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The first American Thoracic Society (ATS) Statement on the Stan-
dardization of Spirometry’was published 15 yr ago and was based
on the Snowbird Workshop held in 1979 (1). This initial state-
ment was updated in March 1987 (2) after 8 yr of practical ex-
perience with the initial recommendations. The state of the art
of spirometry has continwed to advance as a resul: of scientific
studies that have Emvided additionat data relating to performance
of spirometry. The use of computers for spirometry measure-
ment has become even more commonplace. New statements by
the ATS (3} and the European Respiratory Society (4) also un-
derscore the need to update the ATS statement on spirometry.
This revision of the standards for spirometry reflects the changes
in clinical emphasis and in available technology since the 1987
ATS spirometry update (2) was published. The changes in clini-
cal emphasis and equipment include:

* The strong emphasis on the use of portable peak flow meters
to monitor lung function in asthmatics by the National Heart,
Lung, and Blood Institute’s Asthma Education Program(5),
the International Asthma Management Project (§), the Brit-
ish Thoracic Society (7), and others,

* The comesponding development of many new model peak flow
monitoring devices, some purely mechanical and some elec-
tronic

* A better understanding of the complexities of correcting spiro-
metric values to atea conditions.
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y and procedures in achieving good spirometric results.
» An increased concern about the risk of transmission of infec-
tious diseases during pulmonary function testing.

.- A greater appreciation of the importance of the technicians

We have responded to these changes by:

» Separating the standards for laboratory or diagnostic spirom-
eters from those of devices designed to be used primarily as
monitors,

* Adding we testing to the testing of spirometers.

¢ Adding a section on performance of slow vital capacity.

* Strengthening and updating the procedural aspects of quality
control, including an appendix with sample spirograms.

s Adding a section on hygiene and infection control.

A ceniral goal of any guideline or standardizaticn document
is to improve performance and thus decrease the variability of
laboratory testing. In 1979 (1), and again in t987 (2}, the percep-
tion was that the major source of variability was instrumenta-
tion. More recently, instrumentation has improved to a point
where other sources of variability can be identified, in particu-
lar, procedural problems. In 1991, the ATS Statement on Lung
Function Testing: Selection of Reference Values and Interpreta-
tion Strategies (3) stated: “The largest single source of within-
subject variability is improper performance of the test.” More
recently, Enright and coworkers (8) have shown a positive im-
pact of an extensive quality control program on spirometric
results. As a consequence, there is an effort in the present state-
ment to address issues of test performance and quality control.

The ATS statements on standardization of spirometry have
had far-reaching effects on manufacturers and users of spirom-
eters. [n some cases, manufacturers have used the document as
a minimum performance requirement document. We continue
to be concerned with this appreach and encourage manufacturers

.to seek excellence in design so that the state of the art for spirom-
eters will exceed ATS recommendations. Some research protocols.
will necessitate even more stringent requirements than stated here

Spirometry is a medical test that measures the volume of air
an individual inhales or exhales as a function of time Flow, or
the rate at which the volume iz changing as a function of time,
may also be measured with spirometry. Spirometry, like the mea-
surement of blood pressure, 18 & useful screen of general health.
Like the simple measurement of blood pressure, it does not suf-
fice in certain situations where more extensive festing is warranted.
Spirometric results correlate well with morbidity and life expec-
tancy. Spiromenty is used to affect decisions about individual pa-
tients, including the nature of the defect, its severity, and the re-
sponse to therapy. Table 1 lists some of the potential indications
for spirometry.

Results from tests based on spirometric maneuvers can have
an important effect on a gerson‘s lifestyle, standard of living,
and future treatment (10). Similarly, accurate and precise spirom-
eters are required for epidemiologic studies. Rates of improve-
ment or deterioration of pulmonary function measured in rela-
tion to environmental exposures and/or petsonal characteristics
may be erroneous if inaccurate spirometers are used or less sen-
sitive if imprecise spirometers are used (11).

Maximizing the clinical usefulness of spirometry depends on
a number of steps, ranging from equipment selection to interpre-
tation, and ultimately involves clinical assessment. Figure 1 is
a flow diagram of these steps.

The first step is establishing equipment performance crieria.
The Snowbird Workshop (1), 1987 Update (2), and this update
give recommendations for equipment used for spirometry.

The second step in the process involves validation that the
sgirometer design meets the minimum recommendations through

. the testing of a representative device. Detailed methods forper-
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TABLE 1
INDICATIONS FOR SPIROMETRY*
Diagnostle
To evaluate sympboms, signs, or abnonmal laboratory tests
Symptoms: dyspneaz, wheezing, orthag cough, phlegm production,
chest paln

Signs: diminished breath sounds, overinfiation, expiralory slowing,

y ls, chest deformity, unexplained crackles
-Abnormad laboratory tesis: hyp la, hypercapnia, polycythemie,
abnamal chest radiographs
To measure tha effect of d! on puk y funct
To scroon ndividuals at risk of having pul y dizeasas
~Smokers
| I in pati with mxp to injurd substances

Some routine physical examinations
To sssess plooperaive rish
To assess prognosis (lung transplant, ete) .
To assessy hoalth status befors enrofiment in: sirenuous physical activi
programs
Mondloring
To assess iherapeutic mterventons
~Bronchodilator therapy
-Steroid treatmend for asthma, inderstitial lung disease, ete.
-Management of congesifre heart fallure
<Other {antibletics in cyatic fibrosls, stc.}
To describe the of b ffacting lung
Pulmanary dissases
Chstructive  ainways  disexses
Interstitial lung diseases
Lardisc diseases
Conpestve heart failura
-Newomuscuiar  diseases
Cultle n-Barra  Syndroma
Te menitor persons in ocoupatl with axp to injwious agents
Te mondior for adverse reactions 1o drugs with known pulmonary toxicity
Disabillby/impabrment Evzluations
To assesa patents as part of a rohzbillation program
-Medical
<Industrial
<Vocational
Te agsess feks as part of an insurance evaluation
To assess Individuals for laga! reasons
Socls Sscurity or other g
Pargonal injury lawsuits
«Othars
Publlc Health
Epidemiclogic  survays
~Comparison of health status of populations Iving In differant
environments
~Validation of subjective complairts In occupationatienvironmental
saftings
Derfvation of refersnce squations

ation

L Lkl "

- Adzpted from reference 9.

forming the validation testing are outlined later in this statement.
The ATS makes equipment recommendations but does not act
as a certifying agency to verify compliance with these standards,
Spirometer users should carefully select equipment that meets
the ATS recommendations to assure that spirometry testing can
be done accurately, Before purchasing a spirometer, it is wise to:
(7} ask the manufacturer to provide summary data that demon-
strates that the device being considered meets or exceeds ATS
recommendations, or {2) review results of spirometry testing from
independent testing laborataries. This statement does not man-
date testing by an independent laboratory. There are many cali-
brated computer-driven syringes available. When an independent
laboratory is not used, manufacturers should make the testing
protocal, the raw data, and the summary data available to poten-
tial customers For their review..

Even after spirometers have been found to meet ATS recom-
mendations, they (like other mechanical, electrical, or computer
equipment) must be routinely checked for performance quality.
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. Figure 1. Spirometry standardization steps.




1o

Recommendations for spircmeter quality coatrol have been de-
veloped by the ATS and are summarized in this statement.

Spirometry is an effort-dependent maneuver that requires un-
derstanding, coordination, and cooperation by the patient-sub-
ject, who must be carefully instructed. Thus, procedural recom-
mendations are important components of testing, Part of the
recommendation is to obtain a sufficient number of maneuvers
of adequate quality and then determine if these acceptable maneu-
vers are reproducible, implying that maximal effort has been
achieved. Once spitometry maneuvers have been performed, data
are either measured by hand or computer. Measurement proce-
dures are included in thig article to help assure that uniform
methods are used and comparable results are obtained. These
recommendations include considerations such as using “back ex-
trapolation” for determining the “start-of-test” time (zero point)
for measures such as FEV, and the criteria to determine the end
of the expiratory maneuver. Instruments that provide feedback
to the technician in the form of checks on the adequacy of the
data are clearly desirable,

The interactions between technicians and subjects are crucial
to obtaining adequate spirometry, since it is such an effort-
dependent maneuver. Technicians must be trained and must main-
tain a high level of preficiency to assure optimal results,

The spirogram tracing must %e carefully scrutinized for qual-
ity. Recommendations about quality, acceptability, and reprodu-
cibility of test results are presented, as well as examyples of unae-
ceptable maneuvers (see APPENDIX A). After adequate results
are obtained, they are usually compared with reference values
to make an assessment {interpretation) of the results. The ATS
1991 Statement on Lung Function Testing: Selection of Refer-
ence Values and Interpretative Strategies provides guidelines for
selecting reference values and interpreting the results. Clinical
assessment should be an integral part of spirometry, Results ob-
tained from spirometry are only one part of the much more com-
plex patient-care relationship or research study analysis. It is the
responsibility of the laboratory director to provide adequate qual-
ity control procedures to assure that an attempt to meet these
recemmendations and criteria has been made

In both the original ATS statement on spirometry and the 1587
update, & rationale was provided for each recommendation. Since
many of these recommendations and their rationales have not
changed since the original statements, the reader is referred to
the 1987 update (2) for the rationales conceming less controver-
sial recommendations,

DEFIRITIONS

All terms and abbreviations used here are based on a report of
the American College of Chest Physicians (ACCP)-ATS Joint
Committee on Pulmonary Nomenclature (12}, ]
Accuracy and precision are impottant terms in equipment
recommendations and warrant some definition. Accuracy error
15 the systematic difference between the “true” and the measured
value The accuracy of a spirometer system depends on a num-
ber of factors, including linearity and frequency response of the
stem or processor, sensilivity to environmental conditions, cal-
ibration, and adequacy of correction factors. Its precision de-
pends on the signal/noise ratio and on the resohttion (ie, the
minimal detectable volume or flow). Precision error, usuaily
denoted reproducibility, is the numerical difference between suc-
cessive measurements (4). For example, if a volume spirometer’s
pen is not on zero but at 1. L, atl volumes read directly from the
graph would be overread by 1 L. The accuracy error would be
1 L, since the measured volume would read 3 L when the true
volume is 2 L. However, the precision of the spirometer would
remain unchanged, as the spirometer would consistently read 3
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L each time 2 L is injected into the spirometer. For some appli-
cations, eg., peak expiratory flow (PEF} monitoring, precision
is more important than accuracy.

In several sections of this document, the terms “open circuit”
and “closed circuit” technique are used. The term “open circuit”
spirometry refers to the method of conducting spirometry where
the subject takes a full inspiration before inserting the mouth-
piece to perform the test. In this approach, the subject does not
Inhale from the spirometer or potentially contaminated flow sen-
sor. The term “closed circuit” spirometry refers to the method
of conducting i‘pirometry where the subject is attached to the
mouthpiece before the inspiration is begun, and often several
tidal breaths are obtained. In this approach, the subject does in-
hale from the spirometer. There are advantages and disadvan-
tages to both of these approaches and both are recommended
procedures. For example, an advantage of the ¢losed circuit tech-
nique is that it allows measurement of expiratory reserve volume
(ERV), tidal volume (TV), and inspiratory flows,

Previous recommendations (1,2) treated all spirometers alike
whether used for clinical, diagnostic, or epidemiologic purposes.
However, a new class of device has been added for monitorin
purposes. Monitoring devices (portable peak flow melers, etcg
have separate recommendations from diagnostic spirometers for
the recorder/display requirements as well as the accuracy require-
ments, In addition, precision requirements have been added for
monitering devices. Recommendations concerning monitoring
devices are identified in this statement by the notatton, ‘“Monitor-
ing.” We do not recommend the use of monitoring devices for
diagnostic purposes in the traditional diagnostic setting where
one is comparing a measured value with a reference value. In
this setting, monitoring instruments are likely to be inadequate
because: (1) they may be less accurate than diagnostic instru-
ments; (2) they usually cannot be calibrated or checked to assure
their performance; (3) their graphical displays may be missing
or inadequate to allow proper evaluation of the subject’s effort
and overall test ?uality; and (4) current PEF standards of .+ 10%
allow models of instruments to vary by up to 20%, adding vari-
ability to reference values derived when a menitoring instrument
is used, However, monitoring instruments may be useful in di-
agnosing excessive variability in spirometric parameters because
they tend to have excellent precision.

EQUIPMENT RECOMMENDATIONS

Accurate results require accurate equipment. Spirometer equip-
ment recommendations apply to all diagnostic spirometers
whether used for clinical or epidemiologic purposes. Instrumen-
tation recommendations should be followed to provide accurate
spirometric data and information that are comparable from lab-
oratory to laboratory and from ene time period to another {1).
The accuracy of a spirometry system depends on the resolution
(i+, the mintmal detectable volume or flow) and linearity of the
entire system, from volume or flow transducer to recorder, dis-
play, or processor, Errors at any step in the process can affect
the accuracy of the results. For example, if the eres cotrection
factor is in error, an accurate, uncorrected FVC will be comupted
when the factor is applied.

Recommendations are first provided for diagnostic spirome-
ters, followed by recommendations for monitoring devices un-
der the subheading, “Monitoring.” For example, the equipment
recomimendations for diagnostic spitomelry are summarized in
Table 2 and for menitoring devices in Table 3, Spirometers are
not required to measure all the fellowing parameters but must
meet the recommendations for those parameters that are mea-
sured. Accuracy and precision recommendations apply over the
entire volume range of the instument.
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TABLE 2
MINIMAL RECOMMENDATIONS FOR CHAGNOSTIC SPIROMETRY*
Range/Accuracy Flow Range Time Resistance and
Test (ares) {L/5) (s) Back Pressure Test Signal
vC 0.5t0 8 L = 3% of reading or £ 0.030 L 2éro to 14 a 3L Cal Syringe
whichaver Is greater
FYC 0.5 to # L & 3% of reading or 20.050L, 2er0 o 14 11 Less than 1.5 24 standard
whichever ia graater em Ha0/L waveforms
3L Cal Syringe
FEV) 0.5 bo 8 L 2 3% of reading or £ 0.050 L, zer0 o 14 1 Lese than 1.5 24 standard
whichever is groater cm Ha04L5 waveforms
Tine zerc  Tha tme point from which all FEV, Back axtra-
measuremends are taken polation
PEF Accuracy: ¢ 10% of reading ce £ 0.400 Ly, zere to 14 Bamn a3 FEVy 26 flow standard
whichever is grester vaavefarme
Precision: # 5% of reading or = 0.200 Us,
whichever is greatar
FEFas.75m 7.0 &3 5% of reading or 2 0.200 Us, 14 15 Seme as FEVy 24 standard
whichever ks greater waveforms
¥ + 14 U = 5% of reading or $ 0.200 Us, zoro to 14 15 Same as FEV; Prood  from
whichever i3 groater } mamsrfaciurer
MYV 250 Umin at TV of 2 L within + 10% of +14 12 Prossure kss Sne wave pump
rezding or £15 Umin, whichever is greater 3% to 15 than £ 10 cm
HDat 2L TV
at20Hz

+ Unless specifically stated, peacision requirements arg the sante 89 the MGty retulremeits.

Recommendation: Vital Capacity (WC)

v ¢ = The maximal volume of air exhaled from the peint of :
maximal inhalation or the maximal volume of air inhaled from
a point of maximal exhalation can be measured with a slow ex-
halation or inhalation, respectively. This was previousty called
the “slow™ vital capacity and has been better described as the
“relaxed vital capacity” (13). The VC is expressed in liters {ates).
sms 18 body conditions: normal bady temperature (37" C), am-
bient pressure, saturated with water vapor. When the rebreath-
ing technique is used, an oxygen saipp y may be provided and
carbon dioxide absorbed to account for oxygen consumption and
the production of carbon dioxide In this case, the oxygen sup-

ply must account for the total oxygen consumed, maintaining
the volume constant at functional residual capacity. ¥ this is not
done properly, an incorrect VC could be obtained. Because of
this potential error, the rebreathing technique with the absorp-
tion of carbon dioxide is discouraged as a technique when only
VC is to be measured.

Rationale. In some subjects, a slow or relaxed vital capacity
provides a more acourate determination of the vital capacity than
those obtained with a forced exhalation. Forced expiratory vol-
umes are usually lower than those obtained with a slow exhala-
tion in subjects with airways obstruction and in older subjecs.
With severe airways obstruction, VC values may be larger than
FVC values by as much as | L.

TABLE 3
MINIMAL RECOMMENDATIONS FOR MONITORING DEVICES
UG & FEY: PEF
Ragulremant (ares) (rrrs)
Range High: 0.50 te @ L High: 100 Umin to 2 700 Umin bt % B50 Umin
Low 0.5te 6L Low: §0 Umin to 3 273 Umin But < 400 Umin
Azcurscy % 5% of reading or £ 0.100 L, + 10% of reading or & 20 Limin, whichever I3 gresler
whichever Is greater
Pracision + 3% of reading or £0.0501, Intradevics: % 5% of reading or & 10 Umin,
whichever is greater whichever |s greater
Interdevice: € 10% of reading ar € 20 Umin,
whichaver s greater
Linaarily Within 3% ower range Within 8% over range
Graduations Constant cver enlire range Constart over anlire range
Hégh: 0.100 L High: 20 Umin
Low: 0.050 L Low: 10 Umin
Rasolution High: 0.050 L High: 10 Umin
Low: 0.025 L Low: 5 Umin
Resistance Less than 25 cm Hi0/U5 om Less than 2.5 em HaOfLs, from zer0 to 14 Us
zaro to 14 Us
Minimal detectable
volume o030, L
Tesl Bignal 24 standard volume-lime, M-standard Pow-time waveforms
wavefarnms

High =high range and low = low range devices.
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Figura 2. Typical subject wavaform of a volume-time spircgram il-
lustrating back extrapolation to determina "time zero” Extrapolated
volume = Vext,

For measurements of VC, the spirometer must be capable of
accumulating volume for gt feast 30 s. Spirometers must be capa-
ble of measuring volumes of af feast 8 L. (ama) with flows be-
tween zero and 14 L/s with a volume accuracy of at least 3%
of reading or £ 0.050 L, whichever is greater.

Recommendation: Forced Vital Capacity (WC)

FVC = Maxima! volume of air exhaled with maximally forced
effort from 2 position of maximal inspiration, ix., vital capacity

erformed with a maximally forced expiratory effort, expressed
1n liters (BTPS).

The diagnostic spirometer must be capable of measuring
volumes up to a? feast 8 L ems) with an accuracy of a? least
+ 3% of reading or £ 0.050 L, whichever is greater, with flows
between zero and 14 L/s. The 8-L range requirement applies to
newly mynufactured instruments; existing spirometers with a 7-L
range may continue to be used. The spirometer must be capable
of accumulating volume for at least |S s, although longer times
are recommended. .

Monitoring. Monitoring devices must be capable of measur-
ing volumes up to af feast § L (ates} with an accuracy of at Jeast
+ 5% of reading or= 0.100 L, whichever is greater, with flows
between zero and 14 L/g, The precision of the monitoring devices
mist be at least £ 3% of reading or % 0.050 L., whichever is
greater. The device must be capatﬁe of accumulating volume for
at least 15,

Recommendation: Timed Forcad Expiralory Volume (FEW)

FEV, = The volume of air exhaled in the specified time during
the performance of the FVC, e.gF., FEV, for the volume of air
exhaled during the first second of FVYC, expressed in liters {zrps).

Measuring FEV, requires a spirometer capable of measuring
volumes of at feast 8 L. The spirometer must measure FEV,
within an accuracy of af least % 3% of reading or £ 0.030 L,
whichever is greater, with flows between zero and 14 L/s. The
start-of-test for purposes of timing must be determined by the
back extrapolation method (1, 14, 15) or a method shown to be
equivalent (Figure 2). For manual measurements, the back ex-
trapolation method traces back from the steepest slope on the
volume-time curve (Figure 2) (15, 16). For computer methods

. of back extrapolation, we recommend using the largest slope aver-

aged aver an 80-ms period (17). The total resistance to airflow
at 14.0 L/s must be less than 1.5 cm H,0/L/s. The total resis-
tance must be measured including any tubing, valves, pre-filter,
etc., that may be inserted between the subject and the spirome-
ter. Since sorne devices may exhibit changes in resistance due to
water vapor condensation, resistance requirements must be met
under res conditions when up to eight successive FVC maneu.
vers are performed in a 10-min period,

Monitoring. The monitoring device must be capable of meas-
uring FEV, u(!) to at feast & L (rTpg) with an aceuracy of at least
% 5% of reading or £ 0.100 L, whichever is greater, with flows
between zero and §4 L/s. The precision of the monitoring devices
for FEV, must be at feast + 3% of reading or = 0.050 L,
whichever is greater. Resistance should be less than 2.5 cm
H;0/L/s and the start-of-test requirement is the same as for di-
agnostic  spirometry.

Recommendation: PEF

PEF = Largest expiratory flow achieved with a maximally forced
effort from a position of maximal inspiration, expressed in
liters/second (BTPS).

Measuring PEF requires an instrument that has a frequency
response that is flat (£ 5%) up to 12 Hz, The instrument must
measure PEF within an accoracy of £ 10% of reading or £ 0.300
L/, whichever is greater. Intra-instrument precision must be less
than 5% of reading or 0.150 L/s, whichever is greater. Inrerdevice
precision must be less than 10% or 0.300 L/s, whichever is preater.

The following or an equivalent method can be used in the de-
termination of FEF, or PEF for volume-time curvés. How-
ever, the method used to derive PEF may depend on the measur-
ing instrument (18), and the final determination of compliance
should be determined through testing using the standard wave-
forms (26 flow-time waveforms, AvpENpx D), with PEF derived
from the flow-time waveform (Table Di, column 2).

Determination of PEF can be performed from the volume-
time data by using a parabolic ::l.lrv.ne—ﬁtting':l aigorithm, which
smooths the data using a least squares parabolic fit to a 40~ or
80-ms segment (np = 2 or 4) of the volume-time curve, or:

3 jvokn + j)

j=-op

2h. T

=t

flow({n)

PEF = Max (flow)

where flow = an array of flow values from start to end of test;
n = index of curtent flow data point (n = [np + 1] to index
value of end of test); vol = an array of volume values; j = an
index value as indicated in the equation; h = the time between
samples (0.0l s in this example); np = the number of data points
(for a 40-ms segment, np = 2 and for an 80-ms segment, np =
4); and PEF is the maximum value observed in the array flow,

Ratienale, Using the 26 flow-time waveforms to define PEF
is a change from the ATS 1987 Update. The PEFs for the 24 stan-
dard volume-time waveforms and the FEFu, described in the
1987 ATS Spirometry Update used the abave algerithm with an
80-ms interval. Manufacturers, through the use of mechanical
simulators and the 24 standard volume-time waveforms, have
been implementing this or equivalent methods through their at-
te;rn‘rts to derive PEFs similar to those defined by the 24 stan-
dard volume-time waveforms.

In addition, the National Asthma Education Program (NAEF)
(5) has adopted ATS standard volume-time waveform number
24 as their standard for portable PEF meters. Hankinson and
Crapo (18) have shown that reducing the time interval in the above
equation from 80 to 40 ms results in as much as an 8% higher
PEF for two of the 24 standard volume-time waveforms and a
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5% higher PEF value for waveform number 24. Regardless of
this apparent change, PEF is a flow parameter and therefore
should be defined based on a flow-time waveform rather than
a volume-time waveform (i<, waveform number 24). The final
determination of compliance should be determined through test-
ing using the standard 26 flow-time waveforms (arrmec D)
and the PEF denived from the flow-time curve (Table Di, column
2). This approach allows all of an instrument’s characteristics
to be considered, rather than only the PEF computational al-

orithm. Because PEF is more variable than FVC and FEV, and

gczuse of the confusion surrounding PEF definition, a rela-
tively large £ 10% accuracy requirement was allowed.

Recanvmandation (Monitoring): PEF

PEF = Largest expiratory flow achieved with a maximally forced
effort from a position of maximal inspiration, expressed in
liters/minute (BTPS).

Monitoring PEF also requires an instrament that has a fre-
quency response that is flat (2 596} up to 12 Hz and a resistance
less than 2.5 em H,0/L/s with flows up to t4 L/s, The instru-
ment must measure PEF within an accuracy of = 10% of read-
ing or+ 20 L/min, whichever is greater, wilh PEFs between 60
to 400 L/min for children and from 100 to 850 L/min for adults.
The lower limit range of the instrument must be less than or equal
to 60 L/min for children and 100 L/min for adults. The upper
limit range must be greater than or equal to 275L/min but less
than 400/L min for children and greater than’or equal to 700
L/min but less than 850 L/min for adults. If manual reading
of the instrument is used, the reader must be able to resolve at
least 5 L/min for low range {children) and 10 L/min for high
range {(adults) (marked PEF intervals [graduations} no greater
than 10 L/min for low ranpe and 20 L/min for high range). Intea-
instrument precision must be less than or equal to 5% of read-
ing or 10 L/min, whichever is greater. Interdevice precision must
be less than 10% or 20 L/min, whichever is greater. Data on
the instrument’s life span and durabigly must be provided
by the manufacturer, specified as the typical life span over which
the instrument will satisfy the requirements of this section.

In addition to the above requirements, PEF measuring devices
must alse provide a methed of reporting values at »7ps. For pont-
able PEF meters, sTes correction may be accomplished by hmit-
ing the environmental operational range for the instrument in
terms of barometric pressure (altitude) and ambient tempera-
ture, Portable PEF meters must meet the accuracy and precision
requirements above, given the range of environmental conditions
encountered with typicaluse A 10% accuracy requirement, higher
than the 5% for other flows, is recommended to allow for poten-
tial gTPs correction complications associated with PEF measure-
ments. Besides providing a method of correcting PEF values to
eres, the instrument’s manufacturer must also provide a correc-
tien for the effects of altitude or other environmental conditions
as appropriate,

A package insert must be provided with each portable PEF
meter containing at feast: (1) elear instructions (with illustrations)

for use of the instrument in simple terms that are understood
by the general public; (2) Instructions concerning maintenance
of the instrument and methods to recognize when it is malfunc-
tioning; and (3) appropriate actions o be taken when PEF read-
ings change appreciably (i.e., whom to contact).

Rationale. Concerning the requirement of a flat frequency re-
sponse up to 12 Hz, Lemen and coworkers (19) have shown that
the mean highest frequency (HF) with significant amplitude con-
tent was 5.06 Hz in healthy individuals and 6.4 Hz in patients
and smokers. They concluded that flow measuring devices should
have a frequency response that is flat up to 12 Hz. Peslin and
coworkers (20) found a slightly higher HF of about 10 Hz in
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healthy males and 7.5 Hz in female subjects. In addition, cur-
rent mechanical waveform-generating equipment generally can-
not accurately produce waveforms with c:'rf:que:ncy contentt above
12 Hz. The accuracy recommendation is less stringent for PEF
than for the FVC and FEV, (10% versus 5%) because of the

higher within- and between-subject variabilities associated with

PEF measurements and because of testing instrument limitations.

The PEF instrument precision and intra-instrument variability
recommendations are lower (5%) than the accuracy and inger-
instrument variability requirements (10%) because of the need
for low instrument variability in the routine use of PEF meters
for serial measurements. In addition, several studies have shown

PEF meters to be much more precise than accurate (2 ]-23(). These
recommendations are alse similar to those of the NAEP (5). The

range recommendations are made with the understanding that

PEF measurements are often made using portable PEF meters.
With these meters, reading resolution (number of graduations)
must be balanced against the range of the meter (upper and lower

meter limits). Therefore, different instrument ranges for children

and adults are appropriate. The range recommendations for chil-

dren are not intended to preclude the use of an instrument with
adult ranges if the instrument meets the resolution requirements

(ease of reading) for children.

An instrument’s life span and durability are difficuit to de-
termine and will be specific to an instrument. However, porta-
ble peak flowmeters are often used for extended periods of time,
Therefore, the instrument manufacturer must provide informa-
tion on the typical life span of their instrument as well as clean-
ing and other maintenance instructions. The package insert re-
quirements recommended by the NAEP (5) are similar to those
recommended in this statement.

Recommendation: FEFas yow

FEF;sven = Mean forced expiratory flow during the middle
half of the FVC. Formerly called the maximal mid-expiratory
flow (MMEF), expressed in liters/second (sma) .

Tus FEF;;.5s must be measured with an accuracy of at feast
* 5% of reading or = 0.200 L/, whichever is greater, over a
range of up to 7 L/s. The FEF 5.y must be measured on a sys-
tern that meets diagnostic FVC recommendations.

Recommendation: Flow (V)

= Instantaneous forced expiratory flow (except for PEF), ex-
pressed in Jiters/second (aces) .

Flow may be measured electronically or manually from a
flow-volume display with adequate size for hand measuring,
Where flow-volume loops or other uses of flaw are made, with
flow in the range of -14 to 14 L/s, the flow must be measurable
to within £ 5% of reading or + 0.200 L/s, whichever is greater.

Recomimendation: Forced Expiratory Time (FET9%)

FET% = Time from the back-extrapolated “time zero” until a
specified percentage of a maneuver's FVC is exhaled, expressed

in seconds, For example, FET95% would be the time required
to reach 95% of a maneuver's FVC. See Apprenpmx A for FET%
examples. FET100% would be defined as the time required to
reach the FVC or the time at which the volume was observed
to be at its highest level, For maneuver quality assessment pur-

poses, the reporting of the FET99% (24) or FET100%§s encour-

aged but not mandated. Also, the FET25-75% (mid-expiratory
time} may be a useful indicator of diminished flow when VC is
decreased and may be less dependent on body or lung size than
other flow parameters (25).

Recommendation: Forced Inspiratory VHal Capacity Maneuvers
These maneuvers are inspiratory vital capacity maneuvers per-
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formed with maximally forced effort from a position of maxi-
ma) expiration to a position of maximal inspiration. Roth volume
and flow parameters are measured, which roughly correspond
(except for direction) to those from the FYC maneuver. Volume
measurements are expressed in liters (2TPs), fow measurements
in liters/second (TPS).

Rationale. Forced inspiratory maneuvers are useful in diag-
nosing and monitoring upper airway obstruction, They are usu-
ally performed either preceding or tollowing the FVC maneuver
but may be performed separately. Elderly or ill patients often
have difficulty performing forced inspiratery and expiratory
maneuvers as part of the same effort. Forced inspiratory maneu-
vers require the use of one of the closed circuit techniques.

For measurements of forced inspiratory spirometric param-
eters diagnostic spirometers must meet the corresponding range,
accuracy, and precision recommendations specified for diagnostic
spirometry systems (Table 2).

Recommendation: Maximal Voluntary Ventilation {MW)

MVV = The volume of air exhaled in a specified period during
repetitive maximal respiratory efforis, expressed in liters/minute
(oTPS).

When a spirometer is used for measuring MVV, it must have
an amplitude-frequency response that is flat within + §0% from
zero 1o 4 Hz at flow rates of up to 12 L/s over the volume range.
The time for exhaled volume integration or recording must be
no less than 12 5 nor more than 15 s (26). The indicated time
must be accurate to within 2 3%, The MVV must be measured
with an accuracy of £ 10% of reading or + 15 L/min, whichever
is greater,

General Background: Spirometry Recorders/Displays

Paper records or graphic displays of spirometry signals are re-
guired and are used for:

1. Diagnostic function-when waveforms are to be used for qual-
ity control or review of the forced expiratory maneuver to de-
termine if the mancuver was performed properly, so that un-
acceptable maneuvers can be ¢liminated.

2. Validation function-when waveforms are to be used to vali-
date the spirometer system hardware and sofiware for accuracy
and reliability through the use of manual measurements (for
example, measurement of FEV, using back extrapolation by
comparing computer- and manually determined FEV,).

3. Manual measurement function-when waveforms are to be
manually measured for spirometric parameters {FVC,FEY,,
etc) in the absence or failure of a computer,

With the continued advances in computer technology, there
are many different ways to display and record spirometric wave-
forms. The committee continues to encourage use of computer
technology.

Paper recorder requirements are the same regardless of the
purpose, diagnostic, validation, or manual measurement. 1f no
papet recorder or printer is available, then proof of validation
of the accuracy and stability of the spirometer by an indepen-
dent laboratory must be provided by the manufacturer. For these
ggn;guter methods, any new software releases must also be vali-

ted.

Recommendation: Dilpla'y of VC Maneuver

Either “open” or “closed” cireuit technique may be used to mea-
sure the VC maneuver. Although the open circuit technique may
be preferred because of hygiene concerns, this technique does
not allow the monitoring {display} of the inhalation to TLC and
therefore is less than optimum. Regardless of whether the open

AMERICAN JOURNAL CF RESPIRATORY AND CRIMCAL GARE MEDIGINE VOL 152

1995

or closed cireuit technique is used, a display of the entire VC
maneuver must be provided. The maximal expiratory volume
must be assessed to determine whether the subject has obtained
a platean in the expiratory effort. Subjects with airways obstruc-
tion usually exhibit different shaped curves at the end of their
gxpiratory mancuver-a slope showing the nonhomogeneous
emptying of lung units. Some patients with severe airways ob-
struction are not able to return to the level of FRC due to gas
trapping (see ArpeNDIx A, VC maneuvers). In addition, impor-
tant differences between inspiratory (IVC) and expiratory {EVC)
maneuvers may be observed in patients with airways obstruc-
tion (27). For systems using a closed circuit with carbon dioxide
absorption, a’volume-time display is needed to verify baszline
end-expiratory level (functional residual capacity or FRC). The
graph should indicate the starting volume to evaluate the corect
positioning of FRC.

Recommendation: Display of NC Maneuver

Displays using flow versus volume instead of volume versus time
expand the initial portions (first 1-2 s5) of the forced vital capac-
ity maneuver. Since this portion of the maneuver, particularly
the peak expiratory flow, is correlated with the pleural pressure
during the maneuver, the flow-volume display is useful to assess
the magnitude of effort during the initial portions of the ma-
neuver. Overlaying a series of flow-volume curves registered at
apparent TLC {maximal inhalation, which may not be true TLC)
ig helpful in detecting a submaximal effort that may result in
a large though nonreproducible FEV, as a consequence of nega-
tive effort dependence (28).

Unlike the flow-volume curve display, display of the FYC ma-
neuver as a volume-time graph expands the terminal portions
of the maneuver. Therefore, the volume-time display is useful
in assessing the duration of effort and whether a plateau is
achieved, Where spirometry may need to be reviewed by inde-

ndent agencies, a volume-time tracing of sufficient size allows
independent measurement and calculation of parameters from
the FVC maneuvers. Overlaying a series of volume-time curves
aligned at back-extrapolated time zere or flow-volume curves
aligned at TLC is useful in evaluating reproducibility and sub-
maximal efforts. For optimal quality control, both flow-volume
and volume-time displays are useful and strongly encouraged.
See Appenpix A for (llustrations of volume-time and flow-vol-
ume displays.

Recommendation: VC and NC Mansuver Volume
and Time Scales

Volume scale: When a volume-time curve is plotted or displayed,
the volume scale must be ar feast: 10 mm/L (xms) .

Time scale: af feast 2 cm/s; larger time scales are preferred
(at least 3 cm/s) when manual measurements are to be made (1,
26, 30). When the volume-time plot is used in conjunction with
2 flow-votume curve (both display methods are provided for in-
terpretations and no hand-measurements are performed), the time
scale requirement is reduced to 1 cmy/s from the usually required
minimum of 2 cm/s. This exception is allowed because, in these
circumstances, the flow-volume curve can provide the means for
quality assessment during the initial portion of the FYC maneu-
ver. The volume-time curve can be used to evaluate the terminal
portion of the FVC maneuver, and the time scale is less critical,
For display of the slow VC, the volume scale may alse be reduced
to 1 cm/L and the time scale to 0.5 cm/s.

Recommendation: Flow-Volume Curves

When a flow-volume curve is plotted or displayed, exhaled flow
must be plotted upwards and exhaled volume towards the right.
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TABLE 4

MINIMUM REQUIRED SCALE FACTORS FOR TIME,
YOLUME, AND FLOW GRAPHICS

Resolution
Parameier Roquired Scale Factor
Volumae o025 L 40 mm/L
Flow 0.100 us 5 mmiUs
Tlne G.2¢ 5 2 emfs

A 2:] ratic must be maintained between the flow and volume
scales, e.p., 2 Lfs of flow and 1 L of exhaled volume must be
the same distance on their respective axes. The flow and volume
scales must be at Jeast as shown in Tabie 4.

Rationale. It was the committee’s unanimous opinion that the
previous diagnostic recorder requirements of 3 mm/L and 1 cmfs
have proven inadequate for judging the quality of an expiratory
effort, eg., terminal events are not detectable (apsmoxx A), For
certain applications (for example, for disability determination
and legal cases), diagnostic size displays are clearly not adequate
(26, 30). The U.S. Cotton Dust standard requires “... tracings
must be stored and available, for recall and must be of sufficient
size that manual measurements may be made ., . (31). Also,
users will customarily not be able to verify accuracy and stabil-
ity of spirometers by themselves in the absence of an adequate
paper recording.

Recommendation: Correction to B1P$

This statement recommends that diagnostic spirometric studies
not be conducted with ambient temperatures less than 177 C or
more than 40" C. In part, the rationale for this recommendation
is based on problems with finite cooling times of gases in volume-
type spirometers (32-34) and the problems of estimating sma
correction factors for flow devices (35-37). When a subject per-
forms.an FVC maneuver, the air leaving the lunps and entering
the spirometer is at approximately 33 10 357 C (38, 3%) and is
saturated with water vapor. Most volume-type spirometers as-
sume instantanecus cooling of the air as it enters the spirometer.
However, this is not always the case, and an error in FEV, can
ocecur due to the incorrect assumption of instantaneous cooling
of the air. For capillary and screen pneumotachometers, the gain
is dependent on gas viscosity and increases with increasing tem-
perature. Theref%};:'i, a different correction factor is needed be-
tween patients and a calibrating syringe and between inspiratory
and expiratory maneuvers. [n addition, the assumption is usu-
ally made that no cooling of the air occurs as the air passes
through the flow sensor. This may not be the case, particularly
with unheated flow sensors (35). If the expired gas is assumed
to be BTPS, an error of about 1% will result. The error will in-
crease if the flow sensor {s located further from the mouth and
more cooling occurs. [n addition, water condensation within or
an the surface of a flow sensor may alter its calibration. Depend-
ing on environmental temperature, the stes correction factor may
be as larpe as 10%. Therefore, the method used to calculate or
estimate the sws factor can potentially introduce significant er-
rors by the application of an erroneous BTPs correction factor.

Changes 1n spirometer temperature can be a source of vari-
ability; therefore, spirometer temperature should be measured
and not assumed ta be constant, aven over the course of one test-
ing session. Johnson and colleagues (40} found that if ambient
temperature was psed in BTPS correction and applied to all maneu-
vers, FEV, and FVC measurement errors of up to 6% may oc-
cur. When nsing volume spirometers, they recommend that the
temperaiure of air inside the spirometer should be measured ac-
curately during cach breathing maneuver,
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Recommendation [Monltoring): Correction to BTPS

For operating simplicity, monitoring devices may use one BTPS
correction factor for a range of barometric pressures {altitude)
ard environmental temperatures. However, the use of a single
BTPS correction factor or direct readings at BTPS does not elimi-
nate the requirement to meet the accuracy specifications under
BTPS conditions, Therefore, manufacturers must provide appro-
priate labeling conceming the envirenmental conditions {ambient
temperature and pressure) under which their device will meet the
accuracy requirements. If necessary or appropriate, the manufac-
turer may provide several BTPS correction factors to meet the ac-
curacy reguirements over a range of environmental conditions
(altitude and temperature).

EQUIPMENT VALIDATION
Rocommendation: FVC Validation

The diversity of FVC maneuvers encountered in clinical practice
are currently best simulated by the use of the 24 standard wave-
forms developed by Hankinson and Gardner (17, 41). These wave-
forms can be used to drive a computer-controlled mechanical
syringe of its equivalent for testing actual hardware and soft-
ware (42, 43) or they can be put into a system in digita! form
to evaluate anfy the software. It is strongly recommended that
spirometry systems be evaluated using a computer-driven me-
chanical syringe or its equivalent and that the digital forms only
be used for evaluating changes in software. APPENDIX C shows
the measured values for each of the 24 standard waveforms, The
American Thoracic Society also provides these waveforms on
floppy disks for an IBM-PC.* Appropriate comectiens for using
gas at ambient temperature and humidity instead of BTPS may
need to be made for some mechanical syringe-spirometer com-
binations. In addition, precisicn criteria have been added, and
testing of spirometry systems using heated and humidified test
£as 15 recommended.

The accuracy validation limits (tolerance for simulator systems
is included in these limits) for volume are: volume (FVC, FEV,)
+ 3.5% of reading or % 0.070 L, whichever is greater; and aver-
age flow (FEFyp,) £ 5.5% of reading or + 0.250 L/s, which-
ever is greater. The emror range is expanded from the earlier ATS
spirometry recommendation to allow for errors associated with
mechanical syringes (42). The precision validation limits are: vol-
ume {FVC and FEV,) 3.5% (range percent) or 0100 L, whichever
is greater; and flow (FEFu-ns) 5.5% or (.250 L/s, whichever is
greater. Mechanical syringes used for validation must be accurate
within % 0,025 L for FVC and FEV, and + 0.100 L/s for
FEF:5.74m.

Rationale. Testing of spirometry systems using heated and hu-
midified test gas has been added to the validation criteria be-
cause of potential problems associated with BTPS correction
(32-37). See APPENDIX B for further details.

Racommandation; PEF Validation

PEF instrument designs must be validated using a mechanically
driven syringe or its equivalent, using the flow-time waveforms
described in APPENDIX D. These waveforms are available on dig-
itat media from the ATS. In addition, the mechanically driven
syringe must be validated (APPENDIX B} to ensure that it ac-
curately produces these waveforms and comresponding PEFs
within £ 2% of reading. The flow-time waveforms in Appew-
bix D were chosen to represent a range of peak flows and
flow-time signals with various times-to-PEF (tlime required to
go from 0.200 L/ to PEF). The accuracy validation limit for
PEF is £ 12% of reading or + 25 L/min, whichever is greater.

- Avallable from the American Thoracic Society.
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The precision (range deviation) validation limit for PEF is 6%
or 15 L/min, whichever is greater,

Rationale. The NAEP (5) recommended the use of a me-
chanically driven syringe 1o test and validate the accuracy of
peak flow measuring instruments and to assess intra- and inter-
device precision. Their recommendations included the use of ATS
waveform 24 with various multipliers to achieve different PEFs.
One problem with using only waveform 24 is a lack of variabil-
ity in the shape or rise-time in the waveforms used to test PEF
meters. Therefore, the use of several waveforms in the testing
and validation of PEF meters to provide a range of PEFs and
times-to~PEF (rise-times) is recommended. The waveforms in Ap-
soorz D are flow-time waveforms and, therefore, the defini-
tion of peak flow obtained from these waveforms is simple te
derive, In addition, a volume-time curve for use by the mechan-
ically driven syringe can be obtained from a flow-time curve by
s_impil)y summing the flow-time values (integrating the flow
signal).

The accuracy of the mechanically driven syringe for PEE
+ 2% of reading, was chosen based on current technical feasi-
bility. Current technology of mechanically driven syringes is not
sufficient to provide greater accuracies. This is due to the dy-
namic aspect of peak flow = high frequency content and PEF
occurs at a peint in the flow-time signal where the acceleration
is changing, resulting in potential “overshoot” by a mechanical
syringe. In addition, insufficient data are available concerning
the accuracy of PEF meters using waveforms with higher fre-

uency content {shorter times-to-PEF). Additional detailed 1m-
ormation concerning spirometer testing procedures is contained
in AProwscss B, C, and D.

Recommendation: MW Validation

When tested with a pump producing a sinusoidal waveform, the

ccuracy validation limits of the spirometer used for MVYV for
‘lows up to 250 L/min, produced with stroke volumes wp to 2 L,
are £ 10.5% of reading or & 20 L/min, whichever is greater.
During the testing, the pressure at the mouthpiece must not ex-
ceed & L0 cm HyO. For volume spirometers, these requirements
apply throughout their volume range.

QUALITY CONTROL

Routine equipment preventive maintenance — cleaning, calibra-
tion checks, verification, and quality control- is essential to as-
sure accurate spirometry resulls (44). A spirometry procedure
manual is an important base for a quality assurance program.
The manual should centain a quality control plan, guidelines
for ordering spirometry, guidelines for performing spirometry,
and guidelines for reporting spirometry results. See the docu-
ment, “ATS Quality Assurance for Pulmonary Laboratories,” for
more details (44),

Recommendation: Technician's Rele in Quality Control

Quality control is important to ensure that the laboratory is con-
sistently meeting appropriate standards. In any quality control
program, an important element is a procedures manusl contain-
ing: calibration procedures, test performance procedures, calcu-
lattons, criteria, reference values source, and action to be taken
when “panic” values are observed. A notebook should be main-
tained that documents daily instrument calibration as well as
problems encountered with the system, corrective action required,
and system hardware and software upgrades. Records of anom-
alous events involving either patients/subjects or the technician
should be documented, with the results of subsequent evalua-
tion and responses to the event, The technician should alse main-

tain records of continuing education and the results of evalua-
.tion and feedback provided by the medical director. Perhaps the
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most important component in successful spirometry is a well-
motivated, enthusiastic technician, A recent study has clearly
demonstrated the importance of a quality control program with
feedback to technictans in obtaining adequate spirometry resulis
{8). A quality control program that continuously monitors tech-
nician performance is critical to the collection of high-quality
spirometry data. Feedback to the technicians concerning their
performance should be provided on a routine basis, This feed-
back should include, at a minimum:(!) information conceming
the nature and extent of unacceptable FVC maneuvers and non-
reproducible tests; (2) corrective action the technician can take
to improve the quality and number of acceptable maneuvers; and
{3) recognition for superior performance by the technician in ob-
taining good manecuvers from challenging patienis/subjects.

Manufacturers are encouraged to include quality control aids
in their software packages for spirometers. For example, a cali-
bration logging program may be provided that stores the time
and results of routine daily calibration checks. Additionally, the
program could issue a warning if an acceptable daily calibration
check has not been performed.

Recommandation: Hygliene and Infoction Control

This section has been reviewed by the Microbiology Assembly.

The major poal of infection control is to prevent infection
transmission to patients/subjects and staff during pulmonary
function testing. Two major types of infection transmission are:

1. Direct contact: There is potential for transmission of upper
respiratory disease, enteric infections, and blood-borne in-
fections through direct contact. Aflthough hepatitis and HIV
contagion are unlikely via saliva, this is a possibility when
there are open sores on the oral mucosa, bleeding gums, or
hemoptysis. The maost likely surfaces for contact are mouth-
pieces and the immediate proximal swfaces of valves or tubing.

2. Indirect contact: There is potential for transmission of tuber-
culosis, various viral infections, and, possibly, opportunistic
infections and nosocomial pneumonia through acrosol drop-
lets. The most likely surfaces for possible contamination by
this route are mouthpieces and proximal valves and tubing,

Prevention:

i. Prevention of infection transmission to technticians exposed
to contaminated spirometer surfaces can be accomplished
through proper hand washing or use of barrier devices (latex
gloves). To avoid technician exposure and cross-contamination,
hands should be washed immediately after direct handling
of mouthpieces, tubing, breathing valves, or interior spirom-
eter surfaces. Gloves should be worn when bandling poten-
tially contaminated equipment if there are any open cuts or
sores on technicians’ hands. Hand washing should always be
Eerformed between patients, Indications and techniques for

and washing during pulmonary function testing have been
reviewed by Tablan and coworkers (45),

2, To avoid cross-contamination, reusable mouthpieces, breath-
ing tubes, valves, and manifolds should be disinfected or steri-
lized regularly. Mouthpieces, nose clips, and any-other equi
ment coming into direct contact with mucosal surfaces should
be disinfocted, sterilized, or discarded (ie, disposable mouth-
pieces, nose clips, etc) after each use. The optimal frequene
for disinfection or sterilization of tubing, valves, or manifolds
has not been established. However, any equipment surface
with visible condensation from expired air should be disin-
fected or sterilized before veuse Since the use of cold steriliz-
ing agents is not without risk, laboratory staff should take
care to follow all manufacturer’s recommendations regard-
ing proper handling of these products.

3. Between subjects, spirometers using the closed circuit tech-
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nique should be flushed at least five times over the entire vol-
wme range to facilitate clearance of droplet nuclei. Also, the
breathing tube and mouthpiece should be decontaminated be-
tween patients. When the open circuit technique is used, only
that portion of the circuit through which rebreathing occurs
needs to be decontaminated between patients. For example,
when a pneumotachometer system is used, either inspiration
from the device should be avoided or the resistive element and
tubing should be decontaminated between subjects, A dispos-
able sensor is another alternative. When an open circuit tech-
nique is used for measurement of only the forced exhalation,
without inspiration from the measuring system (either volume-
or flow-type spirometers), only the mouthpiece needs to be
changed or decontaminated between subjects.

It should be noted that disassembling, cleaning, andfor sen-
sor replacement requires recalibration. 1f patients do not inspire
through the device, there is the disadvantage that test accepta-
bility may be more difficult to assess in the absence of an in-
spiratory tracing. On the other hand, disassembly, cleaning, or
sensor replacement has the disadvantage that recalibration is re-
quired. Altematively, in-line filters may be effective in prevent-
ing equipment contamination (46). However, if an in-lme filter
is used, the measuring system should meet the minimal recom-
mendations for range, accuracy, flow resistance, and back pres-
sure with the filter installed. The influence of commercially avail-
able in-line filters on forced expiratory measures, such as the FVC
and FEV , has not been well characterized.

4. In settings where tuberculosis or other diseases spread by drop-
let nuclei are likely to be encountered, proper attention to en-
vironmental engineering controls, such as ventilation, air filtra-
tion, or ultraviclet decentamination of air, should be used
to prevent disease transmission.

5. Special precautions should be taken when testing patients with
hemoptysis, open sores on the oral mucosa, or bleeding gums.
Tubing and breathing valves should be decontaminated be-
fore reuse and internal spirometer surfaces should be decon-
taminated with accepted disinfectants for blood-transmissible

enis.

8, Eﬁh‘a precautions may be undertaken for patients with known
transmissible infectious diseases. Possible precautions include:
(a) Reserving equipment for the sole purpose of testing in-
fected patients; (b) testing patients at the end of the day to
allow time for spirometer disassembly and disinfection; and
(c) testing patients in their own room or in rooms with ade-
quaie ventilation and easily cleaned surfaces,

7. In the absence of evidence for infection transmission during
putmonary function testing, the regular use of in-line filters
is not mandated when the precautions described above are
followed. However, some spirometric equipment, particularly
those incorporated in multi-p testing systems, employ
valve manifolds that are situated proximal to breathing tubes.
These valving amangements provide internal surfaces on which
deposition of expired aerosol nuclei is likely. Given their com-
plexity, they may be difficult to disassemble and disinfect be-
tween subjects. To the extent that in-line filters have been

" shown to remove microorganisms from the expiratory air
stream and thus prevent thetr deposition, presumably as aero-
sol nuclei on spirometer surfaces (46), their use may be indi-
cated in this setting. The economy of using in-line filters com-
pared with tubing and valve changes depends on the PFT
equipment in use. The extent to which measures such as max-
imum expiratory flow or other instantaneous flows are in-
fluenced by the use of in-line filters is undocumented. One
study has shown that a low impedance barrier device did not
have a significant impact on spirometric indices, such as the
forced vital capacity and the FEV, (47). If an in-line filter
is used during spirometry, interpretatton of spirometric indi-
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cas olher than FVC and FEV, (eg., PEF) should allow for
the possibility that the filter might affect spirometer perfor-
mance The mechanical charactenistics of the combined meas-
uring device and filter should meet the minimal recommen-
dations outlined in Table 2. Furthermore, if in-line filters are
used, it is recommended that equipment be calibrated with
the filter installed. The use of in-line filters does not elimi-
nate the need for regular cleaning and decontamination of
spirometric equipment.

& Manufacturers of spirometric equipment are encouraged to
design instrumentation that can be easily disassembled for
disinfection.

Rationale. Spirometric equipment has not been directly im-
plicated in the fransmission of infections, although there is in-
direct evidence of infection transmission during pulmonary func-
tion testing (PFT). Organisms from the respiratery tract of test
subjects can be recovered from PFT mouthpieces and from the
proximal surfaces of tubing throu%h which the subjects breathe
(48, 49). There Is one case report of a tuberculosis skin-test con-
version after exposure to a sg.uimmeter used to test a patient with
documented tuberculosis {50). Likewise, there is circumstantial
evidence that contaminated PFT equipment may be implicated
in the increasing prevalence of Pseudomonas infections among
cystic fibrosis patients at one center (51). There is sotme evidence
that Fneumolachometer—hased systems are less susceptible to bac-
terial contamination than water-sealed spirometers (52). Finally,
it is well documented that community hospital water supplies
can be contaminated with Mycobactetia and Psetidomonas seru-
ginosa organisms (53-35), Thus, the potential exists for both pa-
tients/subjects and health care woerkers to deposit microorgan-
isms onto spirometer surfaces (including mouthpieces, nose clips,
tubing, and any internal or external machine surface), which could
subsequently come into direct or indirect contact with other pa-
tients. This does not seem to pose an appreciable threat to pa-
tients/subjects with competent immune systems.

It has been argued that immunocompromised patients may
require only a retatively small infective dose of either opportunis-
tic organisms or common pathogens. Concerns for the protec-
tion of immunocompromised hosts, along with increased public
and provider awareness of hospital infection control issues over
the past decade, has led many laboratory directors to use in-line
filters routinely as a means of reassunng patients and {abora-
tory personnel that adequate consideration has been given to pro-
tection. There is no direct evidence that routine spirometry test-
ing poses an increased nsk of infection to immunocompromised
patients,

Recommendation: Equipment Quality Contreol

The recommendations that follow are primarily aimed at diag-
nostic devices,

Attention to good equipment quality control and calibration
is an important part of Egod laboratory practice. Log books of
calibration results must be maintained. Documentation of repairs
or other alterations that retum the equipment to acceptable oper-
ation need to be maintained. Dates of computer software and
hardware updates or changes must also be maintained.

Volume. The spirometer’s ability to accurately measure vol-
ume must be checked af least daily with a calibrated syringe with
a volume of at least 3 L. During industrial surveys or other studies
in which a larpe number of subject maneuvers are done, the equip
meat’s calibration must be checked daily, before testing, and ev-
ery 4 h during use (44). In circumstances where the temperature
is changing(eg., ficld studies), more frequent temperature cor-
rections may be needed. Although there 1s minimal day-to-day
variation in volume calibration, daily calibration checking is
highly recommended so that the onset of a problem can be de-
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termined within 1 day, eliminating needless reporting of false
.values for several wecks or months and also to help define day-

to-day laboratory variability. It is recommended that the cali-
bration syringe be stored and used in such a way as to maintain
the exact temperature and humidity of the testing site. This is
best accomplished by keeping the syringe in close proximity ta
the spirometer. Lo the case of fiow-type spirometers where a vol-
ume syringe is used to check the instrument, volume calibration
checks using different flow rates are recommended. At least three
trials where the flow rates are varied between 2 and 12 L/s must
be performed (3-L injection times of approximately 1 s, 6 s, and
somewhere in between 2 and 6 s).

Syringe Accuracy. The syringe used to check the volume cali-
bration of spirometers must have an accuracy of at least 15 ml
or at least 0.5% of full scale (15 m for a 3-L syringe), and the
manufacturer must provide recommendations concerning appro-
priate syringe calibration intervals. If the syrinpe has an adjustable
variable stop, the syringe may be out of calibration if the stop
is reset. Calibration syringes should be leak-tested periodically
by Irying to empty them with the outlet corked.

Leak Test. Volumetric spirometer systems must be evaluated
for leaks on a dzily basis (15, 36). The [ntermountain Thoracic
Society Manual (15) suggests that leaks can be detected by ap-
plying a constant positive pressure of 3 em H,Q or more with
the spirometer outlet occluded. Any observed volume change of
greater than 10 ml after 1 mir is indicative of a leak (15) and
needs to be corrected.

Linearity. At least quarterly, volume spirometers must have
their calibration checked over their entire volume range (in 1-L
increments) using a calibrated syringe {42) or an equivalent vol-
ume standard. Flow spirometers must have their linearity deter.
mined af least weekly and given the current software capabili-
ties, daily linearity checks are reasonable. Plow spirometer linearity

can be checked by injecting the volume from a 3-L syringe with
.ieveral different flows. The linearity check is considered 2ccept-

able if the spirometer meets the volume accuracy requirements
for all flows and/or volumes iested.

Time. Assessing mechanical recorder time scale accuracy with
a stopwatch must be performed af feas quarterly. An accuracy
of within 1% must be achieved. If equipment is changed or relo-
cated (&g, industrial surveys), calibration checks and quality con-
trol procedures must be repeated before initiating further testing.

PEF Meters, Since it is difficult to perform a calibration check
of portable peak flow monitoring meters, it is particularty im-
portant that the instructions from the manufacturer include in-
formation concerning typical instrument lifetimes and methods
of recognizing when an instrument is malfunctioning,

Other Qualify Assurance Procedures. In addition to calibra-
tion with physical standards, the practice of using laboratory per-
sonnel as “known subjects” and performing intralaboratory and
interlaboratary testing is recommended (44). The ATS has pub-
lished guidelines for quality assurance in pulmonat;y function
laboratories (44), which can be consulted for specific details.

The use of computers to analyze spirometry has accelerated
in the past 10 yt, and this frend is advantageous to obtain ac-
curate spirometry (10, 30). However, testing of commercially avail-
able spirometers consistently shows that a major source of er-
rors is in computer software (42). Because of the increased use
of computers in pulmonary laboratories and the problems as-
soctated with them (42, §7), the ATS has published computer

uidelines for pulmonary laboratories (58}, which should be fol-
owed. Computer software must adhere to ATS recommenda-
tions, especially procedural recommendations, contained in this
statement. Because of the tremendous improvement in the power
and speed of computers and their extensive'use in hospitals and
clinics, manufacturers should attempt to infegrate computers into
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TABLE 5
EQUIPMENT QUALITY CONTROL SUMMARY
Tost Minimum Interval Actlan
Yolume  Dally L syrings chack
Leak ,  Dally 3 cm Hz0 constank pressure for 1 min

Lintarity Quarterly
Waekly (Mow spiromaters}

1-L increments with a calibrating
syringe measured over anting
volume range {fow splrometers
simulate aeveral different
flow ranges)

Machanical recordar check with
sopwatch

Log installation date and perform tosi
using “mwmwm”  subject

Time Quarterly

Softwarg New vorslons

their spirometry systems. Primary data should be available, al-
lowing independent manipulation of uncorrected values by the
user. Listings or descriptions of ATS algorithms should be avail-
able {end of test, back-exirapolation, #t¢). In addition, some pro-
gram flexibility should be avaiiable to the user, for example,
allowing user selection of appropriate reference equations, in-
cluding the use of user-derived reference equations.

MANEUVER PERFORMANCE RECOMMENDATIONS
Personnel Qualifications

The ATS has made recommendations for laboratory personnel
conducting pulmonary function tests (59). High school training
was recommended. [n addition, the ATS encouraged but did not
mandate one or more years of collepe or equivalent training and
a strong background in mathematics. For pulmonary function
labaratories, 6 mo of supervised training time is recommended
for conducting spirometry. If troubleshoeting is to be a part of
the laboratory technician's responsibility, a training period of
1 yr is recommended. The ATS recommends that the medical
directors must have appropriate training and be responsible for
all pulmonary function testing {(60).

or industrial/occupational testing, there are training require-
ments mandated by the National Institute for Occupational Safety
and Health (NIOSH), industry, and the ACCP (186, 31, 61). Sev-
eral excellent training manuals have been prepared for perfor-
mance of spirometry (15, 16, 31, 62, 63). NIOSH approves the
content of spirometry training coutses under the U.S. Cotton Dust
Standard (16).

Recommendation: K-Subject InshucHon and
Maneuver Pedormance

The VC maneuver may be considered either as an inspiratory
vital capaci?' (IVC), where the subject inhales completely from
a position of full expiration, or as an expiratory vital capacity
(EVC), where the subject exhales completely from a positton of
full inspiration. In addition, several spirometer setups are possi-
ble using either open or closed circuit techniques with or with-
out rebreathing,

1. A closed circuit technique without CO, absorption (i, using
a rolling-sealed or water-sealed spirometer) may be used. Sub-
jects may also rebreathe from the spirometer circuit. Rebreath-
ing is preferable because it allows technicians to better moni-
tor the entire vital capacity maneuvet. In the absence of CO
absorption and the addition of supplemental oxygen, the ma-
neuver should be brief — fewer tidal volumes before and after
the YC maneuver.

2. A closed circuit technique with CO, absorption and the addi-
tion of supplemental oxypen may be used. This system allows
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the subject to rebreathe for a longer period of time and estab-

lish a better FRC baseline. However, it requires precise replace-

ment of oxygen to avoid shifting the baseline.
3. A modified closed circuit techrique (i.e., flow-sensor-based
systems where the subject can breathe in and out through the
sensar without the need for CQ, absorption) may be used.
An open circuit technique where the subjects may inhale com-
pletely before inserting the mouthpiece and exhaling into the
spirometer may be used. This may be preferable when hygiene
concems are present.

For all systems, it is impertant to instruct the subject in the
VC maneuver and demonstrate the appropriate technique. It is
important that subjects understand they must completely fill and
empty their lungs.

Standard Procedure Open Clrewit Technigue. The subject in-
hales maximally, inserts the mouthpiece just past histher front
teeth, seals histher lips around the mouthpiece, and blows slowly
and evenly until a clear plateau is seen at maximal exhalation
or until end-of-test criteria (see sections on FVC and end-of-test
ctiteria) are met. The technician must observe the subject’s in-
halation to ensure that it is complete and that air is not exhaled
while the mouthpiece is being inserted. During the exhalation,
the technician should monitor the spirometer volume-time dis-
play to ensure that a relatively constant expiratory flow and an
adequate end-expiratory plateau is achieved (see AppEnDIX A
for examples of the VC maneuver),

Closed Circuit Technigues. The following procedure should
be used when testing is conducted without CQ, absorption
(limited oxygen reserve available for test performance). A two-
way valve may be useful, allowing the instial tidal volumes to
be performed with room air before the subject is connected to
the spirometer. The test is begun with quiet breathing, prefera-
bly with the subject breathing room air. Ne more than five tidal
volumes should be recorded with the subject rebreathing from
the spirometer. The subject should then perform the VC maneu-
ver described below. When CO, absorption is not used, retum-
ing to FRC after the VC maneuver followed by three tidal volumes
may be helpful but is not required.

The following procedure should be used when testing is con-
ducted with CO, absorption and oxygen supplementation. The
test is begun with quiet breathing. Several tidal volumes should
be recorded (minimum of five or until a stable end-expiratory
level is observed). The subject should then perform the VC ma-
neuver described below. The end of test is reached when the sub-
ject retums to the level of FRC and performs at least three more
tidal volumes.

For both procedures, the maneuvet is not forced; it is per-
formed in a relaxed manner with the subject using a mouthpiece
and a noese clip, The VC maneuver is composed of the subject
exhaling completely to residual volume (RV), and completely in-
haling to total lung capacity (TLC), and then exhaling to resid-
ual volume again. The technician should encourage the subject
to reach maximal inhaled and exhaled volumes with a relatively
constant flow, Technicians should observe the subject to be cer-
tain histher lips are sealed, that nothing obstructs the mouth-
piece, that no leaks occur, and that TLC and RV are reached.
The technician should check the volume display to ensure rela-
tively linear inspiratory and expiratory velume curves and ade-
guate maximal inspiratory and expiratory level plateaus. Oxy-

en should be added to the circuit to precisely counterbalance
the absorption of CO,.

For all techniques, a minimum of two acceptable VC maneu-
vers should be obtained, with a maximum of four attempts. The
largest VC should be reported. Some investigators have reported
that the VC is slightly higher than the FVC in normal subjects(64).
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TABLE &
PERFORMANCE OF FVT MANEUVER

Chieck splrmmeter elibraton
Explain test
Prepare  subject
Ask about amoking, recent iliness. medication use, stc,
instruct and dermonstrate test to subject
Correct posture with head el |
Inhate completaty
Posiion mouthpiece [open circut)
Exhale with maximal force
Perform maneuver
Have subject sssume comect posture
Attach nosa cfip
Inhals plately: the Inhalat! hould he rapid but not Torced
Place mouthpiece i mouth and closa lipe arewnd mouthplece
Exhale maximally as scon as Ugs are sealed around mouthplace'
Repeal Instrict s a . N
Repaal for 4
usually reguirsd
Check test reproduicibiity and perform more manouvers 3% NoCessary

T ¥
of three 5; N0 more than elght are

« MAngelo 2nd coworkers {65) have reparted that PEF and #Ev; for 13 normal
mestured In 2 body plethysmograph are raduced (% and 5%. raspectively}
when, during #he Inspiratory manguver, there fs a 463 pruse af TLC before begin-
ning «xhalation. Tharafors, 2n excessive pause at TLC should be avoided,

Recommendation: FVC-Subject Instruction and
Manauvar Performance

Instruct the subject in the FVC maneuver. The technician should
demonstrate the appropriate technique (Table 6). Have the sub-

ject inhale from FRC and then, if using the open circuit method,

insert the breathing tube into hisher mouth, making sure his/her

lips are sealed around the mouthpiece, and begin the FVC ma-
neuver with minimal hesitation (65). It is impemtive that the sub-

ject have a complete inhalation before beginning the forced ex-
halation. Prompt the subject to “blast,” not just “blow,” the air
from their lungs, then comtinue to encourage himvher to fully

éxhale. Throughout the maneuver, enthusiastically coach the sub-

ject by word and body language. 1t is particularly helpful to ob-

serve the subject and the chart recorder or computer display dur-

ing the test to better ensure maximal effort. Perform a mtinintam

of three acceptable FVC maneuvers, If a subject shows large vari-

ability (FVC and/or FEV,) between expiratory mancuvers (> 0.2

L), reproducibility criteria may require that up to but usually

no more than eight maneuvers be performed. Volume-time or

flow-volume curves from the best three FYC maneuvers must

be retained. See Figure 3 and the section on acceptability and

reproducibility for further clarification.

Recommendation (Monitoring):
and Test Performance

Since PEF is both effort- and volume-dependent, maximum sub-
ject cooperation is essential. Since an optimal peak flow is usu-
alty reached in about one-tenth of a second, patients must be
encouraged to perform the expiratory maneuver as vigorously
as possible. The subject should not cough and a prolonged ex-
halation is unnecessary (1 to 2 s is adequate}).

When implementing unobserved self-administered PEF mea-
surements, it is essential that:

k. The subject should be taught how to use the peak flow meter
propetly by someone skilled with the procedure. Trained per-
sonne! should observe the subject’s performance both initially
and cn repeat visits,

2. The subject should be taught how and when to record PEF
measurements, along with other pertinent information, such
as symptoms.

3. The subject should be instructed about what action to take
if PEF falls.

PEF-Subject Instruction
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Perform 4o
FVC Maneuver :

Meaet
Reproducibility
Criteria?

Yes

) !
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Determine “Best Tast” Curve

Largest FVC & Largest Sum FVC + FEW

Largest FEV1 Determine Other Parameters
Store & Interprat

Figure 3. Flow-chart diagram of FYC spirometry testing.

Recommendation: FYC—Satisfactory Start-of-Test Criteria

To achieve accurate “time zero” and ensure that the FEV, comes
from a maximal effort curve, the extrapolated volumne must be
less than 5% of the FVC or 0.15 L, whichever is greater. See Fig-
ure 2 for an example and explanation of back extrapolation. In
the example shown, the extrapolated volume is 0.16 L or 8%.
In general, back-extrapolaied volume should be measured on amy
curve with a perceptible extrapolated volume. Provisions for rapid
computerized feedback to the technician when these criteria are
not met are cncouraged.

The committee discussed the pomble use of rime-to-PEF as
a meastre of the subject’s performance early in the FVC maneu-
ver. However, the committee felt there were insufficient data on
which to base a clear recommendation, and additional research
i3 needed. When conducting research oo assessment of the sub-
jects! correct performance of FVC mancuvers, investigators are
encouraged to measure the time-to-PEF or rise-time of peak flow
in addition to other quality assessment parameters. The rise-time
of peak flow is defined as the time required for expiratory flow
to rise from 10% to 90% of the maneuver’s peak flow, Although
use of other measires of acceptable efforts have been described
and may be useful (8, 66), they are not recommended at this time.

Rationaie. A very slow start with a low peak flow will result
in & greater than allowable extrapolated volume (Figure 2 (1,
67-69). Iv addition, the FEV, from a submaximal effort can be
either smalier than those obtained when a maximal effort is pez-
formed because the subject fails to reach 2 maximal TLC, or larger

TABLE 7
PERFORMAMCE OF PEAK FLOW MAMEUVER

Explain and demonstrate the Lest*

2ero the PEF menitor, if necessary

Stand up straight

Inhale compietely; the inhalaton should be rapid but not forced

Piace PEF manitor in mouth and ciose ips around mouthpiece’

Enhate with maximal force? as soon 45 lips sre sealed around
mouthpieged

Write down results

Repeat two More times (three total)

Record 2l three vahoes

* Mot recessary H at home.

T Mosa clips ane Nt necessary.

 Make sure subject understands to make full use of respisatory muscles, not just use
the dizphragm a5 3 "ot or “mouth”™ mampever.

4 DAngelo and coworkers (65) hawe mported that PEF is reduced when, during the
inspiratory maneuver, there i3 » 4-6-5 pause at TLC bafory beginning exhalation. It ks not
known H similar changes will be ob tl with portable pead fow mueters.

due to less dynamic compression of airways in subjects where
airways are relatively mere collapsible. Recent experience in large
epidemiologic studies (8) suggests that use of time-to-PEF and
PEF teprodudbility may minimize smost of thess problems in
the majority of subjects. However, at this time, it is not recom-
mended that maneuvers be sliminated because of a low PEF or
PEF rise-time, but only because of an cxccsswely large extrapo-
lated volume.

Recommendation: FVC—Minimum Exhalation Time

A minimum exhalation time of 6 s (lengtk of maximum expira-
tory effort), unless there is an obwious plateau in the volume-time
curve display, is required to obtain maximal FVC results. There
are instances (e.g., the testing of children, young adults, and some
restricted patients) where shorter exhalation times are accepiable.

Recommendation: FVC—End-of-Test Criteria -

To obtain an optimal effort, it is important that subjacts be ver-
bally exhorted to contitive to exhale air at the end of the maneu-
ver. End-of-test criteria are used Lo identify a reasonable FVC
effort. Recommended end-of-test criteria are;

1. The subject cannot or should acot continue further exhala-
tion. Although subjects should be encouraged to achieve their
maximal cffort, they should be allowed to terminate the ma-’
neuver on their own at any time, especially if they are ex-
periencing discomfort. The technician should also be alert to
any indication the patient is experiencing discomfort and
should terminate the test if a patient is becoming unecom-
fortable

) OR

2. The volume-time curve shows an obvious platcau. This
criterion is based on no change in volume for af least 1 s after
an exhalation time of ot Jeast 6 5 {10 s is optimal). “No change
i volume” is defined as the minimal detectable volume of
the spirometer. To me=t ATS criteria, the minimal detectable
volume for spirorcters lm.gtR be 0.030 L or less,

3. Theforced exhalation is of reasonable duration. For patients
with airways obstruction or older subjects, exhalation times
longer than 6 s are frequently needed to reach a plateau; Many
would not reach 2 platean even with a 20-5 exhalation. How-
ever, exhalation times greater than 15 s will rarely change clin-
ical decisions. Muitiple prolonged exhalations (longer than
§ %) are seldom justified and may cause lightheadedness, syn-
cope, undue fatigue, and unnecessary discomfort. In such pa-
tienis, a slow or unforced VC maneuver (previously describad)
may provide a more appropriate denominator for calculation
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of the FEV,/YC%. Manufacrurers should note that several
of the 24 test waveforms have durstions longer than 20 s.

Achieving an end-ol-tast criterion is one measure of mancu-
ver acceptability. Maneuvers that do not meet an end-of-test
criterion should not be used to satisfy the reguirement of three
acceptable mancuvers. However, carly termination is not by it-
self a reason to eliminate a maneuver from further considera-
tion. Information such as FEV, and FEY, may be valid (depend-
ing on the length of exhalation) and should be reported from
these early terminated maneuvers. When the subject does not
exhale completely, the volume accurnulated over a shorter period
of time (2., 4 s) may be used as an approximate surrogate for
FVC. In such cases, the volume label shouid reflect the shorter
exhalation time {e.g., FEV. for a 4-5 exhalation).

Recommendation: VC and FWC—Maximum Number of Maneuvers

Although there may be some circumstances in which more than
cight consecutive FVC mancuvers may be needed, eight maneu-
vers is considered a practical upper limit for most subjects. Af-
ter several forced expiratory mancuvers, fatigue begins to take
its toll on subjects, and thus on their spirometric parameters,
so additional maneuvers would be of little added value. In addi-
tion, some subjects with asthma may exhibit spirometry-induced
bronchospasm. Ferris and associates (70) and Kanner and col-
leagues (71) have reported that for adults and children, eight
maneuvers is a practical upper limit. For VC, four is considered
a practical upper limit. Because of the potential for muscular
fatigue and volume history effects, it is preferable that VC maneu-
vers be performed before FYC maneuvers.

Recommendation {Monitoring): PEF—Number of Trials
The subject must perform and record a8 minimum of three trials.

Recomnmendation: VC and FVYC—Environmentai Conditions

Spirometric testing with ambient temperatures less than 17° C
or more than 40° C may pos¢ problems. Ambient temperature
must afways be recorded and reported to an acouracy of + 1° C.
In situarions where the ambient air temperature is changing rap-
idly {> 5° C in less than 30 min), continucus temperattre cor-
rections should be made. Spirometer users should be aware of
the problems with testing done at lower temperatures, which in
some subjects can cause airflow limitation. Due 10 other techni-
cal reasons, 17° Cis judged to be ap acceptable and reasonable
lower limit (32-38, 72) for ambient temperature. Ranges of baro-
metric pressures that are acceptable for the spirometer must be
published by the manufacturer.

Rationale. There is evidence that some subjects may develop
airflow limitadon with the inhalation of very cold air. There-
fore, spirometry should not be conducted when the ambient tem-
perature is cold enough to induce airflow limitation.

Studies also poim ont the problem of finite cooling times of
gases in volume-type spirometers and their associated tubing
(32-33) when BTPS correction techniques usually assume instan-
tansous cooling. In one of these studies, it was found that a 7.7
to 14% crror in FEV, results if the volume-type spirometer js
at an ambient temperature of 3* C and the standard aTPS correc-
tion is used. This error is less if the spirometer is warmer (nearer
body temperature) (32). As a resudt, 17° C was judged to be an
acceptable and reasonable lower limit.

-Compledties related to temperature are also encountered with
flow-measuring devices (34-38). Air exhaled from the mouth is
estimated to be 33 10 35° C (36, 38, 39). If any connecting tubing
is used between the mouthpiece and the flow sensor, the exhaled
gas will experience a variable amount of cooling if the room tem-
perature is not at approximately 33° C. Details of the cooling
pattere for macy types of flow spirometers have not been stud-
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ied, but they may result in errors s:mxlar to those for volume
devices {34-38),

Because not all spiromerers are uged at sea level (blood pres-
sure = 760 mm Hg), the range of barometric pressures allowed
by the spirometer and jts associated computational equipment
must be specified by the manufacturer.

Recommendation: VC and FYC—Use of Nose Clips

.In most peaple, not wearing nose clips does not appreciably in-

fluence the FVC when using the open circuit techniqué. How-
ever, some people breathe through the rose and the use of nose
clips is encouraged, especially when performing a slow VC ma-
neuver, Nose clips must be used if a closed circuit technique with
carbon dioxide absorption is used.

Recommendation: VC and FYC--Sitting Versus Standing

Testing may be done cither in the sitting or standing position.
Indication of poskion is necessary on the report (1, 73). The stand-
ing position may not be appropriate in some circumstances, such
as in hospitals where many patients may not be able to tolerare
the standing position, especially when making forced maneu-
vers, The selection of the position for testing is, therefore, an
individual one. If the standing position is used, an appropriately
shaped chair should be placed bebind the patient/subject so
he/she can be quickiy and easily eased imto a sitting position if
he/she becomes light-headed during the maneuver.

Rationale. Studies by Townsend show that for adults there
are significantly larger FEVs in the standing position than in the
sitting position (73). The earlier ATS recommendation indicates

* that in children, VC is greater when standing (1).

Recommendation (Monitoring): FEF—Nose Clips
and Subject Position

Nose clips are not necessary when using PEF meters. A]though
the test can be conducted w]ule sitting, the standing position is
preferred.

Rationale. Because the PEF is dependent on a complete in-
hatation and an exhalation with maximatl force, the standing po-
sition is preferred.

Bronchodilator Testing. Spirometry is often performed be-
fore and after inhalation of tronchodilators {(or bronchoconstric-
tors) from a metered dose inhaler (MDI) or nebulizers. Although
specific recommendations are beyond the scope of this document,
it should be remembered that this is a complex procedure, Fac-
tors that can significantly affect a patient's response include: (I}
attivity, dose, and airway deposition of the medication; () re-
cent prior medication; {3) timing of the postmedication maneu-
ver; (4) choice and variability of the measurement used to detect
a response; and (%) the methed of calculating the magnitude of
change after administering the bronchodilator.

MEASUREMENT PROCEDURES

‘Measurement

Spirometric variables should be measured froma senes of at least
three acceptable forced expiratory curves.

Recommendation: YC and FYC~Test Result Selection/Reporting
of Results

The largest VC should be reported from all acceptable curves,
including the forced maneuvers (FVC). The largest FVC and the
largest FEV, (8TPs) should be recorded after examining the data
from all of the acceptable curves, even if they do not come from

the same curve, Other measures, such as the FEF,,.s4m and the

instantancous expiratory flows, should be obtained from the sin-
gle curve (1, 2, 15) that meets the acceptability criteria and gives
the largest sum of FVC plus FEV, (best test).




1122

Readings
Although all readings are recordedd, the highest reading at any
testing session (minimum of three trials) should be used in trend
analysis. All readings are recorded to allow the comparison of
the trials to evaluate reproducibility and to detect possible
maneuver-induced bronchospasm.

Rationale. Since the PEF is effort-dependent, the highest read-
ing should be used. This is consistent with the current recom-
mended selection method for FVC and FEV,. )

."emmmndatlon {Monitcring): PEF—Test Result/Reporting

ACCEPTABILITY AND REPRODUCIBILITY
Recommendation: VC and FYC—Maneuver Acceptability

For FVC measurements, acceptability must be determined by
ascertaining that the recommendations outlined previously in the
section on performing the FYC test are met. APPENDIX A con-
taint examples of unacceptable volume-time and correspond-
ing flow-volume curves. In review, these acceptability criteria are:
(J) sarisfactory start-of-test; {2) minimum FVC exhalation time
of 6 5; and (3) end-of-test criteria. In addition, the technician
should observe that the subject undersinod the instructions and
performed the manesuver with a maximum inspiration, with a
good start, with a smooth continuous exhalation, with maximal
effont, and withoun:

1. An unsatisfactory statt of expirativn, charecterized by exces-
sive hesitation, false start, or extrapolated volume of greater
then 5% of FYC or 0.15 1, whichever iy greater (Figure 2).

2. Coughing during the first second of the maneuver, thereby

affecting the measured FEV, value, or any other cough that,

in the technician's judgment, interferes with measurement of

accurate resuits (APPENDIX A, Figures ZA and 2B).
3. Early termination of expiration. A plateau in. the volume-time
curve should be observed, as defined by no change in volume
for at least 1 s or a reasonable expiratory time, In 2 normal
young subject this wonld be before completion of the breath—
usuafly less than a 6-5 maneuver. In an cbstructed or older
healthy subject, 2 longer expiratory time is required to reach
aplatean (2, 74, 75) (ArpENDIX A, Figures 3A and 3B). How-
ever, multiple prolonged exbalations (Ionger than 6 5) aye sel-
dom justified.

4. Valsalva maneuver (glottis closure) or hesitation during the

maneuver thar causes a cessation of airflow {APPENDIX A,
Figures 4A and 48).

5. A leak (APPENDIX A, Figures 5A and SB). ,

6. An obstructed mouthpiece (3., obstruction due to the tongue
being placed in front of the mouthpiece or false teeth falling
in front of the mouthpiece).

For VC measurements, all of the above requirements should

be met with the exception of those related to the forved nature -

of the effort. In addition, plateaus in the volume-time display
should be reached at both the maximal inspiratory and expira-
tory volumes.

Computer-based systemns that provide feedback to the tech-
nician when the above conditions are not met are desirable The
reporting format should include qualifiers indicating the accept-
ability of each maneuver. However, it cannot be overemphasized
that failure to meet these criteria does not necessarily invalidate
the maneuver, since for some subjects this is their best perfor-
mance. Further, such maneuvers should be retained, since these

mancuvers may contain useful information.
. A flow char outlining how acceptability and reproducibility
criteria are 10 be applied is shown in Figure 3. .
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Recommendation: VC and FYC—Test Result Reproducibility

As a goal during test result performance, the largest FVC (or
V() and second largest FVC {or VC) from acceptable maneu-
vers must not vary by more than 0.2 L. In addition for forced
sxhalations, the largest FEV, and the second largest FEV, musi
not vary by more that 0.2 L. The 0.2 L reproducibility criteria
are a change from the ATS 1987 Spirometry Staiement and are
intended to provide an equal assessment of west reproducibility
independent of lung size. However, these criteria are only goals
during data collection; therefore, an immediate change in spirom-
ctry data collection software is not warranted.

The reproducibility criteria are used as a guide to whether more
than three acceptable FYC maneuvers are nesded: these criteria
are not to be used for excluding results from reports or for ex-
cluding subjects from a study. Labeling results 2s being derived
from data that do not conform to the reproducibility critesia
stated above is encouraged (especiaily when the dara sugpest that
bronchospasm was triggered by the FVC maneuver). In addition,
the reproducibility criteria are minimum requirernents and many
subjocts should be ablz 1o provide FVC and FEV, reproducibil-
ity well below 0.2 L. The acceptability criteria must be applied
before the reproducibility criteria (Figure 3). Unacceptable maneu-
vers must be discarded before applying the reproducbility criteria.

The only criterion for unacceptable subject performance is
{ewer than two accepteble curves. No spirogram should be re-
jecied solely on the basis of 1ts poor reproducibility. Reproduci-
bility of results shouid be considered at the time of interpreta-
tion. Use of data from maneuvers with poor reproducibility is
left to the discretion of the interpreter. In addition, use of data
from unacceptable maneuvers due 1o failure to meet the end-of-
test requirements is left to the discretion of the interpreter.

Rationale. Several epidemiologic studies (67-65) have shown
that the elimination of data from subjects who fail to meet the
ATS reproducibility criteria may result in a population bias by
excluding data from subjects who have abnormal lung function.
Pencock and colleagues (76) have reported that subjects with ob-
struction have greater coefficients of variation than do normal
subjects. Therefore, these subjects are more likely to be unable
to meet the ATS minimum reproducibility criteria. The reprodu-
cibility criteria have been simplified to eliminate confusion. If
acceptability criteria are not applied before the reproducibility
criteria, a passive exhalation mapeuver will often be labeled as
the best test maneuver because it may give the largest sum of
FVC and FEV,. _

The calculation of the FVC and FEV, reproducibility preseats
no problem for a computer; however, the need for rapid deter-
mination of FEV, during the testing session presents a recog-
nized logistics problem if results are hand.measured and calcu-
lated. Changing to 0.2-L criterion does simplify this caleulation,

Changing the reproducibility criteriz to a minimum value of
0.2-L iis based on evidence that within subject variebility of FVC
and FEV, is not dependent on body size. The uze of a 5% or
100-m) criterion has been shown to result in more individuals
of short stature being classified as nonreproducible. In contrast,
a 0.2-L fixed volume criterion provides a commensurable level
of difficulty for all subjects, regardless of age ¢ height (lung
volume} (77). Regardless of the reproducibility criterion for FVC
or FEV,, it should be used as & goal during data collection. There-
fore, continued use of the previous criteria (5% or 0.1 L,
whichever is greater) during an interim period should have little
practical impact on spirometry results.’

Recommendation: PEF-Maneuver Acceptability

and Reproducibility

PEF values for cach maneuver must be recorded in the order
in which they occur. This information will be useful in detecting
possible test (manenver)-induced bronchospasms.
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TABLE &
ACCEPTABILITY AND REPRODUCIBILITY CRITERIA: SUMMARY
Acceptadviity criteria -
Individual spirog are "acceptable” if:

They are free from artifacts (see AppENDIX A for examplas)
Cough oF gleatis closure during the first d of exhalati
Earty termnination or cutoff
Variabds effort
Leak
Obstructed mputhpiece
Have good starts
Exrapolated volume less than 5% of FYC or 0,15 L, whichever
is grearer; OR
Timeto+PEF of less than 120 mx (optional until further information is
. availabla)
Have a salisfactary exnalation
& § of emhalation andfor » platesu in the volume=time curve; DR

duration or a plateau in the wol dime curve; OR
I the subiect caomot o should not continue o exhale
Reproducibillty eritesia
After three acoepiable spirog heve been obtained, apply the
following tests: .

Are the twe largest FYC within 0.2 L of each cther?
Are the bwo largest FEVy within 0.2 L of sach gther?
If bath of these criteria are met, the test session may be concluded.
If hoth of these criteria are not met, continue texting untll
Both of the criteria are met with analysis of additional scceptable
spirograms; OR
A totad of eight 1eats have been performed: OR
The patisnt/subject canndt or should not continue
Save st 2 minirum the three best mantuvins

Rationale. Unlike the FEV, oblained from routine spirome-
try, PEF measurements are more variable, and the measurement
is often conducted in patients with high variability in their PEF.
Although there may be somze benefit from using PEF reproduci-

bility to improve a subject effort, no specific reproducibility -

criterion is recornmended at this time

REFERENCE VALUES, INTERPRETATION STANDARDIZATION,
AND CLINICAL ASSESSMENT

Qlinical/Epidemiologic Considerations
Whether the spirogram results are to be used for clinical or

epidemiologic purposes, the following recommendations apply. -

Since the last standards were issued in 1987, a detailed state-

ment on selection of reference values and interpretation of lung

function tests has been published (3). The interpretation of
spirometry involves two tasks: (7) The classification of the de-
rived values with respect (10 a reference population and assess-
ment of the reliability of the dai; and (2) The integration of
the spirometric valuesinto the diagnosis, therapy, and prognosis
for an individua) patient. The first task is crdinarily the respon-
sibility of the laboratory direcior or a designee and serves not
only to communicate information to referring health care pro-
viders but also is an impoOrtant aspect of laboratory quality coa-
1rol. The second task is ordinarily the responsibility of the phy-

" sician requesting the studies and is performed within the context

of patient care.

It is the responsibility of the medical director 10 develop ex-
plicit procedures for interpretation of spivemetry and to select
appropriace reference values. The procedures for interpretation
and reference values may legitimately vary from laboratory 1o
lzboratory depending upon geographic location and the charac-
teristics of the population being tested. In 4 setting where large
numbers of healthy individuals are being screened for abnormal-
ity and the prevalence of digease is low, it is appropriate to set
the threshold for abnormakty at a higher Jevel than in a setting
where most individuals are referred because of symptorss or dis-
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ease In the lacter case, where the prevalence of disease is high,
an appropriate standard would be sat 10 2 more sensitive thresh-
old for abnormality. The interpretative surategy should also take
into consideration the consequences of false-positive and false-

_negative errors. Accordingly, no specific guidelines for interpreta-

tive procedures are recommended that would be applicable (o
all laboratories. More important, however, is that there be a con-

. Sistent approach to the interpretation of lung function tests within

asingle laboratory. Therefore, refesring physicians will not infer
a change in the condition of the patient from a change in in-
terpretation when it is the result of a change in the approach of
the interpreting physician.

ln praviding the referring physician with an interpretation of
spirometry results, it is also important to comment on deviations
of the data from the guidelines for acceptability and reproduci-
biliy set foreh herein. Although a spirometry session may not
meet all of the guidelines, it may provide important clinical in-
formation and should be reported with appropriate qualifica-
tion, Although some individuals display negative effort depen-
dence, submaximal efforts usually lead to underestimation of
the maximal effort values (28). Suboptimal efforts may be ade-
quate to assist clinical decisions, where it can be judged that the
recorded values underestimate true lung function.
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APPENDIX A

Sample Spirograms

The sample spirograms shown in this appendix ar= from actual
individuals and represent a few illustrations of accepiable and
unaccepiable maneuvers. It is imperative that the technician ad-
ministering the test be capable of recognizing these anomalies
and take appropriate corrective action —proper coaching. Dur-
ing the interpretation process, the reviewsr may decide to include
amareuver that may have been considered unacceptabie during
test performance. As with the reproducibility criteria, some judg-
ment must be made coacerning what is an Unacceptable maneu-
ver. This decision will be based on the number of curves avail-
able, the disease pattern observed or expected for the individual,
etc. However, the technician’s action taker during the data col-
lection stage of the process should almost always be to.obtain
additional manéuvers combined with effecrive coaching of the
individual.

Figures Ala and Alb are volume-time and corresponding
flow—volume sampies that are acceptable spirograms from the draft
NIOSH spirametry manual (78). In these spirograms, the in-
dividual exhibited a maxima) effort for the entire maneuver, ex-
haling for at least 6 § with a greater than 1 s plateau in the vol-
ume-time corve. Figere Ala illustrares the relative expansion of
the last portion of the FV( mancuver associated with a vol-
ume-time curve display. In contrast, Figure Alb illustrates the
relative expansion of the initial portion of the FVC maneuver
associated with a Mow-volume curve display. Notice in the
flow-volume curve (Figure Alb) it is more difficult 10 determine
that che individual produced an acceptable plateau than in the
volume-time curve display, 2

Figures A2a and A2b illustrate an unacceptabic spirogram
due to a cough during the first second of exhalation. Notice that
the cough, which accurs at approximately 3.0 to 3.5 L, is very
apparent in the flow-volume curve but is more difficult to detect
in the voliume-time curve. The anomalies seen jo the volume—time
curve at approximately 5.0 and 5.5 L could be siight coughs or
variable effort, but occurred after the first second of exhalation,
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Figure Alg. Acceptable volume-time spirogram.
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Figure Alb. Acceptable flow-volume spirograrn.‘

Although the Nuctuations in flow observed in the fNow-vol-
ume curve in Figure A2b arc reasonably large, they may not re-
sult in a significantty different FEV,. Therefore, the FEV, from
this curve may be valid, particutarly if all other curves are unac-
ceprable, Regardless, when the technician observes the spirograms
in Figures A2a and A2b, additional maneuvers should be ob-
tained from the individual.

Figures A3a and Alb illustrate an unacceptable spirogram
dueto a variable effort or cough during the first second of exha-
lation and early termination of the mancuver. The anomaly ob-
served at 1 L of exhalation is apparent on both the volume-time
and flow-volume curves.

The duration of the anomaly and the fact that the flow im-
mediately following the anomaly does pot exceed the expected
{low-vciume envelope suggest that the anomaly is a variation
in effort instead of a cough. The early termination is less appar-
ent on the flow=volume curve However, on the volume-time
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Figure A2n. Volume-time spirogram with a cough during the first
second of exhalation. -

b
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Figure A2b. Flow—volume spirogram with & cough during the first
second of exhalation,

curve, it is apparent that the individual failed to exhale for 6 s
and there is no -3 plateau of the volume«time corve

Figures Ada and Adb illustrate unacceptable sample spiro-
grams due to an abrupt rermination of flow at cthe end of the
maneuver, possibly the result of the individual closing his/her
glottis. Notice in Flgure Ada that the volume-time curve pla-
tean occurs abruptly at approximately 2.2 5 where the volume
remains constant for the remainder of the maneuver. In Figure
Adb, the flow-volume curve exhibits an abrupt decrease in flow
at the end of the mancuver, .

Figures Aja and ASh illusirate unacceptable sample spiro-
grams due to a leak in the volume-type spirometer or spirometer
hose, This leak is approximately 50 m!/s and produces an ap-
proximate 300-ml loss in volume over the 6-5 exhalation produced
by this individual. Notice thai the ieak is very apparent on the
volume-time curve and perhaps less apparent on the flow-vol-
ume corve. At the end of the maneuver when the leak is most
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Figure Ala. Unacceptable volume-time spirogram due to variable
effort and eaely termination.
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Figure A3b. Unacceptable flow—volume spirogram due to variable
effort and early termination.

apparent, the flow is slightly negative and volume iz decreasing
{se¢ insert in Figure ASb, short line moving to the left below the
zero flow line). 1f a spirometry system display does not display -
negative fiows, then the leak would be even less apparent on the
flow-volume curve.

Figures AGa and Ash illustrate acceptable sample spirograms
for an individual with mild airways obstruction (FEY /FYCHh =
6790). Notice the relatively small change i volome after 10 5
of exhalation (Figure A64) and the corresponding relative low
flow (Figure A6b) at the end of the maneuver.

In addition to requiring three acceptabic maneuvers, the
reproducibility criteria for FYC and FEV, should be met as a
goal during test performance. Figure A7a illustrates the vol-
ume~time curve and Figure A7b the corresponding flow-volume
curve for a 22.yr-0ld, healthy female. In these figures, the sub-
ject did not meet the minimum reproducibility criteria for both
the FVC and FEV, despite performing three acceptable maneu-
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Figure Ada. Unacceptable volume-time spirogram due to possibie
glottis closure.
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Figure A4b. Unacceptable flow-volume spirogram due to possible
glettis closure.

vers. The second largest FVC was 0.43 L (10%) lower than the
largest, and the second largest FEV, was 0,37 L (12.1%) jower
than the largest FEV,. Therefore, at least one additional ma-

. nevuver shonld be performed by this subject in an attempt to meet

the FVC and FEV, reproducibility criteria, The most likely cause
of this patiern (nonreproducible tracings bt good initial effort)
is a failure to achieve & maximal inhalation before performing
the FVC maneuver.

Figures AB8a and ASb illustrate a reproducible 185t with three
acceptable maneuvers, Figure A8a displays the three acceptable
volume-time curves, and Figure ABb displays the correspond-
ing flow-volume curves. These mancuvers were obtained from
an 80-yr-old male with an FEV,/FVC% = 61.7%. Notice that
the curves are very reproducible even though the subject required
approximately 20 s to reach his final volume or FVC.

Figure A9 shows a sample VC maneuver for a normal sub-
ject. This subject starts the test with several tidal volumes through
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Figure ASa. YUnacceplable volume—time spirogram due to a leak.
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Figure ASb. Unacceptable flow-volume spirogram due to a feak.

30 4.0

a valve opened to room afr to become accustomed to breathing
on the mouthpiece. The subject is then connected to the spirom-
eter, where several additional tidal volumes are recorded, The

subject then completely inhales to total lung capacity (TLC) and .

slowly exhales to residual volume (RV), making sure to compietely
inhale to TLC and exhale to RV. After reaching RV, the subiect
returns 10 FRC, where several tidal volumes are again obtained
before the subject comes off the mouthpiece Notice the plateaus
at TLC and RV, indicating that the subject has compietely in-
baled and exhaled. ’

Figure A10 shows a sample VC maneuver for a subject with
severe airways abstruction. The idendical maneuver for the nor-
mal subject shown in Figure A9 is repeated for this subject with
severe airways obstruction. However, the tidal volumes of the

. subject with severe airways obstruction are much more rapid and
. the subject requires & Jonger exhalation time to reach RY, aslong

cOnﬂnﬁation at 10 spconds

Volume (L)

Miid Airways Obstruction

1.0 -
0.0 1 | ] 1 1 ] ! | v
0.0 20 4.0 6.0 8.0 10.0
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Figure ASa. Acceptable volurne-time spircgram for an individual with
mild aieways cbstruction.
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Figure A6b. Acceptabie flow—-volume spirogram for an individual with
mild airways obstruction.

4.0 50
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a
50 -

25 25 5. Notice that as with the normai subject, a plateau in the -

volume-time curve is obtained at both TLC and RV. This indi-
cates that the subject has completely inhaled and exhaled. Alsc
notice that the subject has some difficulty in obteining a stable

_FRC after the VC maneuver, probab_ly due to gas mapping.

APPENDIX B

Spirometer Testing Guidelines

The following testing guidelines should be used when evaluating
new spirometer designs and when changes have bzen made to
spirometer hardwere or software, For production testing, the use
of a smailer set of test waveforms may be appropriate. The
spirometer selected for testing should be a “production” model
and not onie that was specifically selected because of any extraor-
dinary calibration efforts. Once tasting hag begun, the device be-




American Thoracic Society.

a
5.0 -
Non-Reproducible Test
3 Acceptable Maneuvers
40 - e
- #2
=30 - <]
-]
E
2
S20 Curve FVC (%)  FEVI (%)
O O3T0( 0%) lo05( 0%
2 3.33(10.0%) 268 (12.1%)
1.0 - #3307 (17.0%) 2.54(16.7%)
o.o . | . 1 ' - 1 1
0.0 20 4.0 6.0 8.0
Time {8)

Figure A70. Nonreproducible test with three acceptable valume-tme
curves. Percents are difference from largest value.
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Figure A7b. Nonreproducibile test with three acceptable flow-vol-
Ume curves.

ing tested should not receive any adjustments or special calibra-
tion procedures that are not part of its routine operational

Volume parameters should be validated using the 24 volume-
time standard waveforms described in ArrENDIX C. For PEF and
other flow parameters mof based on a percentage of the FVC,
the 26 flow-time standard waveforms should be used (AppeENDIX
D). The validation limiis are provided for each parameter in the
main sections of this statement. All tests shonld be conducted
using the appropriate waveforms and a computer-controfled me-
chanical syringe or its equivalent (waveform generator). The ac-
curacy of the waveform gencrator should be checked at least daily
when in use, either using a spirometer for volume waveforms
or a pneumotachometer for flow waveforms, or an equivalent
method. The desired accuracy of the waveform generator for vol-
ume parameters is + 0.5% (or £ .05 L, whichever is greater);
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_Figure ABa. Reproducible test with three acceptable volume-time
curves. Percents are difference from largest value.
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figure ABh. Reproducible test with three acceptable flow=voiume
curves.

+ 2% {or = 5 L/min, whichever is greater) for flow parameters
{e3.. PEF). In comparing results obtained from a particular
spirameter, the tolerance limits of the waveform generator are

.to be considered by adding them 10 the accuracy requirement

for the parameter under test, for example 0.5% (£ 0.05 L) for
volume parameters and 2% (+ § L/min) for flow parameters.
Therefore, the FVC accuracy requirement for comparisons with
observed values wonld be + 3.5% (performance accuracy require-
ment £ 3% plus waveform generator accuracy of £ 0.5%).
The accuracy and precision validation limits contaired in this
section assume a waveform generator accuracy of 0.5% for vol-
ume and 2% for flow parameters, The accuracy of available wave-
form generators has not been established: therefore, the desired
2% waveform generator accuracy for flow parameters may not
be achieved. In this circumstance, the ectwal accuracy limit of
the waveform gznerator should be added to the accuracy require-
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Figure A9. Sampie relaxed VC maneuver in a normal subject.

ment of the parameter under test. Every atempt should be made
10 improve the accuracy of waveform simulators, but in no case

.should the simulator accuracy imit be considered less than 0.5%

for volume and 2% for flow parameters.

Spiromerers or peak Now meters should be connected to the
wavelorn generator in the same orientation used in the 1esting
of subjecis. Tubing or other connecting material may be used,
but the volume associated with the connecting tubing should be
less than 300 ml. For handheld devices, full testing should be

conducted with the sensor in a horizontal pesition (the typical -

position with the patient at TLC about to initiate the maneu-
ver). In addition, handheld devices should be tested with two
waveforms (s1andard volume-time waveforms 1 and 6)at a typi-
tal FRC position {instrument at a 30° angle down from horizon-
tal). These devices must meet diagnostic spirometer accuracy

<riteria for these two waveforms in the 30° down-angle position..

The instruments {diagnostic or monitoring devices) should
be 1ested psing the waveform generator under conditions similar
to those present when testing human subjects. No special proge-
dures should be followed in testing the instrument. Specifically,
cach waveform will be injected into the instrument within not
less than 5 s or more than 1 min of the instrument being set 1o

the ready condition. In measuring the resistance of the instru- -

ment, pressure should be measured in the side of the standard
mouthpiece used by the instrument when constant flows are in-
Jjected into the spirometer, If an in-line filter is to be used as part
of routine testing of humans, a filter must be atftached during
spirometer validation and resistance testing.

Five repeats of each of the 24 waveforms should be injected
inta the test instrument using room air at ambient temperature
In those circumstances where the flow or volume sensor is
changed between subjects (5., disposable flow sensor), a differ-
ent sensor should be used for each of the repeat tests. The aver.
zge of the five repeat values should be used for comparison with
the standard values. The range and parcent deviations of values
from the five repeated 1ests should also be computed by:

&+

Volume (L)
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Figure A10. Sample VC maneuver from a subject with severe airways
obstruction.

Range = maximum — minimum B1)

Range (%) = 100 o (MAXMUM _— minimum) gy
average

Deviation = average — standard (83)

Deviation (%) = 100 » (3¥eT28¢ — standard} B9
. standard

Averages are calculated as a simple n weighted average

The five repeats of 24 waveforms should be considered a rigid
testing sequence. The testing of a device should be compieted
by running ail 24 waveforms with five repeated tests. If the de-
vice fails to accurately measure a vajue for a particular wave-
form, no additional repeats should be conducted for only one
waveform,

Diagnostic devices should elso be tested by injecting at least
four waveforms using heated and humidified air (waveforms 1
through 4) to verify accuracy of volume parameters under ETPs
conditions. Using volume-time waveforms 1 through 4, the av-
erage FVC and FEV, of three trials shall be compared to the stan-
dard valves. The validation limits for testing under BTPS condi-
tions are + 4.5% or 200 ml, whichever is greater. Spirometers
must mest these accuracy criteria for all four waveforms under
B1Ps conditions. Using 4.5% allows a 1.5% simulator #rmor, neces-
sary because of the added uncertainty when using heated and
humidified air. The tite between each of the three trials should
be less than 2 min. The temperature of the air injected into the
device under test should be within '+ 1° C of 37° C and should

" be measured before the air is injected into the device. Waveform

gencrators are being modified to allow pTps testing. The BTPs
testing requirement wil) be implemented when BT?s testing ser-
vices are available

In addition to westing nsing the waveform generator, the de-
vice should be tested using at least two healthy human subjects,
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TABLE B

STROKE VOLUME. VOLUME IN SPIROMETER AT STARV
OF TEST (FOR VOLUME SPIROMETERS), RATE,
AND CORRESPONDING MVV TARCET VALUES

Test Target MWV Stroke Volume Rate Starting Volume
Humbar (L/min) [13] {Strokes/min} (i)
1 &0 1.0 &0 w0
2 100 10 100 1.0
3 120 20 &0 30
+ 200 0 0 3.0

H

The purpose of the testing using 2 human subiect is to verify
that the instrument will function properly under conditions other
then those present using a mechanical simmulator, To achieve a
balanced design, each subject should perform alternating maney-
vers between a standard spirometer and the device being tested,
performing three maneuvers on each device, for a total of six
maneuvers. One subject should be randomly assigned to perform
their first maneuver on the standard spirometer while the other
subject’s first maneuver will be performed on the device being
tested, allowing the learning effect to be equally distributed across
both instruments. The differences berween the largest of the three
trials from each device should be within + 6% or 200 ml,
whichever is greaier, for FYCand FEV,, and = 15% or 30 L/min,
whichever is greater, for PEF. _

For validating MVYV, & mecharjcal pump should be used witk
a sinusoidal waveform. The response of the device should be de-
termined using incrementally increased flows up 10 a maximum
of 250 L/nin, produced with stroke volwmes up to 2 L. The spe-
cific minimum patterns and for volumne spirometeys, the volume
in the spirometer, are given in Table Bl. The device should raad
the MVV within + 10.5% of reading or £ 20 L/min, whichever
is greater for ali four test patterns specified in Table BI. In addi-
tion, the pressure measured at the mouthpiece should not ex-
ceed 10 em H,0 during the entire MYV maneuver, No mechani-
cal pump 1esting at BTPS is required for MVV.

DIAGNOSTIC DEVICES: TESTING FOR ACCURACY AND
PRECISION WITH A WAVEFORM GENERATOR

Accuracy Testing

Accuracy criteria: Deviation = 3.5% or + 0.100 L, whichever
is greater, for volume measurements; £ 5.5% of £ 0.250 L/s,
whichever is greater, for FEFay.;ym; = 12% or + 25 L/min (=
0.420 L/s), whichever is greater, for PEF. These criteria are in-
creased slightly from those in Table 2 to account for the wave-
form generator inaccuracy. For MYV testing, deviation must be
less than + 10.5% or 20 L/min, whichever is greater,

Waveforms: Twenty-four standard volume-time waveforms
flow-time waveforms (ArpENDIX D) for PEF. For BTPS testing,
volume-time waveforms I through 4 should be used with heated
and humidified air as specified in this appendix. For MVV test-
ing, sinusoidal waveforms should be used with the patterns speci-
fied in Table B1.

Spirometer tested: One production spirometer. Spirometers
should not be screencd or especially calibrated before testing.
If an in-line filter is to be used during the testing of humans,
it should be attached for this testing. When during clinical test-
ing, if the flow or volume sensor is changed berween subjects,
the sensors must be changed for each of the five repeat tests de-
scribed below. The spirometer may not be recalibraied after these
sensor changes untess recalibration is required after sach sensor
change during clinical testing.

Validation: Each spirometric waveform is Lo be injected into
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the spirometer five times. MVV patterns will be injected in dupli-
cate. Average values will be zalculated for each waveform and,
along with individual values, will be used to score the spirome-
ter. See formulas Bl-B4.

Aczcepiable performance; For FVC and FEV, in each of the
volume-time waveforms: deviation {formula B3) must be less
thaa 0.100 L or deviation (%) (formula B4) must be legs than
3.5%. For FEFss1e in cack of the volume-time waveforms:
deviation must be less than 0.250 L/s or deviation (%) must be
Yess than 5.5%. For PEF in each of the Aow-time waveforms:
deviation must be less than 25 L/min (0.420 L/s) or deviation
(") must be less than 12%. Fot 2TPS testing using waveforms
1-4; deviation must be less than 0.2 L or deviation (%) must
be Jess than 4.5%. For MVV in each of the patterns: deviation
must be fess than 20 L/min or deviation (To) must be less than
10.5%,,

An grror occurs when both deviation (formula B3) and devi-
ation (%) (formula B4) exceed their specified limits. For testing
with ambient air, acceptable performance is present if the error
rate for each individual parameter (FVC, FEV,, FEF y-1m,
PEF) is less than 5% (one error for each parameter when 24 or
26 waveforms are used). For MYV testing and spiromaerric 1est-
ing with eTPs conditions, acceptable performance is present if
the error rate is zero.

Precision Testing: Intradevice Testing

Precision criteria: See the acceptable performance criteria listed
below,

Waveforms: Use data generated as part of accuracy testing.
Acceprable performance: For FYC and FEV,, for each of the
volume-time waveforms: The moge (formula Bl) must be less
than 0.100 L or range (To) (formmla B2) must be less than 3.5%.
For FEFas.2sn using each of the volume-time waveforms: The
range {formula B1) must be less than 0.250 L/5 or the range (%)
(formula B2) must be less than 5.5%. For PEF using each of
the flow-time waveforms: The range must be less than 25 L /min
{0.420 L/5) or the range ("a) must be less than 7%,

Aq emror occurs whett both range (formula Bl) and range (%)
{formula B2) exceed their specified limits. Acceptable perfor-
mance is present if the error ratc for each individual parameter
(FVC, FEV, PEF) is less than 5% (one error for each parameter
if 24 or 26 waveforms are used),

MONITORING DEVICES (PEF) TESTING CRITERIA

The range and deviations from the standard PEF values should
be calculated using formulas Bl through R4,

Accuracy Testing

Accuracy criterion: & 12% or + 25 L/min of target values,
whichever is larger. The primary criterion is + 10%: 2% is added
1o account for the inaccuracy of the waveform generator.

Waveforms: 26 flow-time curves {ArPENDIX D).

Meters tested: Two production meters. Meters should be
selected routinely from a production run and not be screened
before validation testing.

Validation: Each meter will receive five mancuvers for sach
of the 26 waveforms. An average for sach waveform will be cal-
culated and used to score that meter against the aceuracy criteria.

Acceptable performance; An error occurs when both devia-
tion (formula B3} and deviation (%) {formula B4) exceed their
specified limits. Accepiable parformance is 1ess than three er-
rars out of the total 52 rests (26 waveforms, 2 meters).

Precision Testing: Intradevice Testing

Criterion: Less than 6% intradevice variability or 15 L./min, which-
ever is greater. The primary criterion is less than 5%, One per-
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TABLE C) cent or § L/min is added to account for the imprecision of the
. VALUES FOR STANDARD WAVEFORMS waveform generator,
Waveforms: Four of the 26 standard flow-time waveforms *

v FEV\ FEV; | Vext Vext fFras  FEVIR2im (wa“fums 1.4, 8 and 25)'

s
Cove (1) () (SO (D) (WO (k) ws Meters tested: Ten production meters.
; :.g :j;i ;:-f; g-ﬁ '13-: :_-;:; ::;‘; Validation: Three flows for each waveform for each meter.
: - - - - For cach waveform and for sach meter, calculate mnge (formula
i s vam s ome 13 s e  BDand range (%) (formula B2) for each PEF
M 5132 3866 754 0087 17 7535  3.209 Acceptable performance: An error occurs when both range
; 401V 3027 755 0317 79 $.063 2,572 (formula B1) and range (%) (formula B2) exceed their specified
7 3969 2819 7RSS 0384 1.2 4.750 2.368 limits. Acceptable performance is six or fewer crrors {error rate +
£ 1993 1415 810 03I 7.6 3.450 1857 $% for 120 trials).
¥

4854 3.7 77 0203 .2 2.278 31368

10 3.843 A0 T8 0. 244 6.3 4850 . 2899 Precision Testing: Interdevice Variabili
n 2735 18N 66.2 0.022 0.8 YL ] 1.272 b

12 2002 1621 810 0.09a 4.7 3.807 1780 Criterion: Less than 11% interdevice variability or 25 L/min,
13 4896 3634 783 D480 9.4 5.207 3,677 whichever is greater. This includes 1% or 5 L/min for the impre-
14 3785 3081 506 0338 102 4,368 un cision of the waveform generator.

15 5937 S304 893 D.ORD 13 5.092 Waveforms: Same as for intradevice testing.

16 5450  3.896 na4 0215 19 7.393 892

17 5833 2597 445 0035 06 5257 1183 Meters tested: Same as for intradevice testing.

18 4343 3085 726 0042 10 Tsn 2338 Validation: Same data as for intradevice testing. Interdevice
» 31935 2512 £I8 0044 11 5.408 1137 percentage is calculated as follows: for each meter, calculate an
0 2887 2563 890 DO 1.4 5822 2,698 average PEF for each waveform. For each waveform, combine
7n 4477 3549 793 0002 23 . 93 1iés all data from the 10 meters to calculate range (formula BI) and
2o Re e W e 2% range () (formula B2) for cach of the four waveforms.
2 1237 0922 745 0037 30 2095 0709 . Accepiable performance: An error occurs when both range
- {formula Bl) and range (%) (formula B2) exceed their specified
Definition of Gbreviotions: Yext = extnp hure (e Figure 2 for desripon).  limirs. Acceptable performance is present if there are no errors.
TABLE D1
CALCULATED VALUES FOR 26 STANDARD FLOW-TIME .
. WAVEFORMS (0.002-5 SAMPLING INTERVAL)*
Vet Flow
Flow ¥ol-80 Yol-40 Rise- Time- Tire- Extr
Wavelorm  © PEF PEF PEF Time vo-PEF 0-PEF vol wven FEVy
HNusmioer {15 {\is) (5) {ms) {rms) {ms) - ) {NFYC) @)
1 7.445 2245 1337 9.3 868 151.7 0,100 2.5 3373
2 10.850 9.908 10,450 557 465 86.6 0093 22 3838
3 4794 4372 4,630 583 530 14.7 0.054 33 1302
4 £.401 4240 4321 760 856 163 008 29 1458
5 3.630 1.564 3584 1595 1706 2410 0.03) 3.0 2083
6 3.088 2.728 2549 “s 68 627 0021 13 110
b 2509 2297 2.403 1480 676 1736 0.057 37 1048
5 2328 2.048 2210 04 35.6 5.6 0.015 1.0 0.950
9 5289 4.923 510 $20 72 854 ' 0048 18 2182
10 4733 4,687 4,868 4“7 916 ma2 0.035 15 2029
" 6870 6.472 6.706 LIR] &7.4 1256 0.085 LR 2080
12 10,604 10.528 10.558 153 1399 214 0.189 34 4618
13 4804 4.708 4739 1053 2.7 wae 0.080 27 2304
Ll 3821 1756 3.769 1247 127.7 ms 0.074 25 249
13 7956 7.814 7.a82 1749 1526 220.4 0.192 50 N9
. 16 5251 5.100 5.185 763 B80.5 mr 0050 2.1 2246
1”7 5842 5 5.757 165.1 1634 265.1 0151 50 2.802
' 18 859 B.404 8465 1329 1262 2487 oa7e 28 4301
19 6983 6.651 5.807 765 637 1202 0.093 2 3.007
2 7.430 7.274 732 1209 1433 288 0.141 23 4613
n 973 1,745 1.380 130.3 884 911 0.079 60 1.09¢
F>] EXY 7] 16 3334 184.2 1574 3595 0.0%4 50 1,559
2 5332 7.95%¢ 3,019 Bas CER] 1521 0107 24 3476
2 PRI T 4028 4086 50.3 523 57 0032 12 1833
; 25 14,194 13,89 13564 5.9 537 00,3 0126 19 3.544
: b3 11.595 10,446 nin "s 422 791 0.058 17 43
Definition of obbrevictions: Fiav PEF = pesk flow tetavmined by obtained highest observed flow value; Vol-80 PEF » peak flow deter-

mined from volume—tme qurve using an 80-ms segment; Vol-40 PEF = Peak flow determined rom volume-tme curve sing & <Oumy
seqmaent; Riu-Time = Hme requined for the fiow o rse from 10% of PEF to 90% of PEF; Flow Time-to-FEF = time required for flow w
tise froem’ 200 mifs o masimum Row (PEF); Vext Time-to-PEF = tme required tor flow te sise from Vet time zero to PER.

. * Units: flow (U1), volumes (L), and time (mitiiseconds). These waveforma are availabie on digital medis from the Americen Thonsdc
Sockety. :
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MONITORING DEVICES (FVC AND FEV:) TESTING CRITERIA

Accuracy Testing
Criterion: Deviation + 5.5% or deviation {%:) + 0.1 L, whichever
is larger.

Waveforms: Twenty-four standard volume-time waveforms
{ArrENDIX C).

Device testing: Two production devices selected routinely from
a production run and not screened before testing.

Validation: Each device will receive five manguvers for sach
of the 24 waveforms. An average for each waveform wilk be cal-
culated and used ro score that meter against the accuracy criteria.

Acceptable performance: An error ocrurs when both devia-
tion {formula B3} and deviarion (%) (formuta B4) exceed their
specified [imits. Acceptable performance for each individual pa-
rameter is less than three errors out of the total 48 tests (24 wave-
forms, 2 devices).

‘=1 Wavelonn #6

1 2
Time {3}

L.
0 o5 1
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Precision Testing: Intradevice Testing
Criterion: Range (%) < 3.5% or mange < 0.1 L, whichever is
greater.

Waveforms: Four of the 24 standard volume-time waveforms
{waveforms 1, 3, 6, and 11).

Meters tested: Ten production devices.

Validation: Three flows for «ach waveform for each device.
For each waveform and for each device, calculate range (formula
Bl) and range (%) (formulz B2) for FVC and FEV,.

Acceptable performance: An error occurs when both range
(formuia B]) and range (%) (formula B2) exceed their specified
limits. Acceptable performance for each individual parameter
is six or fewer errors (error rate + 5% for 120 trials).

Precision Testing: Interdevice Variability

Criterion: Less than 11% interdevice variability or 0.2 L, which-
ever is greater.

81 Waveform #2

[ . " " ——

15 2
Thme (s}

l'hl'ow lu.l.l

-l

28
Waveform 26

Plaw (L)
& o B

16 2 25
Time ()
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Waveforms: Same as for intradevice testing.

Devices tested: Same as for intradevice testing.

Validation: Same data as for intradevios resting. Interdevice
percentage is calculated as follows: for sach device, calculate an
average FVC and FEV, for each waveform. For each waveform
and parameter, combine all data from 10 meters (o calculate range
(formula Bl) and range (%) {formula B2) for each of the four
waveforms.

Acceptable performance: An error occurs when both range
{formula Bl) and range (%) (formula B2) exceed their specified
limits. Acceptable performance is present if there are no errors.

APPENDIX D
Standard Flow-Time Waveforms for Validating PEF

. The following flow-time waveforms are intended prn:nanly for

LR 28+
. 25 2
s 2 S1s Waveform #8
18 T .
: 5.
B 1"
0.‘4 ‘."
0 0 prr——+ + +
[} 0
(7 s
53 4
—t ""
3 Waveform #9 3
3.
g k
¢l
1 1
o + — 0
Q o5 ] [ 1 t L5 ]
Tiew {0) Time {s)
7 5 12 8
o 10+
51 a8t '
é. Waveform #14 ic Waveform #12
33 2
[™ [™ 44+
24
14 21
¢ i- + ] ‘!—r e} —
1] [ 1] 1 18 2 5 [ 0.8 4 15 2 28
Time (s Time {s)

-testing poriable PEF meters but can be used for testing other

types of spirometers, especially those measuring PEF, time-ic-
peak flow, or rise-time. These waveforms were chosen 1o repre-
sent a range of PEFs and <fforts {rise-times). The PEF is derived
directly from the flow-time waveform-maximal observed value
To calculate the volume-determined PEF, volume is first obtained
by integrating (surnming) the flow values. Flow is then calcu-
lated from the volume-time waveform using the ATS B-point

. stnoothing function. The resulting volume PEF is usually lower

than the PEF obtained from the flow~time waveform. Rise-time
is defined as the time reguired for the flow to rise from 10% of
the PEF to 90% of the PEF and is expressed in milliseconds.
Cther investigators have used the time-to-PEF, using the back-
extrapolated technique to determine the zero time-peint. Using
back-extrapolation to calculate time-to-peak flow sometimes
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results in artificially lower time-to-PEF, as can be seen in wave-
form 1.

APPENDIX E.
Signal-Processing Turorial
Since computers have come into such common use in spirome-

try and since fundamental errors have been detected in recently

tested commercially availablie hardware and software (79), a short
tutotial on signal processing is presented (Figure El).

For volume spirometers, signals are generally derived from
electrical voltages from a polentiometer. Some spirometers also
use optical shaft or position encoders (80). Flow devices of the

0.6 1 15 2 25
Thna is)

Time (s)

Fleisch pneumatachometer variety also have electrical voltage
outpits. For the volume spirometer with a potentiometer and
the flow device with a flow transducer, the signal is sampled by
a computer’s analog to digital (A-to-D) converter, “The ability of
these sysiems to accurately measure the spirogram depends on
the volume or flow transducer's linearity, the accuracy and linear-
ity of the electrical transducer {potentiometer), and the resolu-
tion of the A-to-D converter. A resolution of 12 bits (1 part in
4,096, raw resolution from 0.003 to 0.004 L) for the A-to-D
converter is recommendad, although 10 bits {1 part in 1,024, raw
resolution from 0.008 to 0.016 L) may be adequate for sam-
pling volume. The sampling rate of the spirometer volume or
flow is very important. Lemen and associates (19) have shown
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FLOW OR SOFTWARE FEF25-75%)-
VOLUME

Figure E1. Block diagram of spirometer data acquisition.

that for both infants and adults, 95% of the signal energy in the
flow=-time spirogram is within a bandwidth of zero to 12 Hz. For
the volume-time curve, 93%: of the signal energy is contained
from zero 10 6 Hz. Digital sampling theory requires that sam-
ples be taken at least twice the rate of the highest frequency con-
tained in the signal (81). Thus for volume-1ime spirograms, a
12-Hz sampling rate should be adequate. However, most vol.
ume-time spirograms are sampled at a 100-Hz or greater rate
to hake measurements casicr and more accurate. Computer sys-
tem developers should be aware that even with 100-Hz sampling,
it may be necessary to linearly interpolate between sampling
points 1o determine accurate FEV,, FEF.:sss, 2nd other simi-
lar spirometric measures.

Volume sampling techniques with optical and shaft or posi-
tion encoders of the volume-time signal have been used (80). This
approach measured the time interval between uniform volume
mtervals (for example, 0.010 L). In this case, the resolution of
the time interval between measurements during rapid flow be-
comes a limiting factor. Ostler and associates have recently ad-
dressed these issues (80). For example, if a resolution of flow
to withic + 5% of reading at 12 L./5 for a system with 0.010-L
resplution is required, then a clock resolution of at least 40 us
is needed (80).
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