calibrated each day before use
through a range of flows using air saturated with
water vapour at 37°C. Repeat calibrations on the
same day showed a variation in calibration factor of
less than 0-3%.

From the stored data a back extrapolation was
computed from peak flow at constant peak flow to
intercept the time axis at a new time zero.® All time
measurements were subsequently referenced to this
new time zero. The end of the spirogram (that is,
FVC) was defined as the largest volume recorded
before flow was zero or negative. Sequential moments
were derived in the following manner and stored in
the computer.

If there are “N” stored triplets (volume, flow, and
time) of data (“N” is usually about 200, range
100-300), let the “n” th instantaneous volume, flow,
and time be Vi, Fn and Ta. The “n” th volume
increment AVn = Vi — V(u-1), the mean time taken
for this volume increment to appear

tn = _[T“+TT‘“__”_] The sequential “r” th moment

about the origin at the ¢j> th triplet of data is given
by
n=j

ar = z I:tnr X AVn:I

n=1

Vi

The truncated moments are standardised by the
instantaneous volume rather than by the FVC so that
the sequential truncated moments are not referenced
by any event later than the truncation point. This
scaling procedure does not influence the information
contained in the moments.

Figure 1 shows sequential 1st (a1) and 2nd (as2)
moments and moment ratio (yas/a1) for a typical
spirogram.

From the stored data all measurements at specified
times or volumes were found by linear interpolation.
For each blow 31 variables shown in table 4 were
calculated and recorded.

STATISTICS

To estimate the within-person variability the mean
within-person coefficient of variation (COV) for
each of the 31 variables was calculated.

To estimate the ability of each variable to detect
differences between the subjects an analysis of
variance was performed on the natural logs of the
results. The log transformation was necessary to
standardise the variances as the results showed that
for the majority of the variables the standard
deviation was proportional to the mean. For each log
variable the mean within-person variance (W) was
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Table 4 Thirty-one variables calculated and recorded from each spirogram

FVC Forced vital capacity

FEV;% Volume after three seconds expressed as percentage of FVC
FEV, % Volume after one second expressed as percentage of FVC
PEFR Peak expiratory flow rate

FMF Mean of all flows recorded between 25 % and 75% of FVC
FEF % Instantaneous flow at 509 FVC (50% of VC expired)

FEF ;% Instantaneous flow at 75 9% FVC (75 % of VC expired)

a; 75% First moment at 75% FVC truncation (75% of VC expired)
a; 715% Second moment at 75% FVC truncation

Ratio 759, Ratio v/ a,/a, at 75% FVC truncation

a, 809, a; 809, Ratio 80,

a, 85%, as 85%, Ratio 85%,

a; 909, a3 90%, Ratio 909

a, 95%, a3 95%, Ratio 95%

a, 1009, ay 1009, Ratio 100 %
FET 759,

FET 809, FET 859,

FET 90%;, FET 95%, FET 1009,

Time to 75% FVC

found, as was the between variance for the whole
group (B). The ratio B/W is an index of the ability
for the variable to distinguish one subject from
another. The B/W ratio is the same as a signal-to-
noise ratio.?

RESULTS

The results shown are derived by analysing the results
from all five days together. Table 5 summarises the
results for each variable with its group mean, group
minimum and maximum, group standard deviation,
mean within-person COV (all derived from the raw
data) and B/W ratio. Figure 2 illustrates the changes
in mean within-person COV with progressively later
truncation for the sequentially derived variables.
The results for the conventional tests are plotted to
the right on the same ordinate scale. All the sequen-
tially derived variables are progressively less

repeatable within individuals the later the truncation
point. a2 and FET are unrepeatable and a1 1009 is
only passably repeatable (COV 10-99%;). However
the moment ratio up to 859 truncation is more
repeatable than any of the other tests and up to 959
FVC truncation is still more repeatable than FVC.
Figure 3 is a plot of B/W ratio against %, FVC
truncation for the sequential variables with reference
values for the conventional tests to the right. ai, as,
and FET are progressively less discriminatory the
later the truncation point because the ensuing rise in
within-person variance (W) is not associated with a
commensurate rise in between variance (B). The
moment ratio is the only sequential variable whose
B/W ratio rises with later truncation. Its B/W ratio is
maximal at 859/ FVC truncation and is maintained
up to 959 FVC with a rapid decline thereafter. The
moment ratio up to 95 %, FVC is more discriminatory
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Table 5 Results for each variable with group mean, group minimum and maximum, group standard deviation (SD),
mean within-person coefficient of variation (COV'), between-person/within-person variance (B/W)

Group mean Group min Group max Group SD Mean within- B/W
person
covey,
FVC litres 4-52 241 7-86 1-22 33 587
FEV,;% 94-4 767 100-0 50 1-7 81
FEV, 7% 775 54-7 93-6 77 24 14-5
PEFR |/s 9-24 5-41 14-75 2:14 41 25-5
FMF /s 3-64 1-57 625 1-01 65 17-3
FEF g% 1/s 363 1-21 7-07 1-10 86 112
FEFq5% 1/s 1-36 0-26 3-40 065 12-7 13-4
a; 75%s 0-319 0-198 0-681 0-088 56 150
a, 80%s 0-367 0-219 0-836 0-107 6-1 14-6
a;85%s 0-427 0-245 1-031 0134 68 132
a;90% s 0-507 0275 1-284 0-172 7-8 11-8
a;95%s 0623 0-310 1-616 0-299 9-3 10-5
a; 100% s 0-813 0-366 2:093 0-319 109 9:4
a; 75% st 0-182 0-056 0-989 0-133 12-8 14-7
ay 809 s? 0-256 0-070 1-560 0-209 14-4 13-3
a; 85% s? 0-377 0-090 2-488 0-341 166 12:0
a; 90% s? 0-597 0-114 4-095 0-586 204 10-7
a; 95% s? 1-060 0-155 7-086 1-086 25-4 9-7
ay 1009, s? 2:287 0-253 13-279 2:298 29-2 8-3
Vasla; 75% 1267 1-134 1-461 0-056 1-3 9:2
Vag/a, 809 1-295 1-155 1-509 0-067 1-4 10-2
Vv ayla, 85% 1-335 1-184 1-552 0-083 17 10:6
Vas/a; 90% 1-391 1-217 1-663 0-109 2-1 10-3
Vayla; 95% 1-478 1-259 1923 0-146 2-8 96
Vasla, 100% 1-641 1-305 2184 0-189 41 65
FET 75% s 1-021 0-505 2-811 0-376 8-8 10-9
FET 80% s 1-278 0-579 3:696 0-519 9-8 10-7
FET 85% s 1-643 0-684 4978 0734 11-3 10-1
FET 90% s 2:274 0-841 6-698 1-110 136 9-5
FET95%s 3:392 1-129 9-344 1-763 159 85
FET 1009 s 6-149 1-900 15:172 2:954 17-9 61
@
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Fig 3 Relationship between B|/W ratio and %,FVC
truncation for sequentially derived variables compared
with conventional tests.

Fig 2 Relationship between mean within-person (COV)
and Y%FVC truncation for sequentially derived variables
compared with conventional tests.
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than FEV39{ but is less so than FEF75%, FEF50%,
and FMF.

Table 6 shows a correlation matrix of “r” values
for relevant variables. We have correlated a; and the
moment ratio at the earliest truncation (75% FVC),
intermediate truncation (909, FVC) and no trunc-
ation (1009, FVC) with indices of intermediate and
late events (FEV1Y%,, FEF75%, FEV3%).

The first moment even at 1009, FVC is highly
correlated with FEV;9%,. With later truncation the
moment ratio becomes progressively less well
correlated with FEV1% and up to 909, truncation
more correlated with FEF75% and FEV3 Y.

Discussion

Our finding that truncation of spirograms must be
with respect to volume is a serious limitation of
moment analysis of the spirogram. Most spirograms
obtained are in a sense already truncated as they are
not truly asymptotic. The observed FVC is not the
theoretical terminal volume (TTV) achievable if the
expiration could have continued to infinite time.
Different factors operate in different subjects to
determine the end of the spirogram.l® Factors
involved include effort, chest wall mechanics, airway
closure, and breath-hold time.

Comparing moments derived to 1009, FVC is
introducing an unknown error as this point is at an
unknown percentage of TTV, and it is with respect to
TTV that truncation must be made if comparisons
are to be valid. By looking at fig 1 it can be deduced
that this error is maximal at 1009, FVC and is
reduced by earlier truncation. If the difference
between FVC and TTV was 100 ml, the absolute
error in defining 959 FVC truncation would be 95
ml. From fig 1 it can be seen that this would cause
significant errors in defining the moments and
moment ratio. However the error of 90 ml in defining
the 909 truncation point would cause much smaller
errors as 909, FVC in this case falls on the bend of
the spirogram. Earlier truncation than this further
reduces the errors. Hence comparing the moments
with no truncation or truncation in the terminal
flatter part of a spirogram introduces the largest
errors. If a recorded spirogram is not asymptotic in

Table 6 Correlation matrix for r values
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character then the inevitable truncation errors will be
unacceptably large despite earlier truncation. How-
ever the challenge for the study of the moments of
the spirogram is to detect early changes from nor-
mality so that the restriction of this analysis to
essentially asymptotic spirograms is an acceptable
limitation of its use. All the subjects in our study had
spirograms which were asymptotic in character.

Permutt and Menkes? appreciated the problems of
the inevitable truncation of recorded spirograms
when considering the moments of the spirogram. By
making certain assumptions about the way an
expiration might continue to infinite time, they
developed a mathematical model of forced expiration
to overcome truncation errors. From this model they
could derive a predicted value for moment ratio at
TTV. Although this is the most sensitive index of
dispersion of time constants of lung emptying it is
not directly measurable. Despite the truncation
errors discussed by us, Webster et a/1! found that a;
1009, could detect differences between young
smokers and young non-smokers when FEV1 % and
FEF75% could not. We undertook this study to see if
with earlier truncation to reduce truncation errors,
the moments and moment ratio retain discriminatory
ability.

We have found a1 75% to be as good a dis-
criminator between our subjects as FEV1 9, but it has
a higher COV (5-6%, versus 2-4%,) and correlates
closely with FEV1% (r = —0-90, p < 0-001). a1
1009 also correlates closely with FEV1 % (r= — 0-89,
p < 0:001) but is less discriminatory and has a higher
COV (10-9%). Both these findings and the truncation
errors at 1009, FVC make us feel that a; 1009 is
unlikely to supersede FEV:19%,. In addition its
sensitivity to late events is limited by its high cor-
relation with FEV1%,. Whether a1 75 %} is better than
FEV: % in a wider clinical sense remains to be proven.
We have found FET to have important discrimi-
natory ability but as has been found previously,5
it is too unrepeatable to be of general use.

We and others® 711 have exclusively analysed the
spirogram about the origin whereas some workers?2 3
have analysed the spirogram about the mean transit
time (a1 100%) to derive the second moment about
the mean (u2). As there are errors in comparing a1

FEFy39 FEV,% FEV,% Vasla 100% a,100% v au/a190%  0,90% Vayay 15%
@ 75% ~025 —066 ~090 000 078 028 093 057
Vaslan 75% —07 ~085 ~0-80 0-51 084 085 079
@, 90% —0-51 —087 —094 027 094 0-59
Vaylas 90% -086 —086 —061 081 079
a, 100%, —0'66 —097 —089 057
\;g,'ﬁa:/zoo% -0t -oe7 —032
A . -8
FEV,%, 072
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1009, from one subject to another, this makes
analysis about a; 1009, less meaningful. Since a1
1009, has a COV of 10-9%;, one would expect p2 to
be more variable within individuals than a2 1009%.
By analysing our data appropriately we found u2 to
have a COV of 32-9% compared with 29-29; for
az 100%.

The moment ratio (4yaz/a1) is an index of the
dispersion of the time constants of the spirogram.
To effect a given rise in moment ratio, the early part
of the spirogram must be steeper or the later part of
the spirogram must be flatter or both. For changes
in the early part of the spirogram alone to account
for a rise in moment ratio, peak flow rapidly
becomes unphysiological, so far practical purposes a
rise in moment ratio is caused by changes in the later
part of the spirogram—that is, a reduction of flow in
the later part of the spirogram relative to the early
part.

The moment ratio at progressively later truncation
is less well correlated with FEV1Y% (table 6) and is
more sensitive to terminal events. If a moment ratio
of a spirogram is greater than that of a single
exponential at a given truncation point, then the
maximum expiratory flow-volume curve (MEFVC)
must be concave upwards and if it is less than that of
a pure exponential the MEFVC will be convex
upwards. With later truncation the moment ratio is
insensitive to early events and so it is a descriptor of
the curvilinearity of only the terminal part of the
MEFVC.

The moment ratio is highly reproducible and is
sensitive to events late in the spirogram so it may
have advantages over FEF75% and FET which are
less reproducible, have a wide normal range, and are
of limited value when applied to individual subjects
as a screening test. However three things must be
considered in selecting optimum truncation point for
the moment ratio: (1) the later the truncation point
the less dependent the moment ratio is on early
events; (2) its B/W ratio is maximal at 85% FVC and
falls off sharply after 959, FVC; and (3) truncation
errors are minimised by earlier truncation. We feel
that 909/ truncation may well be optimal for the
moment ratio and truncation earlier than 859, FVC
and at 1009, FVC would be unacceptable.

In our group of subjects ratio 90% is less dis-
criminatory than FEFs0%, FEF75%, and FMF, but
these flow measurements are dependent on size and
age.!2 Ratio 909 has no significant correlation with
height (r = —0-01) or PEFR (r = 0:01) in our
subjects, and our small sample precludes separation
of the effects of age and smoking on moment ratio.
As ratio 90% is influenced by events later in the
spirogram than are FEF 50%, FEF75%, and FMF, it is
likely to be discriminating between our subjects with

an emphasis different from these flow measurements.

We conclude that problems associated with
truncated and untruncated spirograms in moment
analysis have not been fully appreciated previously
and these problems are reduced by earlier truncation.
This truncation must be with respect to volume for
valid comparisons of moments to be made. Moment
ratio at 909, FVC truncation has many features
suggesting its merit as a test of lung function and its
further study is warranted.

We thank Mr D Grove of the Department of
Statistics, University of Birmingham for his in-
valuable advice and mathematical proof of our
observations on truncation. We acknowledge the
University of Birmingham Faculty of Medicine’s
Rowbotham Bequest and Scott-Moncrieff Bequest
for financial support.
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