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COMPUTER-ASSISTED SPIROMETRY DATA ANALYSIS
FOR THE NATIONAL HEALTH AND NUTRITION
EXAMINATION SURVEY, 1971-80

David P. Discher, M.D 2; Alan Palmer, Ph.D P ; Gregory Hibdon®; Terence A. Drizd, MSPHI

INTRODUCTION

The wide acceptance of the Forced Expira-
tory Spirogram pulmonary function test in respi-
ratory epidemiologic studies is evidenced by
recent efforts of the Division of Lung Disease of
the National Heart, Lung and Blood Institute
and the American Thoracic Society to bring
greater precision to this important test.!2 Spi-
rometry provides both medical practitioners and
epidemiologists with a simple yet objective
method of following the course of chronic ob-
- structive lung disease from its early inception to
its more advanced states, thereby permitting the
application of intervention measures and the
monitoring of results. Furthermore, epidemio-
logical studies can indicate early changes in func-
tion that can be related to various aspects of
environmental pollution thus permitting devel-
opment of control strategies to mitigate further
degradation of function.

Unfortunately, spirometric testing is ham-
pered by a lack of sound and sensitive data ob-
tained from rigorous testing procedures on gen-
eral population groups. These data are necessary
for derivation of performance standards.

AChairman, Department of Industrial and Environmental
Medicine, San Jose Medical Clinic,

bSenior Epidemiologist, Center for Community Health
Studies, Stanford Rescarch Institute International.

CComputer Application Analyst, Stanford Research Insti-
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National Center for Health Statistics.

The National Health and Nutrition Examina-
tion Survey of the National Center for Health
Statistics is the largest ongoing examination sur-
vey in the world. Thus the National Health and
Nutrition Examination Survey offers an oppor-
tunity to collect lung function data on various
population groups representative of all socioeco-
nomic groups, races, ages, sexes, and geographic
areas. Because additional data are also collected
on examinees that may be significant variables
for spirometric function, this survey will lead to
research on other variables.

Aware of the limitations of existing spirom-
etry data, the staff of the Division of Health Ex-
amination Statistics, which conducts the Na-
tional Health and Nutrition Examination Survey,
have undertaken an extensive review of the
existing spirometry data collection procedures
and computer processing program criteria to
ensure that data sensitivity is maximized.

This report details each of the steps taken to
ensure the collection of optimal data. An identi-
fication of the multiple source of variability
known to reduce the sensitivity of the data, a
description of the subsequent operating proce-
dures to minimize each of these sources of vari-
ance, a review of spirogram measurement criteria
as currently used in the National Health and
Nutrition Examination Survey program, and a
comparative analysis of various alternative algo-
rithms for increasing the accuracy of the meas-
urements are presented. The development of
alternative spirogram measurement techniques



was undertaken to further validate those tech-
niques suggested in the recent National Heart,
Lung and Blood Institute report! and, most im-
portant, to provide testable, documented logic
for the National Health and Nutrition Examina-
tion Survey (NHANES) criteria used in quality
control calibration, and measurement pro-
cedures.

These documented measurement criteria
should provide a foundation for the analysis of
current and future NHANES-collected data
from which new regression equations will be
developed for prediction on normative values.

BACKGROUND

Spirometry testing has been an integral part
of the National Health Examination Survey
(NHES) since 1963. During NHES Cycle II
(1963-65), spirometry data were obtained by a
Collins water-sealed spirometer, using the stand-
ard operating test procedures recommended in
the spirometer instruction manual. Generally,
technicians had little training in the theory and
physiological meaning of spirometry. Measure-
ments were made manually at great expense in
time and money, and the limitations of this level
of data collection became obvious3 During
NHES Cycle III (1966-70), a spirometry testing
module that used computerized data collection
techniques was developed. Rigid standard oper-
ating procedures (SOP’s) were developed, and
concurrent technician and data surveillance pro-
grams were run to control for procedure and test
data variability. Data were analyzed using the
spirometry computer program?*# developed by
the Public Health Service (PHS).

Further refinements were made in the spi-
rometry data collection module in 1970 before
the beginning of the National Health and Nutri-
tion Examination Survey (NHANES I). The data
acquisition hardware system that was used in
NHANES I to collect spirograms is described in
‘this report. Digital tape equipment was installed
to replace the analog data systems used in NHES
ITII, and general refinements of the SOP’s were
made to reflect the current methodology (e.g.,
the use of a standard set of five trials to ensure

maximal values). While NHANES I data were
being collected, the latest version of the PHS
computer spirometry program was reevaluated
and extensive program changes were made in
calibration and quality control procedures and
the logic used to define and compute the various
spirometric measurements. Recently, new cri-
teria have been developed and adopted by the
National Heart, Lung and Blood Institute
(NHLBI) to standardize the criteria used to
compute and analyze spirometric data in epi-
demiologic studies.! The NHLBI criteria are
comparable with those used by the NHANES
programs except in “zero-time” and the “end-
of-test” computations. These methods are com-
pared and their strengths and weaknesses are
documented.

The initial discussion in this report relates to
nonsampling data errors that are caused by the
host of variables that the NHANES planning
group delineated as obstacles to collecting opti-
mal data. This discussion is followed by a de-

- scription of the instrumentation and the quality

control programs that were developed to control
for these errors and of the test procedures used
during NHANES I. Finally an analysis of the test
procedures is presented and various alternative
methods for obtaining spirometric measure-
ments are compared.

Spirometry Data Variability

In establishing testing uniformity, the vari-
ables that must be considered include selection
and training of technicians, testing techniques,
testing environment, spirometry equipment se-
lection, data measurement and computation,
and quality control.8:7 Each of these areas is a
potential cause of nonsampling error that di-
minishes or obscures any differences being
sought in epidemiological studies as well as the
validity of spirometry as a clinical-diagnostic
tool.

Examinee sources of vartance.—Submaximal
expiratory effort during the performance of the
Forced Expiratory Spirogram (FES) is attribut-
able to a variety of factors. A common cause of
poor test data is failure of the subject to com-
prehend the test instructions; in children this
problem is often referred to as testing imma-



turity. This condition is a behavioral-social phe-
nomenon exemplified by a lack of school readi-
ness; the commands “Sit down and be quiet,”
“Raise your hand when you want to speak,”
“Pick up your pencil and copy the picture and
the words in your book” all require understand-
ing, willingess, and enough self-control for the
pupil to perform properly and effectively.8
Older children and adults of various ethnic and
socioeconomic groups can also present problems
of language and comprehension, and these fre-
quently combine to frustrate meaningful data
collection. Examinees with such problems are
often performing the spirometry maneuver for
the first time and this situation, coupled with
anxiety regarding any medical procedure or its
implications, often results in an unacceptable
test despite the best efforts of the technician.

Technician sources of variance.—Spirometry
testing requires maximum subject participation
and an astute technician. Current practice dic-
tates that vigorous verbal encouragement be
given to the subject to stimulate maximal effort.
An experienced technician is a combination of
bully and cheerleader as he or she strives to elicit
this maximal response from the subject. The
technician must first explain the test, demon-
strate the procedure, cheer on or goad the
subject into putting forth his or her best effort,
and evaluate the degree of cooperation obtained.

The methods used to administer the test not
only vary from one technician to another, but
also vary from trial to trial with the same
subject. Not all technicians have equal abilities
to perform all tasks well. Some work well only
under supervision; if supervision is varied, tech-
nician performance also can vary.?

Any individual who is well motivated, inter-
ested, and reasonably intelligent and who has
the equivalent of a high school education can be
trained in spirometry.” Only 2 weeks of inten-
sive training are required to learn how to
administer the spirometry test, handle and cali-
brate the instruments, and perform the calcu-
lations, However, learning to obtain the best
possible performances from examinees of all
types and ages takes much longer—at least 6
months and perhaps a year. Such experience
develops the many approaches necessary to
instruct the examinee in a series of unfamiliar

maneuvers, such as, taking in the deepest breath
possible, inserting the mouthpiece and keeping
the lips tightly around it, and exhaling into the
spirometer as quickly, forcibly, and completely
as possible.

The most important quality of a pulmonary
function technician is the motivation to perform
the very best test on every examinee. Initial
enthusiasm after a while may turn into lack of
interest. The intellectual ability of the techni-
cian becomes particularily important in discern-
ing performance deficiencies of examinees and
correcting these errors in maneuver.

The qualifications of personnel being hired
to do spirometry are difficult to judge. This
process may be accomplished though a personal
interview with the prospective employee in
which previous and related work experiences are
reviewed and discussed. Each new technician
should be evaluated to determine the level of
training that will be required; and, if further
training is needed, it should be done under the
guidance of an experienced physician or pulmo-
nary physiologist in a laboratory where ample
testing is being performed with the highest
standards of accuracy and quality control.

Equipment sources of variance.—Spirom-
eters—much data are available on pulmonary
function sensors that point to a basic set of de-
sirable characteristics. The spirometers should be
accurate and precise, have linear volume and
flow rate response, be electronically (in elec-
tronic models) and pneumatically calibratable,
have a frequency response of the signal being
recorded (FES, 15 Hz), and have low inertia
without oscillatory fluctuations.?

Portability and compactness, although de-
sirable, should not be considered at the expense
of any of the preceding characteristics.

Automation.—Hand measurements of spiro-
metric data have been shown to be less precise
than automatic systems. Studies have shown
that when two trained pulmonary technicians
analyzed a number of spirograms, interobserver
differences were statistically significant.!9 Epi-
demiologic studies often require the combined
efforts of two or more observers for the study of
a large population; thus should one observer be
more precise than the other, the quality of the
better effort is diluted when the results are



pooled. The ability of measurements to discrimi-
nate between a normal and abnormal population
is vitiated under such circumstances.

The expenditures of time and people for
routine computations is no longer justifiable.
The use of automated techniques conserves
time, improves accuracy and precision, increases
work capacity, and reduces cost. Through these
means, the professional and technical staff be-
come free to pursue more challenging activities.

Testing Methodology

The need for calibration.—Although spirom-
etry equipment is extremely accurate, even the
best equipment requires both careful attention
and routine maintenance. For the electronic sig-
nals generated by moving the piston in the spi-
rometer to be related to known volumes and
known flows of air, the technician must perform
periodic calibration checks. To detect minor sig-
nal fluctuations between pneumatic and elec-
tronic calibrations, the technician must perform
a calibration as required by the SOP’s.1! Precise
adjustments of the equipment are made that
alter the volume-to-voltage relationship which
are based on observations that the technician
makes by using the pneumatic calibrations. The
technician becomes aware of the need for elec-
tronic service to the equipment when the elec-
tronic calibrations show wide fluctuations of the

~standard electronic signal. Thus the first consid-
eration in obtaining valid data on forced expira-
tory maneuvers by electronic spirometry is an
understanding of the electronic principles inher-
ent in calibrations and maintenance.

The need for technician-examinee rapport.—
The second concept that the technician must
understand is the requirement that the forced
expiratory maneuver be correctly performed by
the subject under the close observation and
guidance of the. technician. The technician can
enhance this communication by developing an
initial rapport, performing a good demonstration
of the maneuver, and clearly stating the standard
test instructions. The technician’s skill is mani-
fested by the subject’s comprehension of the
initial standard instructions, motivation to pro-
vide a maximal effort on a minimum of two of
the five expiratory trials, and correct notation of

procedural errors and redirection of test instruc-
tions accordingly. A number of barriers to a
successful test can be identified as follows:

® Testing immaturity—the subject cannot
follow directions.

® Inability to communicate—the subject
cannot speak the language or dialect of
the technician or any available
interpreter.

® Pain or disability—the subject cannot
take in a deep breath and/or rapidly
exhale down to full expiration.

® Voluntary refusal—the subject will not
participate because of fear or other
reasons.

Instructions to subjects, therefore, are stand-
ardized for the initial trials and follow standard
variations for subsequent trials depending on
observations of the technicians—observations
made by watching the subject perform the
maneuver and by monitoring oscilloscope dis-
plays of the flow and volume signals of all
completed trials for that subject. The skilled
technician quickly perceives difficulties from
these two sources and redirects the subject to
perform a correct maneuver. A number of
examinees tested in NHANES I did exhibit pain
or discomfort while performing the test or
indicated the presence of an upper respiratory
infection. With the assistance of the resident
physician, such subjects were disqualified from
the examination. Regarding those who refused
to take the test, their reasons were fully docu-
mented and will be examined for nonresponse
bias.

In summary, the test requires both a
technician-spirometer interaction to achieve ac-
curate and reliable signals and a technician-
subject interaction to achieve subject compre-
hension and motivation. These two interaction
areas define technician skill. A review of techni-
cian performance in the field, however, revealed
occasional drift in performance; therefore, re-
training procedures were routinely implemented
to reduce this source of error.

Spirometry data quality control.—The at-
tending technician is responsible for spirometric



data quality: Direct observations can be made
during the performance of the test and observed
errors can be corrected during the procedure.
Clearly, the technician has the cardinal role in
data quality control because he or she provides
clear and concise test instructions, coaches the
examinee to perform a maximal expiratory
maneuver, and provides an initial judgment of
the acceptability of the data obtained.

The technician can carry out this role by
proper use of the monitoring equipment and
careful observation of the subject. A memory
oscilloscope with an X-Y axis is regarded as a
reasonably precise tool for monitoring patient’s
spirometric effort. Flow is registered on the Y
(vertical) axis, and volume is measured on the X
(horizontal) axis. Each respiratory effort results
in a flow-volume curve, which is displayed on
the oscilloscope and compared with subsequent
curves (figure 1). The technician can thus
monitor discreet changes in patient effort and
cooperation by observing the shape of the curve
and the height of the peak flow deflection. This
monitoring information must be integrated with
subject performance observations. Appendix I is
a glossary of terms relating to this technician
function and includes a diagram of the three
phases in a normal spirogram trial (appendix
figure I).

The following paragraphs describe the cur-
rent criteria used by the NHANES technicians to
judge data quality.1!

Procedural error detection.—As a matter of
conscientious workmanship, a technician ex-
amines each trial within a test set during its
recording to identify the presence of any partic-
ular procedural error. Errors are a signal to the
technician that the examinee is experiencing
some problem with the test instructions either
because the instructions were unclear or compre-
hension was inadequate. When a procedural
error is identified, such as the absence of a ter-
minal decay curve (as seen on both the flow and
volume signal), the subject is reinstructed, with
emphasis on that part of the instruction where
the problem occurred, and a clear demonstration
of the test procedure is given.

The common procedural errors that alert the
technician to the possibility of an invalid trial
are described below.1! The best trials are those

with the largest forced vital capacity (FVC) ac-
companied by the highest flow rates. Procedures
for identifying the best trial are described within
the section entitled “Reliability Error Detec-
tion.”

Short baseline.—A short baseline can result
when the technician starts the recording equip-
ment too late, thereby not permitting establish-
ment of a sufficient baseline, or when the sub-
ject initiates expiration before instructed to do
so, thus obviating the baseline. A short baseline
cannot be observed on the flow volume display
but it is evident on the strip chart, as shown in
figure 2.

No end-of-test plateau.—During the test pro-
cedure, subjects who have large vital capacities
coupled with low terminal flow rates continue
to increase their expired volumes beyond the
preset recording time (9.19 seconds after the
technician initiates the NHANES I recording
system). This phenomenon typically occurs in
subjects with chronic obstructive lung disease
(COLD), although it can occur in subjects with
no known disease. The strip chart, not the visual
display, shows this phenomenon because the
former is a 9.19-second record whereas the latter
is a flow volume display that is independent of
time (figure 3). The recording equipment de-
scribed here does not have a manual override to
permit recording volumes beyond 9.19 seconds;
thus, the presence of a terminal flow is referred
to as premature termination by the recorder.

Premature termination artifact.—The prema-
ture termination artifact is manifested by the
absence of a typical phase III morphology of the
spirometric curve, that is, a slow decay curve
until residual volume is reached. Unlike a prema-
ture termination by the 9.19-second recorder,
this phenomenon occurs within 9.19 seconds
and is due to premature termination of the
effort by the subject; thus the phenomenon is
found on both the visual display and the strip
chart (figure 4).

Inhalation artifact.—Inhalation artifacts are
identified either by the flow-volume loop mor-
phology depicted in figure 5 or by review of
the flow signal on the recording paper and
observing that the flow rate decreases below the
baseline, which is followed by an increase of
flow greater than 1 liter per second (11 per
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Figure 2. Sample spirogram demonstrating the short baseline procedural error
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Figure 3. Sample spirogram demonstrating the no end-of-test plateau proéedural error
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Figure 4, Sample oscilioscope tracing demonstrating the prema-
ture termination artifact procedural error

second). (These trials are automatically dis-
carded as totally invalid and are not considered
in a set of five.)

Veniuri artifact.—The Venturi artifact is
evident when FVC volumes and/or flow rate
values are greater than clinically expected (fig-
ure 6).-This phenomenon is caused by trumpet-
ing into the mouthpiece with pursed lips, which
causes room air to be drawn into the spirometer
along with the expired air (figure 7). This situ-
ation occurs because of a vacuum effect from
the high velocity of air movement from the
pursed lips. The typical morphology of a Ven-
turi trial is a rapid rise of flow rate to a high
level that is sustained until residual volume is

Figure 8. Sample oscilloscope tracing demonstrating the inhala-
tion artifact procedural error

attained, followed by a rapid decrease to the
zero line. Such an uncharacteristic trial is readily
identified by a trained technician by review of
the flow-volume display.

Because some members of the population
(such as highly trained athletes) have extra large
lung volumes and flow rates, large values can be
obtained without any artifact; however, caution
is required before accepting these readings.
Again, if reliability criteria are met, which
includes a careful review of the flow and volume
histories, the test is valid.

Low peak flow artifact.—Peak flow rates of
50 percent of predicted value are sought as a
measure of inital expiratory thrust. Lower values -




WITH VENTURI

FLOW

Venturi

VOLUME

PRI ]

FLOW

WITHOUT VENTURI

s — — V— an—— —— Cr— — S— W— —

Normal

VOLUME

Figure 6.

THE VENTURI

Alr train Qutside air drawn in
from

mouth

ev——r
— e mmmege  Spirometry tube
— —l

Figure 7. A depiction of the mechanics of a spirometric Venturi
artifact

would indicate the possibility of malingering,
not achieving total lung capacity before begin-
ning to blow, trouble understanding the test
instruction, or severe obstructive lung disease
(figure 8). This possible error check is discarded
if applied reliability criteria are met. No compu-
ter check is used for detecting this artifact:
Detection is left to the technician who must

Sample oscilloscope tracings, one narmal and one demonstrating the Venturi artifact procedural error.

observe both subject effort and peak flow esti-
mates on the monitoring equipment.

Hesitation artifact.—The hesitation artifact
should not occur during the three phases of the
spirogram. If it does occur, the test may be
considered acceptable only if the reliability
criteria have been fulfilled and flow and volume
histories are similar. This artifact (figure 9) is
generally identified by the technician, and com-

" puter identification is limited to detection of a

relatively large hesitation only at phases II and
III.

Table A describes the output codes and
criteria used by the computer program to flag
the described procedural violations.

Reliability error detection.—Acceptable
spirograms result in reproducible curves.1.12
The technician makes an initial determination of
reliability by using the monitoring equipment to
superimpose one flow-volume curve over the
other or, alternatively, to compare them side by
side. At the conclusion of the fifth trial, the

- technician also examines the paper record for

the two best trials. These trials are deemed
reproducible if the estimates of the FVC and
forced expiratory volume at 1 second (FEV, )
are within 5 percent, assuming that these vol-
umes exceed 31 or 10 percent for FVC and
FEV, o volumes of less than 3 l. If reproducibil-
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Figure 8. Sample oscilloscope tracing demonstrating the low
peak flow artifact procedural error

FLOW

VOLUME

Figure 9. Sample oscilloscope tracing demonstrating the hesita-

tion artifact procedural error

Table A. Procedural error codes and their definitions

Code Definition

L+ IEPR No vioiations occurred.

Tureessisnssennenre | Onsat of volume curve occurred less than 150 ms after the beginning of the record (short baseline).

Zivverisnnenenee | End of trial {EOT) was not identified in the 9.19-second record (premature termination by recorder).

Biicnenenennss | A volume increment of less than 4 percent between 0.5 second and 1 second after onset of the curve, or an increment
between 1 and 2 seconds less than 4 percent {midtrial premature termination by subject), occurred.

Qurerirenennnens | A negative flow occurred followed by post-EOT positive flows in excess of 50 ml per second over any 0.50-second
interval following EOP (inhalation artifact).

|- T Peak flow was greater than 3 standard deviation units above subject’s predicted peak flow (Venturi artifact).

Buernseserenrensesns | COmputed FVC was less than 0.2 1 (invalid triai).

Terversmnsnenens | POst-peak flow but pre-EOT signat showed a marked decrease (25 percent of peak flow) in flow for a time interval of
0.1 second or more and was followed by a marked increase (25 percent of peak flow) in flow (hesitation artifact).

B Theb(]).EO) second of a trial after EOT had a slope in excess of 50 mi/second (premature termination at end of trial by
subject).

ity cannot be demonstrated within that test set,
the five-trials test sequence is repeated after the
subject has rested.#»9

The need for technician monitoring and
surveillance.—Uniformity of testing procedures
was achieved in the NHANES by the use of
appropriate operational procedures, care in the
selection and training of technicians, and peri-
odic retraining,.

Because data collection in NHANES I ex-
tended over a 5-year period, problems of drift in

technique were anticipated.6 This drift was
overcome in part by a surveillance program in
which spirometry data obtained by each techni-
cian were periodically reviewed for trends in
procedural and reliability errors. From this
information, corrective actions were taken to
reduce the continued collection of technically
unsatisfactory data. This procedure was accomp-
lished by directly observing the technician as he
or she performed the testing in order to identify
possible errors in technique. One aspect of this



on-site surveillance was to compare the instruc-
tions given to the subjects with the standard
instructions shown in appendix II. Another
aspect was the on-site review of the subjects’
tracings to determine whether the technicians
could make accurate judgments from the record
and were able to correctly observe the flow-
volume loop.

INSTRUMENTATION

The instrumentation used in the NHANES
program to acquire and store the spirometry
signals in a format suitable for computer analysis
comprised an electronic spirometer, a storage
X-Y oscilloscope to display the flow-volume
curve for monitoring purposes, a single-channel
linear strip chart recorder to provide a perma-
nent record of the volume signals, and a data
acquisition unit to encode, convert, and record
on digital tape the spirometry volume signals.

Figure 10 is a schematic representation of the
system.

Spirometer and Support Electronics

Spirometry examinations were performed on
an Ohio Medical Instruments Corporation model
800 electronic spirometer. This spirometer dif-
fers from the more widely used volume displace-
ment “wet” system in that it consists of a dry
metal cylinder containing a plastic-faced piston.
A silastic rolling membrane forms an air-tight
seal between the piston and the cylinder. The
piston connecting rod is attached to a low-
voltage potentiometer, which varies a fixed
voltage signal in a linear manner proportional to
the piston displacement.

Expired air from the forced expiratory
breathing maneuver flows down the connecting
hose, into the spirometer, and displaces the
piston, causing the output of a signal from the
potentiometer. This signal is transferred to the

Flow
Flow-
Spirometer volume Storage Strip chart
converter oscilloscope recorder
Volume
T Volume T 7
A/D
converter
I 9-track I
magnetic
t
recorder
l ‘ Lead I
selector
switch
Encoder
I (EBCDIC) I
12
selector
l switches Digicorder I

Figure 10. Schematic of the NHANES spirometry system
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flow-volume converter where the signal is fil-
tered, amplified, and is also differentiated to
generate the flow signal. The outputs from the
flow-volume converter are two signals of varying
voltages, one of which is directly proportional to
the amount of piston displacement (volume
signal) and the other directly proportional to the
rate of piston displacement (flow signal).

Calibrators

The spirometer is calibrated by means of an
internal volume pump operated by a small
electric motor that drives a single-lobed cam
through a gear reduction train. When the calibra-
tor yoke is attached to the connecting rod of the
spirometer piston, and when the electric motor
is engaged, the cam rider pushes the piston back
and forth, causing the in-and-out movement of a
known volume of room air at known flow rates.
When the output volume signal is recorded on a
paper tracing, as shown in figure 11, the known
air movement is represented by a graphlc sinus-
oidal signal, with the trough-to-peak distance
representing the volume of air displaced. For
example, if the calibrator movement causes
5,000 milliliters (ml) of air to flow in and out of
the spirometer, the trough-to-peak distance on
any paper recording of the volume signal will
represent that 5,000 ml. The volume displace-
ment shown in figure 11 is representative of a
midrange calibration.

The Ohio spirometer electronics are preset
to convert 1 ml of volume to 1 millivolt (mV);
therefore, the trough-to-peak signal will be
recorded on the magnetic tape as a difference of
5,000 mV from the baseline voltage. Any
variation from the 5,000-mV calibration signal
thus indicates either a change in the calibrator or
a change in the volume-to-voltage ratio. For
preliminary data processing purposes, any such
observed change was assumed to be caused by
the latter. For example, if the mean trough-to-
peak difference was found to be 4,950 ml, a
calibration factor of 1.01 was used for the
subsequent spirometric analysis. Likewise, a
mean difference of 5,050 ml would produce a
calibration factor of 0.99.

Finally, a manual check of the program-
computed standard deviation is performed, and

the coefficient of variation is computed. It is
assumed that a coefficient of variation greater
than 3 percent indicates a daily variation great
enough to warrant the use of different calibra-
tion factors for different periods of testing.
Specifically, if the coefficient of variation is
greater than 3 percent (that is, 150 ml on a
5,000-ml calibration), hardware maintenance is
performed and the affected data set is manually
divided into smaller batches until the variation is
less than 3 percent; a different calibration factor
is computed manually for each batch (from the
list of trough-to-peak differences printed out by
the program). Spirometric analysis is performed
separately for each batch. If the coefficient of
variation is within the 3-percent limit, the data
on that tape are considered to be a single batch.

Before conducting a spirometry test on a
subject, the technician electronically calibrates
the spirometer through the use of the signal
generation capability of the flow-volume conver-
ter. This calibration involves switching the
volume-calibration switch from its normal “op-
erate” position to the zero position. The techni-
cian then switches between this position and a
+5,000 mV (d.c.) position. This switching back
and forth between 0 and +5,000 mV activates
transmission of a signal that displays graphically
as a square wave function, with the bottom step
representing 0 mV and the top step representing
+5,000 mV.

The difference between electronic and pneu-
matic calibrations follows. A pneumatic calibra-
tion involves all parts of the spirometry data
collection system—the mechanical action of the
spirometer piston, the mechanical and electronic
action of the potentiometer, the amplifier and
filtering circuits of the flow-volume converter,
the analog-to-digital (A/D) converter and filter-
ing circuits of the data acquisition unit, and the
nine-track tape recording device. Conversely, the
electronic calibration only tests the electronic
portions of the instrumentation system. Thus an
evaluation of the pneumatic calibration signal is
an evaluation of the accuracy of the entire data
collection system, whereas the evaluation of the
electronic calibration signal assists the examiner
in locating the source of any variation. For
example, should the pneumatic variation deviate
beyond certain preset limits on a given magnetic
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Figure 11. Spirometer data—calibration sine wave

tape, the troubleshooter would first examine the
electronic calibration output for that tape. If
this check revealed a consistent step-function
difference of 5,000 mV, it could be assumed
that the electronic portion of the system was
functioning normally and that the problem lay
in the pneumatic system (i.e., the spirometer
itself). Conversely, should the electronic calibra-
tion show a significant step-function difference
from 5,000 mV, it could be assumed that the
spirometer was functioning normally and that
the problem emanated from the electronic cir-
cuits somewhere in the line after the spirometer,
The pneumatic calibration procedure used in
NHANES I (1971-75) was not that which was
recommended by the American Thoracic Soci-
ety (ATS) in its Snowbird Standardization Proj-
ect.? NHANES II (1976-80) practice did, how-
ever, follow that procedure.

12

Data Acquisition System

Spirometry data are recorded on a Beckman
Digicorder Model No. DRS-1000 digital tape
acquisition system. This unit encodes each signal
with a series of pulses entered by thumb
switches that the computer program identifies as
the recording location, subject identification
number, age, sex, race, height, technician code,
barometric pressure in millimeters of mercury,
and temperature in degrees Celsius. The com-
puter uses temperature and pressure to develop a
BTPS correction factor that adjusts volume from
ambient temperature and pressure saturated
with water vapor (ATPS) to body temperature
and pressure saturated with water vapor (BTPS).
A record of the machine identification number
is also encoded. This encoding permits each
spirogram to be traced to the machine it was



recorded on and a code (lead) number that

indicates to the computer whether the signal was

a calibration or .an FES. Because this 14-lead
data acquisition system is also used to collect a
12-lead electrocardiogram on the same subject,
unique lead numbers are assigned to the spi-
rometry examination. Data are recorded on a
nine-track digital tape after conversion from
analog form via an A/D converter. The tape is
processed directly by a digital computer at a
later date.

SPIROMETRY DATA ANALYSIS:
PROGRAM DESCRIPTION

The analog spirometric signal is converted to
digital data and encoded by the Digicorder and
then recorded on a digital magnetic tape. Each
individual data record (subject trial, calibration,
etc.) consists of 18 digits representing the header
and identification information, -followed by
4,599 data points representing voltages (the
spirometer volume curve). All data are recorded
at a rate of 500 samples per second. As
described below, the number of data points is
reduced by computer processing to 100 samples
per second, and each resulting data point has a
signal resolution of approximately 2 ml of
volume.

The automated computation of spirometer
trial parameters is performed in three stages. In
the first stage the Digicorder data tape is
unpacked (reformatted) and the calibration fac-
tor (which corrects voltage-to-volume ratios) to
be applied to the volume data is computed. In
the second stage the flow data are computed
from the volume data, the calibration and BTPS
factors are applied to the volume and flow data,
and the baseline is computed and removed. The
third stage is the computation of spirometric
parameters from the corrected data.

Calibration Factor Computation
(First Stage)

A calibration data record is recognized by
two conditions in the 18-digit header. The
number 14 must be found in the channel lead
indicator (digits 5 and 6) and at least nine 9’s
must be found in digits 7 through 18. The actual

calibration is a sinusoidal wave with the trough-
to-peak voltage difference corresponding to a 5-1
volume. By computing the average trough-to-
peak voltage, a ratio is formed (the calibration
factor), which is later used to scale all the
volume data.

When a calibration data record is found, the
sinusoidal wave data are first reduced from 500
samples per second to 100 samples per second
by a five-point average:

Vn =(Vm + Vm+l + Vm+2+ Vm+8 + Vm+4)/5a
where

m =5(n- 1)+ 1 and
n = the number of the averaged data point,
1-919.

This averaging reduces the data from 4,599
points per record (trial) to 919 points per
record. Once the data have been averaged, the
first differences (flows) are computed by the
relation

dﬁn = I7n+l = Vn.

Because the sinusoidal curve may begin with
a positive or a negative flow, a starting point
must be determined. This point is located by ob-
serving the first negative flow with a voltage of
less than 4.5 volts (V) (i.e., a point from which
to start looking for the first trough). If no such
point is found, the record is ignored and the
next record is read. When the starting point is
located, a search is made for the first positive
flow. From this positive flow, the next 175 vol-
ume data points are retained (1.75 seconds;
because the sine wave period is 3 seconds, this
time will contain a minimum and maximum
voltage). The trough-to-peak difference is com-
puted and the next cycle is checked, beginning
with a positive flow (minimum).

The trough-to-peak differences are com-
puted cycle by cycle and record by record until
the end of the data is reached. If no pneumatic
calibration signals were found on the data tape,
processing is terminated. If one legitimate cali-
bration is found, the calibration factor is com-
puted (cal =5.0 /D volts, where D is the average
trough-to-peak voltage difference).
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Figure 11 shows a typical calibration sine
wave. At A, the first negative flow is encoun-
tered; however, the voltage level is above the
4,500-mV threshold. At A’, the first negative
flow with a voltage less than 4,500 mV is found.
Theé search for the next positive flow proceeds
to B, where the minimum threshold of 3,320
mV is recorded. The search then continues to C,
where the maximum of 8,510 mV is found. The
trough-to-peak difference (B to C) is computed
as 5,190 mV. A like difference is computed be-
tween D and E, and the average is 5,190 mV or
5.190 V., Thus the calibration factor is

cal = 5.0 liters

= ———=().9634 lit It.
5.190 volts 634 liters/vo

Figure 12 shows the data taken from an actual
calibration trial where both the trough and peak
(B and C) were examined for stability of the sig-
nal. As shown in the figure, 9 data points were
recorded at 3,330, which preceded the trough,
and 9 similar data points were recorded, which

e
8,500 (n =9}
H \

/ : Y
: \ PEAK
/ 3'5;'°—'(\(n =18)
:

: \
8500(n=11) \
\

3,330 (n=9)

.

3,330 (n = 9)

Figure 12. Digital data array from a calibration curve showing
trough (B} and paak (C)
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followed the trough; moreover, the trough volt-
age of 3,320 mV appeared as a continuous string
of 36 samples. The figure also shows a similar
stability at the peak end.

Volume and Flow-Rate Signal Data
Corrections (Second Stage)

The corrections applied to the spirometric
trial volume and flow rate data consist of a cali-
bration factor, a BTPS factor, a reduction of the
data sample rate from 500 samples per second to
100 samples per second, and the subtraction of
the baseline (from the volume data).

BTPS correction.—The BTPS factor is com-
puted by using the following formula:

(BP- PH,0) _ (310.16)
BP - 47.067 (t)

BTPS =

where

BP = the barometric pressure (obtained
from the header data)
¢, =the spirometer temperature in de-
grees Kelvin (derived from the
header data)
PH,0 =2a temperature-dependent water va-
por pressure.

A combined correction factor is then com-
puted by multiplying the BTPS and calibration
factors.

Sample rate reduction.—The sample rate for
the 4,599 volume data points (voltages) is re-
duced from 500 to 100 samples per second by
the five-point averaging technique applied to the
calibration data. The volume data are then con-
verted from centivolts (cV) to liters, and the
combined correction factor is applied to the
averaged volume data. Finally, the flow rates are
computed by taking the first differences of the
volume data as was done with the calibration
curve.

Baseline removal.—Because a volume of zero
liters is not generally represented by a zero-
voltage signal from the spirometer, a baseline
must be determined and removed from the vol-
ume data. This baseline is defined as the average
value of the points preceding the estimated be-
ginning of the trial.



A flow threshold of 1 1 per second, plus a
noise tolerance, is used to estimate the beginning
of a trial. (The noise tolerance is defined as 30,
where o is the standard deviation of all baseline
data being processed and is determined as a sepa-
rate computation.) The flow threshold is based
on the minimum step size in the spirometer sig-
nal—which is 1 ¢V or 10 mV. With a combined
correction factor of 1, this method would con-
vert 10 ml at 500 samples per second. When the
sample rate reduction is performed (five-point
averaging), the minimum step size would be re-
duced to 2 ml. At a sample rate of 100 samples
per second, a volume change of 2 ml would pro-
duce a flow rate of 0.2 1 per second. The 1-I-per-
second threshold allows for a small deviation of
the baseline above the 0.2-]-per-second minimum
step size. The noise tolerance is used to increase
the size of the flow threshold if the baseline data
are noisy. Therefore, the first flow rate to
exceed the flow threshold marks the end of the
baseline. (This initial estimate of zero time is
refined during the third stage). The baseline
digits are then averaged with the weighted aver-
age technique at the net volume point, Avg,
= (Avg,.1.+ Vol,)/2. Once the average baseline
volume has been determined, it is subtracted
from all volume data to remove the recorder
bias. If the baseline is less than 15 points long
(150 milliseconds (ms) worth of data), the trial
is rejected and the data quality code is set to 1,
indicating a short baseline.

Spirometer Trial Parameter
Computation (Third Stage)

Peak flow determination.—After the volume
and flow curves have been corrected, the flow
data are searched and the largest value is re-
corded as the peak flow, with the corresponding
volume. Predicted peaks are computed on the
basis of the following formulas:

Predicted peak flow for males =~1.0028
+(0.0474 X age) + (0.2150 X height)

Predicted peak flow for females =-0.5532
+(~0.0831 X age) + (0.1493 X height),

where peak flow is in liters per second, age in
years, and height in inches. The data quality

code is set to 5 (Venturi artifact) if the observed
peak exceeds the predicted peak by at least 3.1¢
(where: ¢ male = 19585, and ¢ female =
1.3321).

Zero time.—Once the peak flow has been de-
termined, the zero-time (beginning of trial) esti-
mate can be refined (figure 13). This method for
determining zero time therefore replaces the ini-
tial estimate derived in the second stage. Using a
triangular method for the flow curve, the zero
time is corrected by the following equation:

=g - V peak
0 peak F peak ’
where
ty = zero time
tpeak = time of peak (referenced to first
guess zero time)
Vpeak = volume at peak flow
Fcax = the peak flow rate

with the additional constraint that the corrected
to not precede the first guess zero time.
End-of-trial determination and FVC calcula-
tion.—After the beginning of trial is determined,
the end of the trial (EOT) must be found. The
EOT is found by a two-step process. First, the
volume data are searched for a plateau. The

Peak flow

Assumed
flow
Volume at peak

FLOW RATE ———
g
/ 3

Figure 13. Schematic of flow-volume curve showing the rela-
tion of zero time to time of peak flow
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plateau is said to be reached when, starting with
the zero-time volume and comparing at every
10th point (every 0.1 second), the volume has
not increased from the previous 0.1-second
point. When a plateau is found, the time of the
earliest point is recorded as the first guess of
EOT, and the corresponding volume is recorded
as the first-guess FVC. If a 10-point plateau is
found, a search is made from this first-guess
EOT to the end of the volume data (919 data
points or 9.19 seconds) for the maximum vol-
ume. Current recommendations? are for a mini-
mum signal duration of 10 seconds; however,
design of this system preceded the development
of these recommendations and the current sys-
tem in use conforms to the 10-second duration
of signal. If no volume is found larger than the
first-guess FVC, the previously recorded FVC
and EOT are used, and the data quality code is
set to zero. If a larger volume is found, a search
is made of the flow data between the first-guess
FVC and the maximum volume. If a negative
flow rate is encountered between the first-guess
FVC and the higher maximum volume, the EOT
is defined as the point just prior to the negative
flow and the corresponding value is recorded as
FVC. A negative flow is defined as any 0.01-
second flow rate less than zero when the base-
line ¢ is zero; when o is not equal to zero, nega-
tive flow is equal to the noise tolerance (or
minus 30). If no intervening negative flows are
found, the maximum value is defined as the
FVC, and the corresponding time is recorded as
EOT.

A hesitation artifact (procedural error 7
in table A) is reported if a marked decrease in
flow occurs after the peak flow for a 0.1-second
interval, which is followed by a marked increase
in flow. If EOT is found after the 10-point pla-
teau, a check must still be made for premature
termination at the end of trial. This check is
done by examining the average flow rate during
the 0.50-second period preceding EOT. If the
average flow rate exceeds 50 ml per second, the
data quality code is set to 8 (premature termina-
tion at EOT) and no further processing is per-
" formed on that trial. If the EOT is at 9.19 sec-
onds and the average flow rate exceeds 50 ml
per second, quality control code 2 (premature
termination by recorder) is set and no further
processing of the trial is performed. If no prema-
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ture termination is found, the entire trial be-
tween zero time and EOT is searched for inhala-
tion artifacts (negative flow rates greater than
noise tolerance). If any are found, the data
quality flag is set to 4 (inhalation artifact), but
the processing continues on that trial.

Calculation of other parameters and quality
control checks.—Once the beginning and ending
of the trial have been defined and the peak flow
and FVC have been determined, the other trial
parameters can be computed. The forced expira-
tory flow rates at 25, 50, and 75 percent of FVC
(FEF,5q,, FEF5gq , and FEF, 54 ) are computed
from the FVC. The volume data are then
searched for a forced expiratory volume of at
least 0.2 1. If none is found, the trial is declared
invalid (procedural error 6 in table A) and no
further processing is carried out. If a volume ex-
ceeding 0.2 1 is found, the corresponding time is
found by linearly interpolating between that
volume and the previous one. The same pro-
cedure is followed to determine the time for an
FEV of 1.21. The FEF200.1’200 m1° is then com-
puted as:

FEF (Viz -~ Voz)
00- 1= :
2001200 L~ (419 = tp.2)

In a like manner, the times are determined
for FEV’s at 1, 2, 3, 4, 5, and 6 1. Any volumes
that are not reached have their corresponding
times set to 99.99. The flow rates are also re-
corded at the times of the various FEV values.
Finally, any FEV’s that exceed the FVC;5g
have their corresponding flow rates set to 99.99.

The times and flows for 25, 50 and 75 per-
cent of FVC are determined by locating the first
volume that exceeds that value and recording
the corresponding time and flow rates. The
FEFy5 754 measurement (maximum midexpira-
tory flow rate (MMEF)) is then computed as:

FVC7 5% - FVC25%

FEF9s 159 = =
trsw ~ tos%

¢Forced expiratory flow rate between 200 and
1,200 m! on the volume curve (FEF2¢9.1,200), form-
erly known as the maximum expiratory flow rate
(MEFR).
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SUBJECT NUMBER 12-345 SEX MALE AGE=41.YEARS HEIGHT=70, INCHES WEIGHT=178.18BS. TECH. NO. 2
TRIAL* VOLUME(L) TIME(SEC) FLOW(L/S) * TIME(SEC) VOLUME(L) FLOW(L/S) * TIME(SEC) VOLUME(L) FLOW(L/S)*
* 0.2 .02 10.31 * 1/4 2.32 6.02 *PEAK .03 .31 12.46 *
* 1.0 .09 10.74 * 1/2 3.38 3.22 * .10 1.43 8.81 *
* 1.2 .11 10.74 * 3/4 3.93 1.29 * .50 3.47 2.58 *
* 2.0 .21 6.66 * 1.0 4.23 99.99 * 1.0 4.26 99.99 *
* 3.0 .40 3.65 * 2.0 4.75 99.99 * 2.0 4.76 99,99 *
1 * 4.0 .80 99.99 * 3.0 4.97 99.99 * 3.0 4.97 93.99 ¥
* 5.0 3.18 99.99 * 4.0 5.06 99.99 * 4.0 5.06 99.99 *
* 6.0 99.99 99.99
* L25FVC .11 9.24 - ZERO TIME= 1.54 END TIME= 5.04 TIME OF FVC= 3.50
* 50FVC .29 4.73 - FVC= 5.06 MEFR= 11.48 MMEF= 4.43 RELIABILITY CODE(S)= 8 7
* .75FVC .67 1.50 -
* 0.2 .01 11.82 * 1/4 2.28 5.16 *PEAK .03 .40 11.82 *
* 1.0 .09 10.31 * 172 3.26 3.22 * .10 1.42 8.38 *
* 1.2 .11 9.45 * 3/4 3.88 1.72 * .50 3.35 2,79 *
* 2.0 .21 6.66 * 1.0 4.22 99.99 * 1.0 4.25 99.99 *
* 3.0 .43 3.44 * 2.0 4.75 99.99 * 2.0 4.75 99.99 *
2 * 4.0 .83 99.99 * 3.0 4.95 99.99 * 3.0 4.95 99.99 *
* 5.0 3.32 99.99 * 4.0 5.06 99,99 * 4.0 5.06 99.99 *
* 6.0 99.99 99.99
* J25FVC .11 8.38 - ZERO TIME= 1.06 END TIME= 4.76 TIME OF FVC= 3.70
*  .50FVC .31 4.08 - FVC= 5.06 MEFR= 10.45 MMEF= 4.15 RELIABILITY CODE(S)= 8 7
* JI5FVC .71 1.93 -
* 0.2 .01 11.82 * 1/4 2.21 6.02 *PEAK .04 .50 12.25 *
* 1.0 .09 9.02 * 172 3.27 3.01 * .10 1.46 7.52 *
* 1.2 .11 9.02 * 3/4 3.90 2.15 * .50 3.39 2,79 *
* 2.0 .22 6.45 * 1.0 4.26 99.99 * 1.0 4.30 99.99 «*
* 3.0 .43 3.44 * 2.0 4.81 99.99 * 2.0 4.82 99.99 *
3 * 4.0 .80 99.99 * 3.0 5.03 99.99 * 3.8 5.04 99.99 *
* 5.0 2.84 99.99 * 4.0 5.06 99.99 * 4.0 5.06 99.99 *
* 6.0 99.99 99.99
* ,25FVC .12 7.95 - ZERO TIME= .88 END TIME= 3.98 TIME OF FVC= 3.10
*  _50FVC .31 4.51 - FVC= 5.06 MEFR= 10.27 MMEF=  4.27 RELIABILITY CODE(S)= 8 7
* L75FVC .70 1.93
* 0.2 .01 12.25 * 1/4 2.28 5.37 *PEAK .04 .52 12.68 *
* 1.0 .09 9.67 * 472 3.30 3.44 * .10 1.51 8.81 *
* 1.2 .10 8.81 * 3/4 3.93 1.93 * .50 3.41 2.79 *
* 2.0 .21 6.88 * 1.0 4.31 99.99 * 1.0 4.35 99.99 *
* 3.0 .41 4.08 * 2.0 4.83 99.99 * 2.0 4.83 99.99 *
4 * 4.0 .79 99.99 * 3.0 5.03 99.99 * 3.0 5.04 99.99 *
* 5.0 2.83 99.99 * 4.0 5.06 99.99 * 4.0 5.06 99.99 *
* 6.0 99.99 99.99
*  25FVC .11 8.38 - ZERO TIME= .93 END TIME= 4.03 TIME OF FVC= 3.10
* 50FVC .30 4.73 - FVC= 5.06 MEFR= 10.89 MMEF= 4.27 RELIABILITY CODE(S)= 8 7
* 75FVC .69 1.93 -
* 0.2 .02 11.82 * 1/4 2.14 6.02 *PEAK .03 .33 12.89 *
* 1.0 .10 8.81 * 172 3.22 3.22 * .10 1.33 7.52 *
* 1.2 .11 8.59 * 3/4 3.88 1.72 * .50 3.32 3.22 *
* 2.0 .23 6.45 * 1.0 4.27 99.99 * 1.0 4.30 99.99 *
* 3.0 .44 3.22 * 2.0 4.81 99.99 * 2.0 4.83 99.99 ¥
5 * 4.0 .82 99.99 * 3.0 4.96 99.99 * 3.0 4.96 99.99 *
* 5.0 99.99 99.99 * 4.0 4.96 99.99 * 4.0 4.96 99.99 *
* 6.0 99.99 99.99
* L25FVC .12 8.59 - ZERO TIME= 1.36 END TIME= 4.16 TIME OF FVC= 2.80
*° .50FVC .31 5.37 - FVC= 4.96 MEFR= 10.89 MMEF=  4.44 RELIABILITY CODE(S)= 8 7
* 75FVC .68 2.36 -

Figure 14, Data output sheet for a normal subject showing a set of 5 spirograms




8t

SUBJECT NUMBER 12-345 SEX MALE AGE=41.YEARS HEIGHT=70.INCHES WEIGHT=178.LBS. TECH. NO. 2
TRIAL* VOLUME(L) TIME(SEC) FLOW(L/S) * TIME(SEC) VOLUME(L) FLOW(L/S) *  TIME(SEC) VOLUME(L) FLOA(L/S}*
* 0.2 .07 1.72 * 1/4 .55 1.72 *PEAK .06 .18 2.79 *
* 1.0 .57 1.50 * 1/2 .92 .86 * .10 .39 1.72 *
* 1.2 .75 .86 * 3/4 1.20 .95 * .50 1.00 86 ¥
* 2.0 2.41 99.99 * 1.0 1.40 .86 * 1.0 1.44 .86 *
* 3.0 99.99 99.99 * 2.0 1.90 99.99 * 2.0 1.91 99.99 *
1 * 4.0 99.99 99.99 . * 3.0 2.12 99.99 * 3.0 2.13 99.99 *
* 5.0 99.99 99.99 * 4.0 2.17 99.99 * 4.0 2.17 99.99 *
* 6.0 99.99 99.99
*  (25FVC .25 1.72 - ZERO TIME= 3.47 END TIME= 6.87 TIME OF FVC= 3.40
*  (50FVC .64 1.07 - F¥C= 2,17 MEFR= 1.46 MMEF= .97 RELIABILITY CODE{S)= 8 7
* .75FVC 1.36 .43 -
* 0.2 .08 1.72 * 1/4 .51 1.93 *PEAK .05 .14 2.7 *
* 1.0 .62 1.07 * 1/2 .86 1.50 * .10 .34 1.07 =
* 1.2 .82 .86 * 3/4 1.14 .86 * 50 .92 1.50 *
* 2.0 2.53 99.99 * 1.0 1.33 1.7 * 1.0 1.37 86 *
* 3.0 99.99 99.99 * 2.0 1.85 99.99 * 2.0 1.86 99.99 *
2 * 4.0 99.99 99.99 * 3.0 2.10 99.99 * 3.0 2.11 99.99 *
* 5.0 99.99 99.99 * 4.0 2.16 99.99 * 4.0 2.16 99.99 *
* 6.0 99.99 99.99
*  L25FVC .26 1.72 - ZERO TIME= 2.01 END TIME= 5.41 TIME OF FVC= 3.40
*  ,50FVC 69 .86 - FVC= 2.16 MEFR= 1.34 MMEF= .87 RELIABILITY CODE(S)= 8 7
* .75FVC 1.50 .64 -
* 0.2 .07 1.72 * 1/4 .52 1.93 *PEAK .05 .15 2,79 *
* 1.0 .63 .86 * 1/2 .85 1.50 * .10 .35 1.93 *
* 1.2 .83 .86 * 3/4 1.13 1.07 * .50 91 1.50 *
* 2.0 2.38 99.99 * 1.0 1.34 1.07 * 1.0 1.38 21 %
* 3.0 99.99 99.99 * 2.0 1.86 99.99 * 2.0 1.89 99.99 *
3 * 4.0 99.99 99.99 * 3.0 2.13 99.99 * 3.0 2,14 99,99 *
* 5.0 99.99 99,99 * 4.0 2.18 99.99 * 4.0 2,18 99.99 *
* 6.0 99.99 99.99
* ,25FVC .26 1.07 - ZERO TIME= 1.47 END TIME= 4.77 TIME OF FvC= 3.30
*  .50FVC 72 .86 - FVC= 2,18 MEFR= 1.31 MMEF= .89 RELIABILITY CODE(S)= 8 7
* J75FVC 1.48 .43 -
* 0.2 .08 1.93 * 1/4 .52 1.72 *PEAK .02 .08 3.44 *
* 1.0 .61 .86 * 1/2 .87 1.50 * .10 .29 2.15 *
* 1.2 .80 .86 * 3/4 1.16 .21 * 50 .90 86 *
* 2.0 2.35 99.99 * 1.0 1.36 .86 * 1.0 1.38 b4 *
* 3.0 99.99 99.99 * 2.0 1.88 99.99 * 2.0 1.89 99.99 *
4 * 4.0 99.99 99.99 * 3.0 2.15 99.99 * 3.0 2.15 99.99 *
* 5.0 99.99 99.99 * 4.0 2.28 99.99 * 4.0 2.28 99.99 *
* 6.0 99.99 Lo et
* L 25FVC .28 1.50 - ZERO TIME= 1.61 END TIME- 5.81 TIME OF FVC= 4.20
* . 50FVC .75 .21 ~ FVC= 2.31 MEFR= 1.38 MMEF= .84 RELIABILITY CODE(S)= 8 7
* 75FVC 1.65 .21 -
* 0.2 .08 1.72 * 1/4 .72 .86 *PEAK .31 .79 2.58 *
* 1.0 .51 .86 * 1/2 1.00 .86 * .10 .90 1.50 *
* 1.2 71 .86 * 3/4 1.24 .86 * .50 1.29 86 *
* 2.0 2.27 99.99 * 1.0 1.42 .43 * 1.0 1.60 64 *
* 3.0 99.99 99.99 * 2.0 1.92 99.99 * 2.0 2.01 99.99 *
5 * 4.0 99.99 99.99 * 3.0 2.17 99.99 * 3.0 2.18 99.99 *
* 5.0 99.99 99.99 * 4.0 2.18 99.99 * 4.0 2.18 99.99 *
* 6.0 99.99 99.99 ————
*  L25FV( .13 1.50 - ZERQ TIME= 3.06 END TIME= 6.16 TIME OF FVC= 3.10 ~
*  ,50FVC .60 36 - FVC= 2.18 MEFR= 1.11 MMEF= .87 RELIABILITY CODE(S)= 8 7
* J75FVC 1.37 .64 -

Figure 15. Data output shee: for an abnormal subject showing a set of 5 spirograms




The volumes and flow rates are recorded at the
following time points: 0.25, 0.50, 0.75, 1.00,
2.00, 3.00, and 4.00 seconds from zero time.
For the times 1, 2, 3, and 4 seconds, if the cor-
responding volume is less than FVC,4q , the
corresponding flows are set to 99.99. Using the
peak time as the reference time, volumes and
flows are recorded similarly for 0.1, 0.5, 1.0,
2.0, 3.0, and 4.0 seconds after peak flow. Again,
whenever the volume is greater than FVCy5q,
the corresponding flow rate is set to 99.99.

A final data quality check is performed using
the FEV’s at 0.5, 1.0, and 2.0 seconds from zero
time (FEV,,, FEV,, FEV,). If FEV, is not at
least 4 percent larger than FEV, 5, orif FEV,
is not at least 4 percent larger than FEV 4, the
data quality code is set to 3 (midtrial premature
termination artifact).

Figures 14 and 15 are examples of five trials
of normal and abnormal subject data,
respectively.

SPIROMETRY DATA ANALYSIS:
VALIDITY OF ALTERNATIVE
ALGORITHMS

Methodology

Five separate analyses were performed to
evaluate the accuracy, consistency, and validity
of the logic selected for calculating five spiro-
metric parameters: zero time, EOT, and the
three most commonly used ventilatory para-
meters (FVC, FEVI .0 and FEF25_75%). The
calculation of the latter three parameters de-
pends directly on the determination of the first
two, and in this section the ventilatory param-
eters are used to evaluate the performance of
various algorithms for those determinations,
both in the presence and absence of electronic
or physical noise in the volume signal. The
algorithms that were chosen as best, and the
subsequent calculation of FVC, FEV, 4, and
FEF,;.75%, are described in the previous
section entitled “Spirometer Trial Parameter
Computation (Third Stage)”.

The first analysis consisted of comparing
calculations obtained on 19 trials; the compari-

sons for each of the five parameters were based
on three independent measurements:

1. Computer methods as described in the
previous section

2. Manual calculations by technician no. 1

3. Manual calculations by technician no. 2.

Differences between the computer-derived pa-
rameters and each of the manually derived val-
ues were obtained, as well as differences between
the values obtained by the two technicians on
the 19 trials. The manual calculations were
obtained from curves plotted from the same
digital data that were introduced into the
computer program and were adjusted by the
correction factor after subtracting the baseline
and averaging to 100 four-figure (nearest milli-
liter) digits each second. Figure 16 shows 1 1and
1 second measuring 11.4 and 16.8 millimeters
(mm), respectively. This figure also shows vol-
ume and time-base sensitivities reasonably close
to recommended minimums2 of 10 and 20 mm,
respectively.

The second analysis was a comparison of
computer-derived parameters in which several
alternative algorithms were used. As indicated in
table B,f four computer methods were devel-
oped for determining zero time and four were
developed for EOT identification. The initial
methods for determining zero time and EOT
referred to in the preceding section, entitled
“Spirometer Trial Parameter Computation
(Third Stage),” constitute methods 1 in table B;
moreover, the definitive zero time and EOT time
given in that section are methods 2 and 3, re-
spectively. The extrapolation method (method
8) for zero time differs only slightly from the
triangular method (method 2) in that the former
assumes that flow from time zero to the time
when peak flow occurs is equal to the peak flow
rate, whereas the latter method assumes that
flow averages one-half of peak flow during this
short time interval and that the flow increases in

fTables 1-17 showing the results of these analyses
are grouped at the end of this report, preceding appen-
dix 1.
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Figure 16. Example of a normal time-volume spirogram

a linear manner between zero time and time

when peak flow occurs. Both methods are rela-
tively easy to use in graphic analysis of spiro-
grams, as well as in computer analysis. The ex-
trapolation method for zero time has been rec-
ommended previously,!3-15 and the volume
threshold (method 4) for determining zero time
also has been considered previously.}3 The selec-
tion of 30 ml as the threshold (see table B) was
based on the assumption that one can read
graphic records within 0.5 mm with reasonable
accuracy and that for most spirograms this incre-
ment would be no less than 30 ml when ampli-
tude is converted from millimeters to milliliters.
Thus zero-time comparisons include both algo-
rithms given in the above-mentioned section plus
two similar methods that have been examined

20

before. The methods to determine EOT time
also consisted of two methods described in the
above-mentioned section plus method 2 (slope
threshold method) previously recommended!
for determining EOT time and method 4 (max-
imum volume method), which disregards any
negative or zero-flow events from zero time to
EOT time.

. The third analysis was a comparison of these
algorithms when a noise signal at each of two
levels of amplitude was superimposed on the 19
trials. The first noise signal was a sine wave with
an average amplitude of 2 cV (0.02 V) superim-
posed on the original 500-samples-per-second
digitized volume signal. The sine wavelength was
0.017 seconds (60 hertz (Hz)). This superim-
posed noise did not significantly increase the
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Table B, Methods for zero-time and end-of-test determinations

Method number and name Curve used Critical value(s} Method description
ZEROQ TIME (tq)
Method 1, flow threshold Flow Flow > (1 I per second + t}), | Search flows from beginﬁing of data (baseline) every 0.01
where  is noise tolerance second. Record tg as time when criteria are met: per-
{liters per second) cent of flow > 1 + tin liters per second.
Method 2, triangular (triangular extrapolation)....... Flow and Flow peak {largest value on | Determine peak flow from flow data every 0.01 second;
volume fiow curve) compute tg based on following formula:
Volume at peak v .
t, tg=t ~ 2V peak where flow peak is largest value
peak 0 peak m pe: 9
on flow curve, V peak is corresponding volume, and
tpeak is corresponding time to nearest 0.01 second.
Method 3, extrapolation {rectangular Flow and Flow peak Determine peak flow from flow data every 0.01 second,
extrapolation) volume Valume peak and compute tg based on following formula:
tpeak
t0 = tpeak — Y PE2K, where flow peak is largest value
F peak
on flow curve, V peak is corresponding volume, and
tpeak is corresponding time to nearest 0.01 second.

Method 4, volume threshold Volume Volume > 30 m! Search volume every 0.01 second for criteria to be met.

Record tg as first volume to equal or exceed 30 mi.
END-OF-TIME (tgoT)

Method 1, 10-point plateau Volume {Vol;s4g9~-vol) <0 Starting with tg, compare volumes every 0.1 second
{10th point). Record tgQT as time of vol; when
{volj+19 — vol;} < 0.

Method 2, slope threshold Volume (Vol;450 — volj} < 25 m! Starting with tg, compare volumes every 0.01 second
with an interval of 0.5 second (50th point}. Record
teQT as time {corresponding to vol;) when
{volis50 — volj} < 25 mi.

Method 3, negative flow Flow Flow (-t} liters per second Starting at tg, compare flows every 0.01 second. Record

where t is noise tolerance tEQT as time corresponding to flow; 1, when
{liters per second) flow; < —t.
Method 4, maximum volu;m Volume Maximum {volume) Starting at tg, compare volumes every 0.01 second,

Record tgQT as time corresponding to volmax.
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Figure 17. Normal spirogram (time-volume and flowvolume curves) with noise signals superimposed




calculations for either the flow threshold for
zero time (method 1) or EOT time (method 4);
however, the noise tolerance (¢) was equal to 11
per second when the second noise signal was
superimposed—a 4-cV amplitude random sine
wave with the same wavelength. Thus the flow
threshold for ¢, was defined as 41 per second
with the 4-cV noise and the cutoff for a
significant negative flow was -3 1 per second
with the 4-cV noise when using method 3 for
tgor . Figure 17 shows the results of two levels
of noise on a spirometry signal displayed as a
time-volume curve and as a flow-volume curve.
Note the increased visual sensitivity of the
flow-volume representation to detect noise.
Because the 19 trials were obtained from
four well-trained subjects with normal ventila-
tory parameters, the second and third analytic
routines were also applied to a set of abnormal
spirograms that were derived from the 19
normal spirograms by computer manipulation of
the time and volume variables. Therefore, the
fourth analysis was a comparison of algorithms
for abnormal spirograms with superimposed
noise signals. Figure 18 shows an example of a
time-volume and flow-volume representation of
an abnormal spirogram with superimposed noise.
The electronic spirometry system was care-
fully adjusted to present as noise-free a signal as

possible. This entire baseline signal was ex-
amined by visually reviewing a computer listing
of all 19 trials; when no noise signals were
observed, it was concluded that the spirometry
signal was noise free. This conclusion that the
signal was relatively noise free should be under-
stood in terms of the necessary 2-ml threshold
for a trigger of one bit evident on the computer
listing of the 500-signals-per-second data. (This
one-bit trigger was described in the section’
entitled “Baseline Removal.”) The computer
listing showed a constant 1,050 digital voltage
reading for all 44,000 digits examined at 500
samples per second over a baseline signal totaling
almost 30 seconds. All four persons used in the
tests were symptom free, and each entered into
a brief training session on forced expiratory
maneuver. Each of the four persons performed
the maneuver correctly and no trials were
rejected because of subject error or poor motiva-
tion. With an excellent or relatively noise-free
signal and carefully trained and apparently
healthy subjects, one would expect to find few
quality control flags and computed values simi-
lar to manual values, especially when using
rigorous algorithms for zero time and EOT.
Alternative algorithms might be more suitable
for “abnormal” subjects tested on equipment
with a random-noise problem. For example,
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Figure 18. Abnormal spirogram {time-volume and flow-volume curves) with noise signals superimposed
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when calculating zero time, a 1,000-ml-per-
second flow threshold (method 1) was used
initially. Zero time was defined as the interval
preceding the first nonzero flow by examining
each 0.0l-second interval. This determination
implies that a volume difference of 10 ml or
more adjusted for BTPS would be the first
nonzero volume when comparing successive vol-
ume signals (5 volume signals averaged to 100
signals per second). When a noise signal is
superimposed on a noise-free signal, this flow
threshold might be expected to be too rigorous,
and an extrapolation or volume method might
be preferred. Thus four alternatives, including
the triangular method (method 2) described
previously, were compared to determine zero
time and the impact of noise signals. Similarly,
various end-of-trial alternatives were compared
to a rigorous negative flow algorithm (method
3), as indicated in the following section. The
four end-of-trial alternatives included in this
analysis include the two approaches described in
the section entitled “End-of-trial determination
and FVC calculation.”

Zero-Time and FEV, , Calculations

Zero time was initially identified as the first
0.01-second signal achieving or exceeding a
1-l-per-second flow. For manual readings, the
technicians were asked to identify the first
detectable departure from baseline. The techni-
cians then measured the l-second time and the
volume at this specific elapsed time. Both time
and volume measurements were attempted to
the nearest 0.1 ml, recognizing that the fractions
of a millimeter were only rough estimates. The
computer labeled the zero-time signal as the
0.01 second that was previous to the flow
threshold signal and identified the FEV,
volume as the 100th baseline-corrected digital
signal after zero time.

For the first trial (figure 16), the computer
calculated a value of 1.50 seconds for zero time,
indicating that the first significant departure
from baseline occurred with digitized flow signal
151, located on the 100-sample-per-second array
that had been derived by averaging the previous
500-sample-per-second array. Technician no. 1
examined the visual display of the same 100-
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sample-per-second digits and estimated that the
first significant departure from baseline had
occurred at a point measured as 1.52 seconds, or
25.5 mm of baseline from the initiation of a
signal on the plot. Technician no. 2 estimated
this point at 1.56 seconds, or 26.2 mm of
baseline. The paired differences of zero time for
this first trial were calculated as follows:

® Computer minus technician no. 1 =0.02
seconds

® Computer minus technician no. 2 = 0.06
seconds

® Technician no. 1 minus technician no. 2
= 0,04 seconds

The average paired differences and standard
deviations of the 19 differences for the above
comparisons are given in table 1. The conclusion
was that the two technicians had sets of zero
times the means of which were not statistically
different when compared as paired differences;
however, technician no. 2 identified a mean zero
time at an elapsed time significantly later com-
pared with the computer-calculated mean zero
time.

The FEV, j manual calculation began from
the manually identified zero time, and then the
volume was estimated at 1 second from this
point. If the manual readings were slightly
biased to late zero-time estimates compared with
the computer, the expectation would be that
manual FEV, , values would be slightly greater
than the computer values. The mean computer
FEV, ¢ value for 19 trials was 3.974 1 (standard
deviation = 0.471), whereas technician no. 1 and
technician no. 2 had measured mean values of
4.002 and 3.9771, respectively. These paired
mean differences were not significantly differ-
ent. Although the manual calculations by one
technician disagreed slightly with the zero time
obtained by the computer program, both techni-
cians were in remarkable agreement (with an
average difference of less than 30 ml) with the
computer-calculated FEV; o for 19 trials, and
both technicians agreed on FEV,; , within a
mean of 30 ml. Note that 30 ml is considerably
more than one bit (2 ml) when the computer is



used to calculate the FEV, 4, but only about
one-third of a millimeter when volume is meas-
ured from the visual display.

The second test compared the computer-
derived values for FEV, , when three alterna-
tive methods for determining zero time were
used (see table B for description of methods). As
just indicated for trial no. 1, the zero-time value
for the flow threshold, as defined above, was
1.50 seconds of elapsed time of baseline signal;
if the triangular method had been used, it would
have placed zero time at 1.52 seconds. More-
over, by the extrapolation method, zero time
would have been at 1.54 seconds, and by the
30-ml volume threshold method it would have
been 1.53 seconds. Table 2 presents mean
differences of zero-time values for all 19 trials.
Thus the extrapolation method (method 3)
resulted in a significant shift toward later times,
but no significant differences were found for the
triangular and the volume threshold methods
when compared with the threshold method. It
was predicted that the extrapolation method
would result in excessive mean FEV, , values
for the 19 trials when compared with the other
three methods. Table 3 presents the mean
FEV, ¢ results. The paired mean FEV, , differ-
ences and standard deviations were calculated;
significant differences from the flow threshold
method were obtained for both the volume
threshold (p <0.01) and the extrapolation
(p <0.05) methods, as indicated in table 4.
This first comparison of methods indicates that
(1) zero time and FEV, , are in remarkable
agrecment for the flow threshold method and
the triangular method as well as in agreement
with manual calculations, (2) the volume thresh-
old is of intermediate agreement with the flow
threshold method, and (3) the extrapolation
method would appear to yield a sizable bias for
trial estimates of zero-time and FEV, , testing
for subjects with normal spirograms and a
noise-free spirometry system. Figure 19 illus-
trates each of the four zero-time computations,
showing a representative delay in zero time that
results from the extrapolation method. As indi-
cated from data in table 4 this delay results in an
average error in FEV, , in the range of 1-2
percent.

After the four methods were compared by
using the same 19 signals, a third set of
comparisons with a noise signal superimposed on
the test signal was performed. For trial no. 1,
table b gives the shifts in FEV, , that occurred
with a 2-cV amplitude sine wave (slight noise),
and with a 4-cV random-amplitude sine wave
(greater noise). No significant shift occurred in
the mean FEV, , for 19 trials with increasing
noise when the flow threshold method was used;
that is, the no-noise FEV,; , was 3.974, the
slight noise FEV; o was 3.971, and the greater
noise FEV; o was 3.979. These differences were
considered negligible when the 3.974 value for
the noise-free trial was used as the basis for
comparison; the extrapolation method (method
3) showed significant effects on FEV, g, as
table 6 indicates. Methods 1, 2, and 4 were
reasonably similar to one another when the
mean-paired differences were used as a basis for
comparison. A close examination of the spirom-
etry curves showed that the noise signal often
increased the magnitude of peak flow and
delayed its occurrence; thus the extrapolation
method would yield increased FEV; ¢ values.

The fourth test was an attempt to have the
computer create abnormal curves from the 19
trials by mathematically reducing the volumes at
any one time point by first multiplying the
volume by 0.5 and then extending the time
required for each expired volume by multiplying
the time scale by 3.0, as figure 20 shows. For
example, the FEV; , for the first trial was
reduced as follows:

® Normal—Trial no. 1 computer-calculated
FEV, 5 =4.191

® Abnormal—Trial no. 1
calculated FEV| , =1.331

computer-

The mean of 18 of the 19 values from the
transformed trials was 1.251 1. (By performing
this mathematical transformation, the baseline
was also extended in time; in the process, trial
no. 7 was rejected because the baseline was too
short. Analysis of 18 abnormal trials was under-
taken, however, because the loss of trial no. 7
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one can see the close proximity of 1g by the triangular method to that of the flow threshold method, an intermediate position of the volume threshold method, and the delayed zero time of the extrapolation method.

Figure 19. Manual calculation of L) showing a representation of the 4 alternative methods

would have no bearing on our inferences.) The
zero-time and FEV, , calculations used for
these 18 trials again were based on the flow
threshold method, and the outcome was com-
pared with the other methods. Table 7 gives the
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three mean paired differences and standard
deviation for zero time and FEV, , by using the
results of the noise-free signal as a basis for
comparison. Noteworthy differences, in the
range of an error of 3 percent for FEV, ,, were
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Figure 20. Example of an abnormal time-volume spirogram

found when the flow threshold results were
compared with those obtained by direct extrap-
olation from peak flow (method 3); however,
the triangular method of extrapolation from
peak flow (method 2) yielded results similar to
the flow threshold results. The volume threshold
method (method 4) was compared with the flow
threshold method and produced paired differ-
ences that were statistically significant but were
not in the error range as noted above for the
extrapolation method. )

In the fifth and final test, the introduction
of 2- and 4-cV sine wave random noise had no
consistent effect on zero time compared with
the noise-free flow threshold method. Table 8
presents the results. The shift in zero time was a
consistent delay in the ¢, from that obtained on
the noise-free signal when the flow threshold
method was used as the index for these abnor-

mal spirograms. The extrapolation method
(method 3) continued to show the greatest
paired difference when compared with the flow
threshold index; moreover, at both noise levels
the volume threshold method yielded a smaller
mean difference for zero time when compared
with the triangular method of extrapolation
from peak flow. The flow threshold method
showed an interesting zero time shift with noise,
as follows:

® A'_Flow threshold method with noise-
free signal minus flow threshold method
with 2-¢V noise =-0.076.

® A’"_Flow threshold method with noise-
free signal minus flow threshold method
with 4-cV noise = +0.046.
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Table 9 shows i .w the shift in zero time
obtained by various alternative methods and
superimposed noise signals combine to yield
errors in FEV| 3, by using again the mean
FEV, o from 18 abnormal spirograms obtained
by the flow threshold method and a noise-free
signal as the index for comparison. The paired
differences are expressed in table 9 both in liters
and as a percentage of the index mean FEV, 4.
The only method that showed an error in excess
of 5 percent was the extrapolation method
(method 3), which overestimated FEV, , in the
range of 8-9 percent. The conclusion was that
although normal spirograms analyzed by the
extrapolation method would result in an error of
1-2 percent, much greater errors are found when
abnormal spirograms with or without noise are
analyzed with this method. The only method
that showed an average error in FEV, , less
than 3 percent was the volume threshold
method (method 4). The flow threshold method
applied to abnormal spirograms showed a much
greater mean FEV; , change with noise (~38
and +46 ml for the two noise signals given in
table 9) compared with the data given previously
for normal spirograms and the same two noise
signals (-3 and +15 ml). By comparing the
results in table, 6 with those in table 9, the
greater impact of noise on the FEV, o of
abnormal spirograms is evident for all four
methods. In table 6, all except the extrapolation
method yielded errors less than 1 percent of the
mean noise-free FEV, 4 by the flow threshold
method, although the errors shown in table 9 are
8-9 percent for the extrapolation method com-
pared with approximately 2-4 percent for the
other three methods.

In both the normal and abnormal spirograms
in the presence of 4 cV of noise, the volume
method (4) is affected least since it more closely
approximates the threshold reference measure-
ment (method 1) than methods 2 or 3. A close
examination of the spirometry data reveals that
the additional sensitivity achieved by using the
triangular method is jeopardized by the need for
a clear peak flow signal. This problem is severely
increased in the presence of abnormal data
where flow rates are relatively low and peak
flow rates are not well defined. (Usually the
flow curve demonstrates several points in close
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proximity to each other in the area around the
peak flow.) In many cases, noise caused flow
points following the peak flow to be elevated to
a greater amplitude than the true peak flow rate,
which caused the time of peak flow rate to
occur later. This development generally resulted
in the zero-time point occurring to the right of
the threshold reference point. Method 4, which
does not rely on any flow rate data to identify
zero time, was relatively unaffected by the high
noise levels. This finding would suggest that in a
relatively noise-free system (<2 cV of noise),
method 2 is superior to all other methods,
although in a system with considerable noise (4
cV or more) method 4 would be the preferred
technique. Computerized spirometry data acqui-
sition systems with noise levels similar to that
simulated in this study generally should not be
used to collect data because measurement accu-
racy would be severely compromised.

End-of-Trial, FVC, and FEF,g ;g4
Calculations

The same five tests were performed for the
other end of the spirogram and the volume of
FVC. Because fractions of FVC are used as the
first steps to determine FEFy5.,.4 volume
points, the calculation of FVC is critical to the
logic for FEF g5 754, -

The mean value for the initial estimate (10-
point method—method 1) of end-of-trial time
and the mean FVC were both considerably dif-
ferent from the mean values for end of trial and
FVC obtained by the more rigorous negative
flow method (method 3)# This difference is
shown in table 10. A significant difference be-
tween these two methods is also evident for

"FEF 9575 - A smaller FVC due to early termina-

tion would be expected to result in a much
higher FEFyg ;55 because of a shift of this slope
toward the left where flows tend to be greater
on normal spirograms (table 10). The two tech-
nicians were asked to identify the FVC plateau
and mark the beginning of this plateau as the
end of test. By using this approach, the two
technicians next calculated FVC and FEF g 450
for each of the 19 trials. The end-of-trial time

8Refer to table B for a description of methods.



and the FVC values were in remarkable agree-
ment (see table 11); however, technician no. 2
had a mean FEF,g.,4q that was significantly
higher than that of technician no. 1. The data
collected by each technician were initially com-
pared with the 19 values obtained by the more
rigorous negative flow method that was applied
for each of the three measurements. The mean
paired difference results are given in table 12.
Technician no. 1 reported FEFy, ;55 measure-
ments that were significantly lower than those
obtained by the computer algorithm consisting
of the negative flow method; otherwise, no note-
worthy differences were observed.

Two alternative methods to determine the
EOT were next compared with the negative flow
and the 10-point plateau methods. The first
alternative was to consider the EOT to be the
end point of the first 0.5-second interval where
the average flow over this 0.5-second interval
was equal to or less than 50 ml per second
(method 2); the second alternative (method 4)
was the same as the first, but extended the EOT
to a larger value whenever the maximal FVC
value. occurred at a later point (irrespective of
any intervening negative flows). Figure 21 illus-
trates cach of the four EOT computations.

Data previously presented on the 19 trials
in table 13 show the means and standard devia-
tions for the four methods plus the results ob-
tained by an average of the two manual measure-
ments for each trial. The calculations by the two
technicians agreed with the results from both
the negative flow and the maximal volume meth-
ods, but were very different from the results ob-
tained with the other two methods. It was con-
cluded that a choice between method 3 and
method 4 would be difficult. This conclusion is
supported by comparisons of these two methods
with the average manual measurements. Table
14 provides differences of less than 1 percent for
FVC and approximately 1 percent for
FEF,5.75% . This comparison suggested that the
means of the average of manual readings are ap-
proximately midway between the results of the
two computer methods, perhaps somewhat
closer to the maximum volume method. The
mean FVC by the technicians was 15 ml more
than that determined by the negative flow
method and 12 ml less than that from the maxi-

mum volume method; in addition, the mean
FEFgg 759 obtained by the two technicians was
0.054 1 per second higher (+1.4 percent) for the
negative flow method, but only 0.018 1 per sec-
ond lower for the maximum volume method.
These differences between method 3 and
method 4 and the average manual readings were
small and not statistically significant. In a sec-
ond analysis, the paired differences from the
two methods and the data from each technician
were compared separately (table 15). The sec-
ond comparison also showed no statistically
significant differences except for FEFg5.759,
where three of the four differences were signifi-
cant (p <0.05), the only exception being the
0.080-1-per-second difference of the negative
flow method.

The next analysis compared the four end-of-
trial methods as related to the effect of the two
random noise signals that were superimposed on
the normal spirogram. Table 16 gives these re-
sults for EOT, FVC, and FEFy 754 by compar-
ing the mean paired differences for the noise
signal obtained by the negative flow method
with the other three methods. The effect on the
three parameters of the 2-cV noise was to
shorten the signal, reduce the FVC by a prema-
ture EOT, and increase the FEFy5 555 . For the
4-cV random noise signal, the trend was to pro-
long the EOT time, increase the FVC, and de-
crease the FEF,g 755 for the negative flow and
maximum volume methods; but the trends were
inconsistent.

For the final analysis, abnormal spirograms
were created and noise signals were superim-
posed, as described previously. Only 15 of the
19 trials could be interpreted at the tail end of
the curve for all noise levels because of the lack
of a plateau at the end of the trial when noise
was superimposed. Table 17 shows the mean
paired differences.

Again, the 2-cV noise signals produced con-
sistent effects of reducing EOT and FVC and of
increasing FEFyg 7.0 3 similarly, the 4-cV signal
prominently showed relatively small reductions
in FVC and FEFy5 ;54 when the negative flow
and maximum volume methods were used.
These two methods most closely simulated the
technicians’ measurements; the changes in the
FVC, when noise was added to the signal, were
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all less than 3 percent when compared with the
noise-free computed values; and for FEF g5 750
the changes were under 5 percent.

The two methods appeared to have a reason-
able accuracy when compared with technician-
measured EOT time, FVC, and FEFy5 454 . In
examining the graphs of individual trials where
the results of the negative flow method differed
from those of the maximum volume method,
locations on the spirographic curve were ob-
served where an instantaneous negative flow
could have occurred, and in many of these in-
stances the technician may have noted a termi-
nation hesitation. The recognition of instantane-
ous negative flows is beyond the resolution of
the human eye; however, if a negative flow con-
tinues over a duration of about 0.25 seconds,
such an event would likely be identified as an
end of test. In an effort to test this hypothesis a
fifth method for EOT was developed, which
identified the first point in time followed by an
average negative flow of 0.25-second duration.
The analysis is not given in this report; however,
it showed no appreciable accuracy advantage
with abnormal spirograms in the presence of
noise. Another possible method not yet tested
that may yield a more accurate estimate of
relatively low FVC and FEFyg 750 in the pres-
ence of noise would be a protracted negative
flow of 0.25 second. Therefore, either of two
methods (negative flow or maximum volume)
are recommended with the reservation that
neither are very accurate under conditions of a
high noise-signal ratio. The slope threshold
method recommended in this report is different
from recently published recommendations.! 2
In this report the spirometry signal was 9.19 sec-
onds in duration rather than the recommended
minimum of 10 seconds; however, conclusions
were not affected because all trials of these
“normal” persons were terminated within the
9.19-second signal duration when the slope
threshold was used. One subject had a terminal
flow pattern suggesting that if the signal dura-
tion would have been extended to 10 or more
seconds, methods 3 and 4 may have produced
FVC values even larger than reported herein and
the differences with method 2 would have been
even greater.

SUMMARY AND CONCLUSIONS

Because FEV, ; and FVC are the most im-
portant ventilatory parameters, three important
considerations were: (1) that these two param-
eters be estimated accurately by computer meth-
ods when compared with manual calculations;
(2) that the measurements be reproducible with
the superimposition of noise in the signal; and
(8) that the sequence of computational steps
proceed in a logical way, including the determi-
nation of significant digits used in the adjust-
ment for baseline signals, BTPS conditions, and
calibration information.

With a logical computation of spirometry
signals, FEV, , depends most on the accuracy
and consistency of zero time, and FVG depends
most on the accuracy and consistency of the
EOT time. For zero time, any of three methods
(methods 1, 2, and 4) appeared satisfactory;
however, the extrapolation method (method 3)
led to excessive FEV, , values even without
superimposed noise or when subjects had abnor-
mal or low values. Moreover, when the latter
conditions did pertain, the error of method 3
was shown to be in an 8-9-percent range. A de-
fense of the use of the triangular method
(method 2) as the definitive method used in the
NHANES program can be made because some
subjects have hesitation patterns on forced expi-
ration as do certain spirometers with high iner-
tia; both would seem to require some form of
linear extrapolation from a peak flow. Method 2
was shown to be essentially equivalent to meth-
ods 1 and 4, and the triangular extrapolation can
be as easily adapted to manual spirometry as the
unacceptable peak flow back extrapolation
method. One can calculate method 2 zero time
by doubling the time from peak flow to method
3 zero time as shown in figure 19. Figure 22
provides a summary analysis of the comparative
zero-time algorithms used in determining the
FEV,, in both normal and abnormal spiro-
metric data, with and without noise superim-
posed on the signal. The means and standard
errors of paired differences from the recom-
mended algorithm (triangular, method 2) are
presented as the index in this figure rather than
method 1.
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Similarly, the slope threshold method
(method 2) for determining the end of trial was
shown to produce an unacceptable bias in the
FVC by lowering FVC by more than 50 ml com-
pared with the negative flow method (method 3)
or the maximum volume method (method 4).
When either of the latter methods was examined,
the FVC accuracy was within 3 percent of man-
ual readings, even with a modest superimposed
noise and with abnormal trials with FVC values
in the range of 2 1. Figure 23 provides a sum-
mary analysis of the comparative EOT algo-
rithms for both normal and abnormal data, with
and without noise present on the signal. The
means and standard errors of paired differences
from the recommended algorithm (negative
flow, method 3) are presented.

The procedures used to collect spirometric
data during NHANES I represent the state-of-
the-art at that time; further improvements have
been made for NHANES II, reflecting advances
in available instrumentation, such as recording
of flow and volume data on sensitive strip-chart
recorders. In the future, further refinements are
anticipated by use of on-line computerized tech-

niques that judge data quality and reliability and
by use of terminal displays showing data trends
to assist the attending technician with his or her
acceptance decisions.

The computer program criteria described
using the recommended algorithms for determi-
nation of zero time (method 2) and end-of-test
detection (method 4) represent the state-of-the-
art to date, superseding those recommendations
given in the current NHLBI standards.! (These
two algorithms, as described in the section en-
titled “End of trial determination and FVC
calculation,” have been implemented for cur-
rent analyses.) More work is required on the
development of quality control criteria to pre-
clude the acceptance of questionable data and
on development of algorithms to determine the
best trial. Regarding the latter issue, this pro-
gram applies the criteria specified by the ATS
recommendations. However, more sensitive pro-
cedures must be explored, such as those
suggested by Discher and Palmer where a 10-
parameter procedure was used to determine the
optimal total curve.l?

000
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Table 1, Mean, standard deviation, and significance level for paired differences between zero-time methods on 19 trials for method 1

and manual method, by 2 technicians

Paired
Pairs differences p
Xy sd
Seconds
Computer and technician #1 -0.007 | 0.037 NS
ComPULer And tECHNICIAN #2 vveverseerereerermrsesseresernssmsirsssessssssesssrsssassssssassossssssssnsssserissssssssasasnssssasssnssanssastesssssesss -0.020 | 0.030 |<0.05
Technician #1 and technician #2 -0.013 | 0.030 NS

NOTES: 4\_’& = mean paired difference; sq = standard deviation of difference; p = significance level; NS = not significant.

Table 2, Mean, mean paired difference, standard deviation of differences, and significance level for zero-time measurements, by 4

methods of computation on 19 trials

[ Zero time in seconds]

Zero-time Alternative Paired differences
method and zero-time method —
maan and mean Xd sd P
1(0.926) 2(0.917) -0.008 | 0.051 NS
1{0926) | B{0.984) corecerrccrsonisnnssensisinessnirseisssnisessssmassssssossis sasssnsstsssssssssasnsssonsessnssssessosssssssstonsss +0.058 | 0.037 | <0.05
1(0.926) 4 (0.950) +0.024 | 0.011 NS

NOTES: :\7‘1 = mean paired difference; s = standard deviation of difference; p = significant level; NS = not significant.

Table 3. Maean forced expiratory volume at 1 second {FEV{ g) by 19 trials, by 4 zero-time methods

Zero-time method

Mean FEVq o

WA =

Liters

3.974
3.966
4.034
4.002
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Table 4. Mean paired difference, standard deviation of differences, and significance level for forced expiratory volume at 1 sscond
(FEV1 o), by zero-time method pairs

Paired differences
Zero-time method pairs o
Xd sd p
Liters
1and 2 -0.008 | 0.055 NS
Tand 3 +0.060 | 0.037| <0.05
tand 4 . +0.028 1 0.014| <0.01

NOTES: ‘J_{'d = mean paired difference; sq = standard deviation of difference; p = significance level; NS = not significant.

Table 5. Mean forced expiratory volume at 1 second (FEV4 g), by 3 levels of noise and zero-time method
[1 trial]

No Sliqht Grc,ter
noise noise

Zero-time method
: (2¢V) | (4¢cV)

noise

Mean FEV1 g (liters)

1 4.19 4.19 421
2 4.21 4,19 4.18
3 4.23 4.24 4.22
4 4,22 4.22 4.1

Table 6. Mean paired difference for forced expiratory volume at 1 second (FEV1 g), by 3 levels of noise and zero-time method pairs

Slight Greater
noise noise
(2¢V) {4 cVv)

. . No
Zero-time method pairs noise

Mean paired differencs (liters)

1and 2 -0.008 | +0.008 -0,022

1and 3 1:0.060 | 1+0.063 +0.027

1and 4 +0.028 +0.027 +0.008
1p<0.05.
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Table 7. Mean paired difference, standard deviation of differences, and significance level for zero time and forced expiratory volume at

1 second (FEV1_g), by zero-time method pairs on 18 abnormal spirograms

Zero-time method pairs

Zero-time paired
differences

FEVq g paired
differences

Y d sd p )? d sd p
Seconds Liters
1and 2 0.028 | 0.094 NS | 0.022 | 0.073 NS
1and 3 0.179 | 0.173| <0.05 | 0.177 | 0.114 | <0.05
1and 4 0.042 § 0.042| <0.05] 0.033 | 0.037 | <0.05
- N

NOTES: ')-(-d = mean paired difference; sq = standard deviation of difference; p = significance level; NS = not significant.

Table 8. Mean paired difference between zero-time methods, by 3 levels of noise for 18 abnormal spirograms

Slight | Greater

. . No : ;
Zero-time method pairs noise noise noise
(2cv) | (4cV)
Mean paired difference
{seconds)
1and 2 0.028 | 0.037 0.177
1and 3 0.179 | 0.127 0.265
1and 4 0.042 | 0.001 0.099

Table 9, Mean paired difference and percent difference for forced expiratory volume at 1 second (FEV 1 g) between zero-time methods,
by 3 levels of noise for 18 abnormal spirograms

N . Slight noise Greater noise
O noise (2¢V) (4cv)
Zero-time method pairs
X, Percent X, Percent X, Percent
d difference d difference d difference

Liters Liters Liters
1and 2 0.022 1.76 0.049 3.92 { 0.056 448
1and 3 0.177 9.35 0.106 847 ] 0.105 8.39
fand 4 0.033 2.64 0.029 232 | 0.021 1.68
A’ -0.038 3.04 cen ees
A" ce ... | 0.046 3.68

NOTES: A’ = Flow threshold method with noise-free signal minus flow threshold method with 2 ¢V of noise; A" = flow threshold

method with noise-free signal minus flow threshold method with 4 cV of noise.
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Table 10. Mean and standard deviation for end-of-trial time, forced vital capacity (FVC), and forced expiratory flow rate between 25
and 75_percent of the FVC (FEF25.75%) with mean paired difference, standard deviation of differences, and significance level, by
2 methods of detecting the end of trial

Method 1 Method 3 Paired differences
Parameter — p— —
X Sx X Sy Xd sd P
Seconds
End-of-trial time a164| 06081 6.024] 1.689 | -1.860 | 1.830| <0.01
Liters
FVC 4,787 | 0474 4.939| 0.436 } -0.152 | 0.124| <0.01
Liters per second
FEF925.75% 4.287l 0.719' 3.977| 0.905 I +0.310 | 0.268]| <0.01

NOTES: X = mean; s, = standard &eviation; X4 = mean paired difference; sq = standard deviation of difference; p = significance level;
NS = not significant.

Table 11. Mean and standard deviation for end-of-trial time, forced vital capacity-(FVC), and forced expiratory flow rate between 25
and 75 percent of the FVC (FEF25.759) with mean paired difference, standard deviation of difference, and significance level, by 2

technicians
Technician Technician Paired differsnce
Parameter no. 1 no. 2
X Sy X Sx )?d sd P
Seconds
End-of-trial time 6.268| 1.627] 6.244] 1693 | 0.014} 0219 | Ns
Liters
FVC 4957| 0426] 4951 | 0435 | 0.006| 0025 | NS
Liters per second
FEF25.75% 3.788| o.ssol 4.os7| 0.987 l—o.zssl 0.433 [<0.01

NOTES: 3(-= mean; sy = standard deviation;fd = mean paired difference; &g = standard deviation of difference; p = significance level;
NS = not significant.
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Table 12. Mean paired difference, standard deviation of differences, and significance level for end-of-trial time, forced vital capacity
(FVC), and forced expiratory flow rate between 25 and 75 percent of the FVC (FEF25.759) between manual method by 2
technicians and method 3 of end-of-trial criteria

Paired differences
between technician

Paired differences
between technician
no. 2 and method 3

Parameter no. 1 and method 3
Xy | sd P X4 sd | P
Seconds Seconds
End-of-trial time 0.234 | 1.040 NS | 0220 | 1.034] NS
Liters Liters
FVC 0.018| 0.070| Ns| 0.012 | 0.072] NS
Liters per Liters per
second second
FEF95.75% —0.189[ 0.321 {<0.01 0.080| 0.324] NS

NOTES: fd = mean paired difference; sq = standard deviation of difference; p = significance level; NS = not significant.

Table 13. Mean and standard deviation for end-of-trial time, forced vital capacity (FVC), and forced expiratory flow rate between 25
and 75 percent of the FVC (FEF25.759), by 5 methods of detecting the end of trial

Average
Method 1 Method 2 Method 3 Method 4 of manual
Parameter readings
x Sx x Sx x Sx X Sx X Sx
Seconds

End-of-trial time.

FVC

FEF25.76%

4.164 | 0.608) 5.036| 1.077| 6.024 | 1.689 | 6.342 | 1.611| 6.251| 1.657

“Liters

4.787| 0.474| 4878| 0.482] 4.939 ] 0.436| 4.966 | 0444 | 4.954| 0.430

Liters per second

4.287| o.7_19| 4.103| 0.758' 3.977| 0.905| 3.905| 0.888| 3.923| 0.900

NOTES: X = mean; 3 = standard deviation.

Table 14. Percentage differences in end-of-trial time, forced vital capacity (FVC), and forced expiratory flow rate between 25 and 75
percent of the FVC (FEF25.75%) between 4 methods of detecting the end of trial and the average manual reading

Parameter Method 1 | Method 2 | Method 3 | Method 4
Percent
End-of-trial time -33.4 -19.4 -36 +1.56
FVC -3.4 -1.5 -0.3 +0.2
FEF25.76% +9.3 +4.6 +1.4 -0.5
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Table 15. Mean paired difference and standard deviation of differences for end-of-trial time, forced vital capacity (FVC), and forced
expiratory flow rate between 25 and 75 percent of the FVC (FEF25.759,) between manual methods by 2 technicians and methods

3and 4
Paired differences between Paired differences between
technician no. 1 and: technician no. 2 and:
Parameter Method 3 Method 4 Method 3 Method 4
X4 sd X4 sd Xq sd X4 sd
Seconds
End-of-trial time 0.234 | 1.040 | 0.100] 0359} 0.220| 1.034| -0.086| 0.325
Liters
FVC . 0.018 | 0.070 | 0.009| 0.021| 0012] 0.072] -0.016| 0.270
Liters per second
FEF25.75% —0.189| 0.321 |—0.116I o.222| +o.oso| o.324| +o.112| 0.270

NOTES: .)?d = mean paired difference; sq4 = standard deviation of difference.

Table 16. Mean paired difference from index or negative flow method without noise for end-of-trial time, forced vital capacity (FvC),
and forced expiratory flow rate between 25 and 75 percent of the FVC (FEF25.759), by 3 levels of noise on 18 normal spirograms

and 4 end-of-trial methods

Parameter and method

No noise

Slight noise
(2cV)

Greater noise
(4 cV)

End-of-trial time

3
4
2
1
FVC

3.
4
2
Tveneen

FEF25.75%
3
4
2
1

Mean paired difference (seconds)

+0.320
-0.943
-1.818

-1.740

-0.943
-0.943
~-1.762

+0.476

+0.473
-1.427
-1.532

Mean paired difference (liters)

+0.022
—-0.061
-0.304

Mean paired difference

-0.142

-0.057
-0.061
-0.150

{liters per second)

-0.073
+0.137
-0.210

+0.352

+0.112
+0.124
+0.112

-0.030

+0.001
~0.115
-0.163

-0.127

-0.125
+0.726
-0.125
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Table 17. Mean paired difference from index or negative flow method without noise for end-of-trial time, forced vital capacity (FVvQC),
and forced expiratory flow rate between 25 and 75 percent of the FVC (FEF25.75%), by 3 levels of noise on 15 abnormal
spirograms and 4 end-of-trial methods

. Slight noise | Greater noise

Parameter and method No noise (2.cV) 4 cVv)

End-of-trial time Mean paired difference (seconds)
3 -3.050 +0.155
4 0.000 -2.310 +0,155
Z crrusnessesenssestasraseansesssessasersenessesrensetiesesnesastessnnIsseINetsesetLsNerTINesITeTarTenernesesteesesttarstienritesstessunrrane -2.318 -2.318 ~-2.446
1 -3.151 -3.064 -3.120

FVC Mean paired difference (liters)
3 -0.144 -0.050
4 0.000 -0.080 -0.050
2 +0.555 -0.083 -0.214
1 -0.370 -0.153 -0.765
Mean paired difference
E_E_F.&ﬁ (liters per second)

3 +0.134 -0.033
4 0.000 +0.089 -0.033
2 +0.074 +0.093 +0.079
1 0.000 +0.138 +0.100
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APPENDIX 1
GLOSSARY

Trial.—The term “trial” is used to specify a
single effort to perform the forced expiratory
spirogram (FES) maneuver. A test set comprises
five trials; however, a spirometric examination
may comprise one to three test sets. The FES
always has three parts as shown in figure I and
the accompanying explanation.

® Phase I—effort-dependent flow, entailing
peak flow for the breath. ’

® Phase II-constant deceleration of vol-
ume exhaled (critical flow).

® Phase III-terminal leakage flow.

PHASES

| ] I in

| b !
10 p— I |

|

Critical flow onset

N

FLOW RATE IN LITERS/SECOND

° = I

0 2 5

VOLUME IN LITERS

Figure I. Three phasas in a forced expiratory spirogram

Procedural error.—A violation of the ex-
pected shape (morphology) and completeness of
the spirometric flow-volume signal is known as
a “procedural error.” If artifacts are observed,
the indication is that one or more of the follow-
ing procedural errors has occurred during the
test: an inhalation or hesitation during the per-
formance of the test, a less-than-expected initial
respiratory thrust, an absence of the character-
istic decay portions of the flow and volume due
to a premature termination of the expiratory
effort before reaching residual volume, or flow
or volume values higher than clinically possible,
perhaps due to a Venturi error.

Detection of these artifacts is cause to chal-
lenge the validity of the test effort. For exam-
ple, if an inhalation artifact is observed, the test
has no clinical value and should be discarded. In
contrast, if a Venturi phenomenon is observed
but the flow and volume history meet the re-
producibility criteria on another trial, the cri-
teria for reliable data have been fulfilled and the
test should be declared valid (in this example,
the higher values observed may be because a per-
son is exceptionally fit, e.g., an athlete).

Best trial.—The best trial refers to a particu-
lar trial, within a set of five, that clearly demon-
strates the optimum presence of the two vari-
ables that are of the most interest (i.e., thrust
and sustained expiratory effort). Thrust, as
measured by the flow rate, is judged through
the visual observation of the flow-volume curve
velocities., Sustained expiratory thrust therefore
results in the presence of higher f{low rates
throughout the spirogram, in contrast with other
trials in which less thrust was applied.

Variations in thrust can be reflected by over-
all reductions in the peak flow rate (PFR), the
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forced expiratory flows at 25 percent, 50 per-
cent, and 75 percent of the vital capacity, the
FEFg5 759, or in all of these. In contrast, sus-
tained expiratory effort is judged by observation
of the FVC signal on the volume (horizontal)
axis of the oscilloscope display. Because all flow
rates dare volume dependent (except for the
PFR), all flow rates must be judged in the con-
text of the largest FVC. The best trial is the one
that exhibits the highest flow rates in the pres-
ence of the largest FVC (and in the absence of
obvious procedural errors).

Biologic variation often causes some varia-
tion of these values from trial to trial, such as
the presence of the highest observable flow rates
on a trial in which the FVC is slightly lower than
in another trial, or conversely, a trial where -a
larger FVC contains slightly lower flow rates.
During an examination, the technicians must use
their best judgment to identify the best trial,
taking into consideration the phenomenon of
biologic variation; when the technician consci-

entiously applies reliability criteria (described
in the following section), this problem will re-
solve itself.

This “eyeball” type of judgment is validated
and supplemented during data processing by a
digital computer at a later time when each flow
and volume parameter in the spirometric curve is
accurately measured and compared with like
measures in other curves in the trial sequence. In
this way, a consistent method of identifying the
best and most reliable data is used, which
reduces the probability of unacceptable data
quality.

Reliability.—Reproducible spirographic trac-
ings are assumed to represent the very best ef-
forts of the examinee. Reliability is determined
by comparing the flow and volume characteris-
tics of the best and second-best spirograms in a
test set of five trials by determining the repro-
ducibility of the two trials. If limits of repro-
ducibility are violated, the best trial is declared
not reliable, and the test sequence is repeated.

00O
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APPENDIX 11
GENERAL SPIROMETRIC TEST PROCEDURE USED BY NHANES

Instructions for Older Chiidren
and Adults1?

Examinees follow four simple steps during
the test procedure:

® Inhaling as deeply as possible (examinee
maximally inhales from room air).

® Holding in all the air while placing the
lips tightly around the mouthpiece,
being careful to keep the tongue under
the mouthpiece.

Blasting out of all the air.

® Maintaining the expiratory effort until
all the air is out.

These directives, that is, a deep inspiration,
proper placement of the mouthpiece, and the
forceful exhalation of air into the tube, are dem-
onstrated to the examinee by the attending tech-
nician. The technician overemphasizes the last
step by doubling up in an effort to squeeze out
air by full exhalation.

Before commencing the first trial, the ex-
aminee should have the mouthpiece firmly
seated in the hose with both hands around the
hose an inch or so from the mouthpiece. The
standard instructions for the test procedure are
as follows:

® “Take in a deep breath of air, as far as
you can go.”

® “Hold in the air and place your lips
tightly around the mouthpiece.” (Move
the hose toward the subject so he or she
will insert mouthpiece; when the mouth-
piece is in place, press the recorder
button.)

® “Keep blowing!!! Keep blowing!!! Get it
all out!!! ‘Keep blowing!!!” By monitor-
ing the oscilloscope, the technician can
detect when the volume is not increasing
and can judge when 1 or 2 seconds of
effort at full expiration have transpired.

For subsequent trial instructions, the techni-
cian must repeat the last four standard instruc-
tions or use a special instruction for solving a
misinterpretation based on the observations that
he or she has made. A complete test set requires
the recording of five spirograms.

Instructions for Children 6-10 Years
of Agel?

In the current NHANES and in previous sur-
veys, children 6-10 years of age were tested. The
following spirometry instructions were applied
to the less behaviorally mature children; this
group included most of the children 6 and 7
years of age (except for a few poised children
with mature behavior), about half of the chil-
dren 8 years of age, and the least mature of the
children 9 and 10 years of age.

Technicians were instructed to proceed
slowly, to be patient with the children, to use
few words, and to demonstrate mostly by vivid,
clear example. A typical instruction situation
was

“We want to see how your lungs work. We
will measure how much air you can take in
(accompanied by a strenuous demonstra-
tion) and how much you can blow out—as
hard and as fast as you can.”

At this point, the technician asked the child if
he or she could blow up a balloon quickly. The
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response usually gave the technician an indica-
tion of how ready the child was to perform a
satisfactory spirogram. The instruction contin-
ued with “Let me show you”:

“Take in as much air as you possibly can.
Like this.”

“Hold it all in until I tell you to blow.”
“Lips closed around the tube like this.”

“When I say ‘blow,’ blow out all of your air
as fast and hard as you can. Keep blowing
out hard until I tell you to stop.”

The child was then given one or two practice
trials in a relaxed way. If still unsure of the

child’s understanding and ability to perform, the
technician repeated the entire demonstration,
stressing anything that the child did not do per-
fectly (i.e., reemphasizing by use of exaggerated
demonstration rather than words how to per-
form correctly).

A complete spirometry test set also com-
prised five trials. If further instruction between
trials was necessary, it was vivid, pertinent, and
brief. If no satisfactory data were obtained dur-
ing the test, a decision was made either to have
the child come back later during the examina-
tion session if the technician held hope for
better trials, or mark the test as unsatisfactory if
the technician believed that a satisfactory test
could not be obtained because the child was
frightened, too confused, or did not understand,

00O
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