Acceptability and Reproducibility Criteria of the
American Thoracic Society as Observed in a
Sample of the General Population'?

JOHN L. HANKINSON and KI MOON BANG

Introduction

In 1978 the National Institute for Oc-
cupational Safety and Health recom-
mended to the Occupational Safety and
Health Administration that certain criter-
ia be established for the administration
of pulmonary function examinations un-
der provisions of the Cotton Dust Stan-
dard (1). These criteria included instru-
mentation and procedural and technician
training requirements. The procedural
recommendations included both accept-

ability and reproducibility criteria for the

FVC and FEV,. Specifically, the reprodu-
cibility criterion recommended that the
largest FVC and FEV, and second largest
FVC and FEV, be within 10% or 200 ml,
whichever is greater. In 1979 the Ameri-
can Thoracic Society (ATS) published
Spirometry Recommendations (2), which
also included acceptability and reprodu-
cibility criteria. In 1987 the ATS pub-
lished an update to their 1979 recommen-
dation (3), which recommended a
reproducibility criterion for the FVC and
FEV, of 5% or 100 ml, whichever is
greater. The ATS also recommended that
at least three acceptable curves (no
cough, excessively large extrapolated vol-
ume, and others) be obtained. One im-
portant change in the 1987 ATS update
was the clarification that the reproduci-
bility criterion was to be used only as a
guide to whether more than three FVC
maneuvers were needed. The reproduci-
bility criterion was not to be used for ex-
cluding results from reports or for exclud-
ing subjects from a study. The rationale
for this recommendation was based on
several recent studies that have shown
that the exclusion of subjects for poor
reproducibility may inappropriately ex-
clude subjects who may have a ventila-
tory abnormality (4-6).

The following analysis was conducted
to investigate the ability of members of
the general population to satisfactorily
complete a spirometric examination, that
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SUMMARY An analysis of spirograms of 6,486 subjects from the general population, ages 8 to
90, was conducted to determine their ability to satisfy the American Thoracic Society’s (ATS) accept-
ability and reproducibility criteria. The results indicate that both older and younger subjects had
more difficuity satisfying the ATS acceptability and reproducibility criteria. The difficuity in satisfy-
ing the ATS reproducibllity criterion, particularly in younger subjects, was in part assoclated with
their smaller heights and lung volumes. A relatively uniform within-subject variability of FVC and
FEV, in terms of the mean differences between the largest and second largest FVC and FEV,, for
all heights, was observed. In addition, unlike the ATS reproducibility criterion, when a constant
200-mt reproducibility criterion for FVC and FEV, was used, there was no longer a significant ditfer-
ence between the number of reproducibility criterion failures for the 14 different height groups used.
These regults suggest that the ATS reproducibility criterion, based on a percentage of the FVC and
FEV,, may Inappropriately classify a higher percentage of subjects with smaller heights and lung
volumes as having a nonreproducible test. In contrast, subjects with larger heights and lung volumes
are much less likely to fail the ATS reproducibility requirement. These results emphasize the impor-
tance of following the ATS recommendation of using the reproducibility criterion only as a goal

during data collection, not to classify a subject as having an invalid test.
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is, their ability to satisfy the ATS repro-
ducibility criterion as a goal during data
collection.

Methods

Spirograms from 6,486 subjects were studied
at 25 different locations as part of the Na-
tional Health and Nutrition Examination Sur-
vey IIT (NHANES III). The NHANES II1 is
the most recent in a series of studies designed
to assess the health and nutrition status of
adults and children in the United States
through interviews and direct physical exami-
nations. The sample design of the NHANES
II1 is a stratified multistage probability sam-
ple of the U.S. population. Approximately
40,000 individuals, aged 2 months and older,
were randomly selected to participate in the
survey (7). The survey has been conducted by
the National Center for Health Statistics since
September 1988 and will continue approxi-
mately 6 yr at 88 locations across the United
States. During the first 2 yr of the survey
spirometry data have been collected for sam-
ple persons aged 8 yr and older in 25 sample
areas.

Quality control of the spirometry data has
been performed by the National Institute for
Occupational Safety and Health (NIOSH),
Morgantown, West Virginia, which serves as
the quality control center. Each technician

received at least 1 wk of formal training, satis-
factorily completing a NIOSH-approved
course on spirometry. Before the beginning
of this study, four pilot studies were conducted
(820 subjects; data not included in this anal-
ysis), during which the technicians practiced
and received additional supervised instruc-
tion and monitoring.

Each subject attempted to perform at least
five FVC maneuvers, with a goal of meeting
the ATS acceptability and reproducibility
criteria. For each FVC maneuver only the ex-
haled volume was accumulated in a dry-rolling
seal spirometer. The displacement of the
spirometer was measured using a digital shaft
encoder and stored in digital memory using
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a dedicated microprocessor. The spirometer
system has a volume resolution of approxi-
mately 2.6 ml and a sampling interval of 10
ms and has been independently tested (8) and
found acceptable with regard to ATS spirom-
etry recommendations. The entire uncorrected
volume-time curve (displacement from the
digital shaft encoder), up to a maximum of
20 s, was saved on digital tape for each FVC
maneuver performed by the subject.

Before each subject began his or her spiro-
metric examination the technician explained
and demonstrated the performance of the
FVC maneuver. During the performance of
the FVC maneuver real-time displays of the
flow-volume and volume-time curves, as well
as a 6-s exhalation indication, were provided
for the technician to monitor the subject’s per-
formance. At the completion of each FVC
maneuver the computer displayed, for all
maneuvers, the flow-volume curves, the cal-
culated parameters of FVC, FEV,, peak flow,
and expiratory time, and the percentage
difference between each value of FVC, FEV,,
and peak flow and the corresponding largest
value. The computer also determined wheth-
er the last curve was acceptable (no cough,
excessive extrapolated volume, and late peak
flow) and whether additional maneuvers were
needed to meet the ATS acceptability and
reproducibility criteria. Using these displays
and results the technicians modified their
coaching to obtain acceptable and reproduc-
ible results, usually obtaining a minimum of
five and a maximum of eight maneuvers. The
technicians were instructed to ensure that sub-
jects produced the highest possible peak flows
and that maximal exhalations continued for
at least 6 s and until there was no appreciable
change in volume (40 ml) for at least 2 s. For
Spanish-speaking subjects a Spanish-speaking
technician administered the test or an inter-
preter was provided. Unless there was a valid
reason, nose clips were worn and the test was
performed in the standing position. A note
was made if these procedures could not be
followed.

For all but the first few study sites the com-
pleted volume-time curves were uploaded at
the end of a day’s testing to a computer (VAX
11/780) located at quality control center. All
spirograms were reviewed by a senior quality
control technician, and appropriate follow-
up instructions were provided to the techni-
cians. In addition, the technicians were peri-
odically monitored by a senior quality con-
trol technician who traveled to the field to
observe and provide additional instructions.
At the completion of each study at a particu-
lar location (25 total), a quality control re-
port evaluating each technician’s performance
was generated and used to determine wheth-
er additional training or monitoring was
warranted.

In accordance with ATS (2) guidelines all
unacceptable maneuvers (with coughs or ex-
trapolated volumes greater than 5% of the
FVC) were excluded before the reproducibili-
ty calculations were performed. The techni-
cian could also classify curves as unaccept-

able, and these field classifications were
reviewed by a senior technician at the quality
control center. The largest FVC and FEV,
were selected from acceptable maneuvers,
regardless of whether they came from the
same maneuver. All volumes were reported
at BTPS. Subjects with fewer than two accept-
able maneuvers (301 subjects) were excluded
from further consideration in our reproduci-
bility analysis, and unless otherwise noted all
means and percentages were obtained exclud-
ing these 301 subjects (N = 6,185). All ac-
ceptable curves (no cough or large extrapo-
lated volume) were used in the reproducibili-
ty analysis, even if they represented a
submaximal effort (low peak flow). Mean
differences between the largest FVC and sec-
ond largest FVC (defined as AFVC) and mean
differences between the largest FEV, and sec-
ond largest FEV, (AFEV,) were calculated for
each height group using values of height with-
in + 5 cm of those shown in figures 3 and 4.

The ATS committee’s rationale for using
a percentage of FVC and FEV, for the re-
producibility criterion is presumed to be based
on the assumption that the within-subject
variability is proportional to lung size. An
analysis to determine whether the variability
of FVC and FEV, (AFVC and AFEV,) in-
creases with increasing FVC and FEV, should
resolve this issue. However, FVC and FEV,
variabilities have been shown to increase with
obstructive lung disease (9). To investigate the
effect of lung size on reproducibility, there-
fore, comparisons were made versus height
as a surrogate for lung size under the assump-
tion that respiratory diseases should be inde-
pendent of height.

The subject’s ability to understand and per-
form the FVC maneuver can also influence
the test reproducibility. This may occur in
younger and older subjects, who as a group
had a higher percentage of unacceptable
curves and a higher percentage of abnormal
FVC and FEV,/FVC%. Therefore, a sepa-
rate analysis was conducted on subjects be-
tween the ages of 18 and 55 to reduce these
effects.
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All statistical analyses were performed on
an IBM PC 386 computer using the Statisti-
cal Analysis System from the SAS Institute
(10). All comparisons of group means were
conducted using ¢ tests, and tests of indepen-
dence were conducted using a chi-square test.
To investigate other factors that may influence
test reproducibility the SAS GLM procedure
was used with continuous variables of age,
height, percentage of predicted FVC and
FEV,/FVC%, and indicator variables of sex,
race, and Hispanic origin. For classification
of an abnormal pulmonary function test re-
sult each subject’s observed FVC and FEV,/
FVC% was compared to his or her predicted
values to determine if either were below the
lower 95th percentile or lower limit of nor-
mal (LLN) of Knudson’s (11) reference equa-
tions. Predicted FVC for black subjects were
adjusted by multiplying the Knudson’s value
for white subjects by 0.85 (12). The relatively
few subjects who were neither white nor black
(48), or for whom no ethnic group code was
assigned (78), were grouped into the nonwhite
category. Subjects of Hispanic origin were
grouped into the white group for the white
versus nonwhite comparisons.

Results

Of the 6,486 subjects studied 301 (4.6%)
subjects had fewer than two acceptable
curves and were excluded from the re-
producibility analysis, leaving 6,185 sub-
jects. The mean height, number of sub-
jects with two or more acceptable curves,
and number of subjects with an FVC or
FEV,/FVC% less than the LLN for eight
different age groups are listed in table 1.
The subjects older than 55 had a greater
tendency to fall below Knudson’s (10)
95th percentile or the lower limit of nor-
mal for FVC and FEV,/FVC%, and a
slightly lower height.

The results by age group for several
measures of the quality of the FVC ma-
neuver are shown in figures 1 (males) and

TABLE 1

MEAN HEIGHT AND NUMBER OF SUBJECTS WITH TWO OR MORE
ACCEPTABLE CURVES AND WITH FVC OR FEV/FVC% BELOW
LOWER LIMIT OF NORMAL FOR TOTAL POPULATION
EXAMINED BY AGE GROUPS

2 Two
Acceptable FEV,/FVC%
Height Curves FVC < LLN < LLN
Age Total

Groups N Mean SEM N % N % N %
8-15 1,087 149.4 0.42 1,052 96.8 14 2.6 10 1.8
16-25 1,155 167.4 0.28 1,128 97.7 15 2.6 25 4.3
26-35 993 167.2 0.30 970 97.7 8 1.5 30 5.6
36-45 868 167.0 0.34 843 97.1 14 2.8 54 10.8
46-55 613 167.6 0.39 590 96.3 7 2.2 39 12.5
56-65 722 165.8 0.36 676 93.6 19 5.1 75 20.0
66-75 591 164.8 0.39 539 91.2 24 8.3 58 20.0
>75 457 162.8 0.47 387 84.7 38 16.7 57 25.0
Total 6,486 163.6 0.15 6,185 95.4 139 4.1 348 10.3




518

30

251

201

Frequency (%)

815 1625 2635 36-45 4655
Age Group
30+
251
2 20+
€
€ 15
3
oo T
L[] II
Jnoal b 11
815 1625 2635 36-45
Age Group

2 (females). Both male and female older
subjects had more difficulty meeting
the ATS recommended reproducibility
(largest and second largest FVC and
FEV, within 5%) and acceptability criter-

56-65 66-75 >75

46-55 56-65 6675 >75

Fig. 1. Percentage of male subjects with
fewer than three acceptable curves, non-
reproducible test, and more than seven
FVC maneuvers by age group (N =
3,119). Solid bars = < 3 acceptable;
openbars = nonreproducibte; hatched
bars = > 7 curves.

Fig. 2. Percentage of female subjects
with fewer than three acceptable curves,
nonreproducible test, and more than
seven FVC maneuvers by age group (N
= 3,367). Solid bars = < 3 acceptable;
open bars = nonreproducible; hatched
bars = > 7 curves.

ia (at least three acceptable maneuvers).
However, it appears that the technician
appropriately responded to the lack of
a reproducible or acceptable test result
by obtaining more maneuvers from these

TABLE 2

MEAN DIFFERENCES BETWEEN LARGEST FVC AND SECOND LARGEST FVC AND LARGEST
FEV, AND SECOND LARGEST FEV,, NUMBER WITH FEWER THAN THREE ACCEPTABLE
CURVES, AND NUMBER FAILING ATS REPRODUCIBILITY CRITERION*

< Three
Acceptable Non-
AFVC (ml) AFEV, (mi) Curves reproducible
Total Study
Age Number Number Mean SEM Mean SEM N % N %

8-90

Males 3,119 3,057 74.8" 1.78 645" 162 122* 39 287t 9.2

Females 3,367 3,274 65.6 165 56.3 158 179 53 348 10.3
18-55

Males 1,558 1,542 69.9* 223 638" 2.33 13t o8 81" 5.2

Females 1,801 1,766 61.7 2.05 55.0 212 27 15 140 7.9
8-90

White 4,593 4,483 76.9* 243  65.0* 220 2211 48 37s’ 8.2

Nonwhite 1,893 1,848 67.2 138 583 1.31 80 42 257 13.6
18-55

White . 2,297 2,263 59.9* 153 54.8* 1.71 sot 26 102* 44

Nonwhite 1,062 1,045 77.6 343 684 3.29 32 3.0 119 11.2
8-90

Hispanic . 2,147 2,074 684t 205 64.4* 228 136" 6.3 193t 9.0

Non-Hispanic 4,339 4,257 70.8 1.50 58.2 229 165 38 442 10.2
18-55

Hispanic 1,170 1,141 643t 258 598t 295 500 43 71t 6

Non-Hispanic 2,189 2,167 66.1 187 587 1.82 41 1.9 150 6.8

* Males and females, whites and nonwhites, and subjects of Hispanic and non-Hispanic origin. Statistically significant ditferent

between categories, p < 0.01.

Not statistically significant different between categories, p > 0.05.

HANKINSON AND BANG

subjects, particularly in the younger sub-
jects. Note the higher percentage of the
younger subjects with more than seven
FVC maneuvers. During the data collec-
tion the technicians reported more diffi-
culty explaining the test procedure to the
older subjects and the necessity of ob-
taining additional maneuvers. For sub-
jects older than 65 yr 55 (45.1%) of those
with fewer than three acceptable trials
simply declined to perform more than
two manecuvers.

The mean AFVC and AFEV, and the
standard error of the mean (SEM) for
males and females, subjects of Hispanic
origin and non-Hispanic origin, and
white and nonwhite subjects are listed in
table 2. Overall a slightly higher percent-
age of female subjects failed to meet the
ATS recommended acceptability criteri-
on than males, and males showed a sig-
nificantly larger mean difference (AFVC
and AFEV,).

The mean AFVC and AFEV, and
SEM for 14 (males) and 13 (females) in
different height groups are shown in fig-
ures 3 (males) and 4 (females). From these
figures it appears that the mean AFVC
and AFEYV, are approximately uniform
for all heights. In addition, a uniform or
slightly decreasing mean AFVC and
AFEV, were observed with respect to
FVC and FEV, (not shown). These find-
ings were unexpected since the ATS
reproducibility criterion for volumes
greater than 2 L is 5% of the FVC or
FEV,, indicating an expectation that
these differences (measure of reproduci-
bility) would increase with increasing
lung size or its surrogate height. The
dashed lines in figures 3 and 4 represent
the ATS reproducibility limits for FEV,
based on 5% of the mean FEV, for
the respective height groups. The actual
mean AFVC and AFEV, are lower than
these limits and do not increase with in-
creasing height. Therefore taller subjects
are less likely to exceed these ATS re-
producibility limits than shorter subjects.

The percentage of subjects who would
fail to meet the ATS reproducibility
criterion (applied to both FVC and FEV,)
as a function of their height group is
shown in figure 5. Note that as height
increases the number of subjects failing
to meet the ATS reproducibility criteri-
on decreases. This decreasing trend is ob-
served even when the analysis is limited
to subjects between the ages of 18 and
55 (dashed lines in figure 5). This decreas-
ing trend is not explained by a lack of
trials, as a higher percentage of both male
and female shorter subjects had more
than seven maneuvers. For example, 15%
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Fig. 3. For males the mean AFVC (ml; open circles) and mean AFEYV, (filled circles) by height, ages 8 to 90 yr.
Dashed lines indicate the results for the adult age group (ages 18 to 55). Long dashed line indicates the ATS
reproducibility criterion limit of 5% of the FEV, or 100 ml, whichever is greater. The ATS reproducibility limit for
FVC is not shown. High-low bars indicate + 1 SEM.

(12 of 80) of the adult male subjects with
a height of less than 162.5 cm had more
than seven maneuvers, but only 6.4% (13
of 203) of male adult subjects with a

height of greater than 182.5 cm had more
than seven maneuvers.

When a constant-volume reproducibil-
ity criterion of 200 ml (based on the 95th
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Fig. 4. For females the mean AFVC (ml, open circles) and mean AFEV, (filled circles) by height, ages 8 to 90
yr. Dashed lines indicate the results for the adult age group (ages 18 to 55). Long dashed line indicates the ATS
reproducibility criterion limit of 5% of the FEV, or 100 ml, whichever is greater. The ATS reproducibility limit-for
FVC is not shown. High-low bars indicate + 1 SEM.
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confidence interval calculations of the
AFVC and AFEYV,) is applied to FVC and
FEV,, there appears to be less of a rela-
tionship between the percentage of sub-
jects with a nonreproducible test and
height (figure 6). Shorter subjects fail to
meet the 200-ml reproducibility criteri-
on at about the same rate or less than
the taller subjects.

A separate analysis was conducted
using a linear model of the AFVC and
AFEV, as a function of the continuous
variables of age, height, percentage of
predicted FVC, percentage of predicted
FEV,/FVC%, and the indicator variables
of sex, race, and Hispanic origin. Of all
these parameters only the relationship be-
tween height and AFVC and AFEV, was
not statistically significant. This linear
model analysis was repeated leaving the
percentage of predicted values (FVC and
FEV,/FVC%) out of the equation and
the same results were obtained.

When the linear model analysis was
conducted using only the AFVC and
AFEV, for the adults between the ages
of 18 to 55, the relationship between
height and AFVC and AFEV, was not
statistically significant. In addition, the
relationship between age and AFEV, was
no longer statistically significant but was
for the AFVC (p < 0.05). These linear
model results appear to be consistent with
the results shown in table 2 and figures
3 and 4.

Discussion
Although our analyses were based on pre-
liminary data of 6,486 subjects, these
results indicate that younger and espe-
cially older subjects have more difficul-
ty meeting the ATS acceptability and
reproducibility criteria. At least a por-
tion of the failure to meet the ATS

reproducibility criterion may be due to

the smaller heights and lung volumes ob-
served in these subjects, particularly the
younger subjects. Factors other than abil-
ity to understand the test procedure may
be related to test reproducibility. Specif-
ically, there appears to be a difference in
test variability between males and fe-
males and whites and nonwhites in the
absence of a difference in the percentage
of subjects with fewer than three accept-
able curves (table 2). In contrast to these
groups, subjects of Hispanic origin had
a higher percentage of fewer than three
acceptable curves, but test variability
(AFVC and AFEV,) was not significant-
ly different.

A particularly important finding of
this study is the relatively uniform within-
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Fig. 5. Percentage of subjects failing to meet the ATS reproducibility (applied to FVC and FEV,) criterion by height,
ages 8 to 90 yr. Open circles indicate males, closed circles indicate females, and dashed lines represent the

results for the adult age group (ages 18 to 55).

subject variability of FVC and FEV, in
terms of the mean AFVC and AFEV, ver-
sus height (figures 3 and 4) and lung
volumes. These results suggest that the
ATS reproducibility criterion based on
a percentage of the FVC and FEV, and
a constant 100 ml for volumes less than
2 L may inappropriately classify a high-
er percentage of subjects with smaller
heights and consequently smaller lung
volumes as having a nonreproducible test.
In contrast, taller subjects with larger
lung volumes are much less likely to fail
the ATS reproducibility requirement.
For comparison we tested a 200-mi
reproducibility criterion (largest FVC and
second largest FVC within 200 ml and
largest FEV, and second largest FEV,

within 200 ml). When this 200-ml re-
producibility criterion is used the percent-
age of subjects failing to meet the re-
producibility criterion does not appear
to be related to height (figure 6), where-
as this relationship was observed with the
current ATS recommended reproducibil-
ity criterion (figure 5).

That the ATS reproducibility criteri-
on was used in the collection of these da-
ta does not explain these results, as
application of the ATS reproducibility
criterion would tend to diminish the ef-
fects seen in figure 5. Since taller sub-
jects with larger lung volumes are less
likely to receive additional coaching be-
cause of their failure to meet the ATS
criterion, one would expect the mean

Fig. 6. Percentage of subjects failing to
meet a 200-ml reproducibility criterion
by height, ages 8 to 80 yr. Open circles
males, closed circles females, and
dashed lines represent the results for the
adult age group (ages 18 to 55).

Height (cm)
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differences to be greater in these subjects,
not less as was observed. Likewise, the
shorter subject with smaller volumes re-
ceived more coaching and therefore
should have a smaller difference. We ob-
served approximately the same mean
AFVC and AFEV, for all heights or
volumes, despite any coaching effect.

One possible explanation for the
uniformity in the variability of FVC and
FEV, is that subjects with smaller heights
(primarily younger subjects) have more
difficulty understanding and performing
the test and therefore have a higher vari-
ability, even if they performed more
maneuvers than the adults. To investigate
this possibility an analysis of adults be-
tween the ages of 18 and 55 was conduct-
ed and produced results similar to those
for the total population. Also, in the
results using the linear model height was
not significantly related to the AFVC or
AFEYV, for either the total population or
the adult group.

Several studies have questioned the
elimination of subjects for failure to meet
a reproducibility criterion because such
practice may introduce a population bias
(4-6). Subjects with lung disease, par-
ticularly obstructive lung disease, have
a greater test variability and may be pref-
erentially eliminated. Our analysis using
a linear model supported this observa-
tion, in that the FVC and FEV, variabil-
ities were found to be related to the per-
centage of predicted FVC and the per-
centage of predicted FEV,/FVC%. In
addition, our results suggest that elimi-
nation of subjects for failure to meet a
reproducibility criterion may also in-
troduce a population bias with respect
to subjects with smaller heights and lung
volumes. Since subjects with moderate
or severe obstructive lung disease tend
to have lower FEV,, it is possible that
the preferential elimination of these sub-
jects may be due in part to their lower
FEV, combined with the ATS repro-
ducibility criterion, rather than entirely
to the larger within-subject variability of
FVC and FEV, associated with disease.
In our study a higher percentage of the
subjects older than 55 fell below Knud-
son’s lower limit of normal for FVC and
FEV,/FVC%, which could partially ex-
plain the relatively high rate of failure
to meet the ATS reproducibility criteri-
on in older subjects. :

One natural consequence of a uniform
AFVC and AFEV, expressed in milliliters
is that the AFVC and AFEV,, expressed
as a percentage of FVC or FEV,, would
increase with decreasing FVC and FEV,.
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This means that subjects with smaller
volumes (e.g., FVC and FEV,) will have
a much higher variability expressed as
a percentage than subjects with larger
volumes.

Although the ATS does not recom-
mend excluding subjects for failure to
meet their reproducibility criterion, it
does recommend that reproducibility be
considered in the interpretation of results.
Therefore the impact of an inappropri-
ate use of the reproducibility criterion
may have consequences greater than sim-
ply having the subject perform additional
unnecessary FVC maneuvers. A 200-ml
reproducibility criterion may provide a
commensurable level of difficulty for all
subjects, regardless of age or lung vol-
ume. The practice of classifying a patient
as having an invalid test based on failure

to meet the ATS reproducibility criteri-
on may nevertheless place shorter sub-
jects with smaller lung volumes at a dis-
advantage.
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