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BACKGROUND

There has been growing interest in standardizing lung function
tests to improve reproducibility and make results more compara-

ble from laboratory to Jaboratory (I-3). In 1987 the American

Thoracic Society {ATS) Committee on Laboratory Proficiency

Standards undertook a project to identify and standardize mea-
surement of the carbon monoxide diffusing capacity (Drgo) in
an effort to reduce test variability. This resulted in official ATS
recommendations for the single-breath Drco technique, which
is the technique most commonly used {6). Since 1987 several

new developments in Dreco equipment and computational ap-
proaches have occurred. Also, the European Respiratory Soci-
ety (ERS) and the British Thoracic Society bave recently issued
separate recommendations regarding Drco standardization {7,
§). These events prompted the ATS Committee on Laboratory
Proficiency Standards to review its original recommendations
and produce this 1995 update .

Drco is a measurement of carbon monoxide (CO}) transfer

from inspired gas to pulmonary capillary blood. This transfer

is a complex phenomenon involving the distributional relation
of alveolar ventilation to alveolar capillary perfusion, the actual
CO transfer properties of the alveolar capillary interface, the cap-
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illary volume, the hemoglobin concentration, and the reaction
rates between CO and hemoglobin (9-16). Because this process
involves more than just diffusion, the measurement of CO up-
take i3 more properly referred to as “CO transfer factor” (7). How-
ever, “carbon monoxide diffusing capacity” (Drco) is the term
more commonly used in North America and, therefore, the term
used in this document.

The approaches to measuring Dieo include rebreathing, steady
state, and a variety of single-breath techniques (7, 10, t6, 17).
However, the 10-s single breath-hold technique is still the most
commonly used technique in clinical laboratories. Thercfore, as
in 1987, the committee has restricted this document to issues con-
cemning this method.

Using a single value to summarize individual CO uptake prop-
erties of millions of lung units is an inkerent limitation in meas-
uring and interpretingDico. Even in normal lungs, CO uptake
differs between the basilar and apical regions of the lung as 2
result of gravitationat effects on regional blood flow and blood
volume (18, 19). Regional differences may become even more pro-
nounced in a number of disease states, Nevertheless, measuring
an “overall” CO upiake by the single-breath technique has proved
useful in assessing a variety of lung abnermalities that impair
alveclar capillary gas transport (Table 1). Moreover, in many dis-
eases, the magnitude of abrormalities inDLgg has been shown
to correlate with disease severity and with direct measurements .
of arterial blood oxygenation, especially during exercise (7, 20-26),

The complexity of the process reflected in the single-breath
measucement of CO uptake means that considerable test variability
can be expected. The magnitude of interlaboratory variability
in Drgo attributable to variations in test technique (breathing
maneuvers, timing, methods of gas analysis, and computational
techniques) has not been clearly summarized, but Clausen and
associates (27) reported an intertaboratory coefficient of varia-
tion of 12.7% for Dreg in comparison with 3.4% for FVC. Kan-
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TABLE 1
PROCESSES ASSQCIATED WITH ALTERATIONS INDvo
Decranses in Digo
Obstructive lung diseasses
Emphysems
Cystic fbrosls

Paronchymal lung dseases
Intarsiitial lang disease
Caused by fibrogenic dusts, e.g, asbestosis
Caused by blologic dusts, ¢.3., allergic alveolitis
Crug mactions, e.g., amiodarons, bleomyein
Idlopathic
Sarcoldesia
Putmonary (nvolvement in Eystemic dseates
Systemnic lupus erythemataus
Progressive sysiemic scharosia
Mixed connective fissus dissass
Rhoumatald arthritis
Dermalomyositis-polymyositia
Wegerars granulomatosts
L It tory bawel di
Cadovscdsw  diseases
Acute mmyotardial Infarction.
Mitral stenosia
Primary pulmonary hyperension
Pulmonary edema
Acute and recurrent pulmenary thrombosmbolism
Fat emhollzation
Qther
Dispases associsted with snsmla
Chronic mmal Fadlure
Chronle hemod]ahyris
Mardjuana smoking
Acute and chwonic sthanol Ingstion
Freebasing cocalne
Cigarette smoking
Bronchiolitls obliterans with organizing proumonia (BOOP)
Increases in Digp
r..

iated with  palycy

Puimonary hemomhage

Diseases associated with Increastd pulmonary blood flow such as
latt-to-rdght  intracardiac  shunty

Exercise

Reproduced with permission from reference 17.

galee and Abboud (28}, in 2 study of one individual tested in
22 different laboratories aver 13 yr, found Digo to vary from
28.7 10 41.7 ml OO/min/mm Hg. In a study in six London labora-
tories, Saunders (29) showed Dnco values in two individuals rang-
ing from 10.5 to 20.4 ml CO/min/mm Hg, and a more recent
study b[\_: Wanger and Irvin (30) on five individuals in 13 labora-
tories showed individual Dico values renging from 20.6 to 54.2
ml CO/min/mm Hg. Using computation schemes chosen from
published metheds, Morris and Crape (31) demonstrated that
Drco could vary by as much as 41% based on the method of
computation alone Gas analyzer inaccuracy introduces yet an-
other source of variability. [n a study of L1 laboratories, Cotes
(32) found that errors in gas analysis can change Digo by 53
to 123%. In a follow-up study, Chinn and celleagues (33) found
that gas analysis errors had been reduced but not elimmated.
Finally, wide varability in Dreo reference equations affects the
percent of predicted values and may significantly affect interpre-
tation (17, 34-35), Although the 1987 standards and technical
improvements have likely reduced variability, the potential for
large variations in measured Dico, predicted Dreo, and percent
predicted Dreo still exists.

This revision will not substantially change the 1987 recom-
mendations for equipment, calibration, and test technique issues,
although they are reviewed. Our goals in this revision were to:
(1 clanfy areas of potential confusion, particularly areas where
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ERS (7) recommendations differ; and (2) address technological
developments with potential to reduce Dreg variability. For ex-
ample, new technology allows CO and tracer gas concentrations
to be monitored continuously, eliminating the need to collect gas
in a sample bag durinF the single-breath technique (36-38). Con-
tinuous monitoring of flow and gas concentrations also permits
new analytic methodologies to be developed. For example, the
use of a three-equation computation method analytically ac-
counts for variations in inspiratory and expiratory flow rather
than relying on empiric corrections of the measured breath-hold
time (36, 37, 39). Another example of a new analytic methodol-
ogy is the technique of calculating Dico by eliminating the breath-
haold and analyzing CO uptake continuousiy throughout a slow,
controlled expiration (40, 41). Reference values and clinical re-
search demonstrating improved diagnostic sensitivity and/or spec-
ificity are not yet available for any of these new analytic ap-
proaches. The committee encourages continuing investigation of
new analytic methods but is not prepared to recommend that
they reﬁlacc the current single-breath technique in clinical test-
ing at the present time. Similarly, the committee feels that test-
ing under conditions other than with a subject sitting at rest (eg.,
testing during exercise or in the supine position [42—44]) needs
additional clinical research before widespread use can be recom-
mended.

Standardization is not synonymous with truth. It is certainly
not immutable. Standardizing technical issues provides a frame-
work to allow better comparisons between roeasured values and
reference values as well as better comparisons between laborato-
ries. When possible, scientific information was used to guide the
commitiee’s decisions. When scientific information was not avail-
able, we made arbitrary decisions to complete the recommenda-
tions, We expect to update the recommendations as scientific
studies become available,

DEFINITIONS AND ABBREVIATIONS

COHb — Carboxyhemoglobin concentration in percent (o).

cv —lCoeﬁicienl of vanation {standard deviation/mean vatue)
x loo,

Dicp -~ Carbon monoxide diffusing capacity; known as the
transfer factor (Tigo) in Europe Conventional units are ml
CO (3TPD)V/min/mm Hg; SI units are mmole CO/min/kPa.
Digo in conventional units equals 2.986 x Dico in S1 units.

Dr/Va— Carbon monexide diffusing capacity per unit of al-
veolar volume. In Europe, this is known as Tt/Va. Con-
ventional units are ml CO (stpp)/min/mm Hg/L (BTPS);
Sl units are mmoles CO/min/kPa/L {(BTPS).

DM-Membrane diffusing capacity {ml CO {srpp)/min/mm
Hag).

Fi,—Fraction of inspired gas, “x.”

Fa,— Fraction of "x* in the alveolar gas. An additional modi-
fier may be added to denote time (eg., Faco, = alveolar
fraction of CO at time zero; Facos = alveolar fraction of
CO attime t).

FEV, -Forced expiratory volume in 1 s.

FVC -Forced vital capacity.

Hb — Hemoglobin concentration in g/dl.

Pag,— Alveolar oxygen pressure in mm Hg.

P — Baromettic pressure in mm Hg.

Pu,o— Water vapor pressure in mm Hg.

Pio, — Inspired oxygen pressure in mm Hg,

ATPD— Ambient conditions and dry (ambient temperature, am-
bient PB, Pu,o =0 mm Hg).

ATPS~ Ambient conditions saturated with water vaper (am-
bient temperature, ambient PB, Py,a reflecting saturation
with water vapor at ambient temperature),
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errs— Body conditions {nommal body temperature [37° C), am-
bient PB, Pu,o reflecting saturation with water vapor at
37° C[47 mm Hg)).

sTep-Standard conditions (temperature =0 C, Pa =760
mm Hg, Py,0 =0 mm Hg).

t-Brcalh-ﬁold time in seconds.

TLC - Tatal lung capacity.

B-E-J‘ljmific uptake of CO (ml CO [sTep}/min/mm Hg/ml|

Tr -Trager pas, a relatively insoluble and biochemically inert
gas used to calculate V4 from its dilution in alveolar gas.

RV - Residual volume.

Va= Alveolar volume during the test in Liters. Conditions (BTs
or $TP0) should be specified (eg., VA 81PS5),

VC - Vital capacity.

V¢ — Pulmonary capillary bleod volume (ml).

V- Dead-space vzﬁzme in liters. Dead space is of three types:
anatomic VD — dead-space volume of the patient’s conduct-
ing airways; instrument VD-dead-space volume of the in-
strument, including mouthpiece, tubing, and connectors; and
Eamplc bag Vo= dead-space volume of an alveolar sample

ag.

Vr-lgspired volume. The volume of test gas inspired as part
of the Digo test in liters, Conditions (ATPS, ATED, BTPS,
stpo) should be specified (eg., Vi sTPD).

Vs-Volume of the expired sample gas in liters.

CAS ANALYZERS AND GENERAL EQUIPMENT

System Design

Descriptions of the apparatus and general instructions for per-
forming the single-breath diffusing capacity maneuver are avail-
able elsewhere (2-5, 7, 17, 45, 46). Equipment in clinical use varies
widely in complexity, but the basic principles are the same. All
systems have a source of test gas (bag-in-box, spirometer, com-
pressed gas cylinder), a method for measuring inspired and ex-
pired volume over time (spirometers with kymographs, poneu-
motachometers near the mouthpiece or near a bag-in-box), and
gas analyzers (single-sample analyzers or continuous analyzers).
Single-sample gas analyzer systems usually display volume over
time (Figure 1, upper panel). Continuous gas analyzer systems
may also provide a continuous tracing of CO and tracer gas con-
centrations (Figure 1, lower panel).

Equipmant Requirements
Minimum standards for equipment inctude (Table 2);

1. Volume measurement accuracy should be the same as that
established by the ATS for spirometry (47); that is, £ 3%
volume accuracy over an §-L volume range, with test gases
present in concentrations likely to be encountered during Dico
tests. Some pneumotachometer devices are sensitive to differ-
ent gas concentrations. These devices should maintain the re-
quired volume accuracy when test gases are used (eg., when
they are inhaled or exhaled by a subject) (48).

2. Gas analyzer accuracy 18 imporiant in some circumstances,
such as measuring CQO “back pressure.” However, in calculat-
ing DLco only the ratios of CO and the tracer gas are used,
and the accuracy of the gas analyzers is not as important as
the ability to provide a linear output, Linearity should be
within 1% of full scale {ie, once the analyzers have been ad-
justed to zero with no test gas present and then set to an ar-
bitrary full scale value at the test gas concentrations, the com-
hined effects of zero drift, gain drift, and system nonlinearity
on measuremnents of known dilutions of test gas should be
no more than 1% of full scale). The gas analyzers should be
stable so linearity is maintained over the test interval. Manu-
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Figure J. A schematic of lung volume versus time (upper pone!) and
carbon monoxide (CO} and tracer gas {Te) concentrations versus time
{fower panel) during a standard DLcg measurement using a contin-
ous analyzer. The dotted lines indicata when the alvaolar sample
GCCUrs.

facturers are encouraged to provide a display of the gas con-
centrations measured by the analyzers so linearity can be con-
firmed.

3. Circuit resistance should be less than 1.5 em H,Q/L/s at 6
L/s flow. If a demand flow regulator is used on a compressed
test pas cylinder, the maximal inspiratory pressure required
for 6 L/s inspiratory flow through both circuit and valve
should be less than 10 cm H,0.

4. The timing device in theDrco apparatus should be accurate
to within 1% (100 ms over 10 s). The timing technique used
for calculation should be identified. If an instrument provides
automatic data computation, the accuracy of breath-hold time
computation should be documented.

5. Dead space for both inspired test gas and the alveclar sample
should be known, and their role 1n all data computation al-
gorithms identifled and documented. The dead space of the
valve and mouthpiece should total less tharn 0,100 L.

& If CO, and/or H;O will interfere with gas analyzer perfor-

mance, they must be removed from the test gases before pas-
sape throogh the pas analyzers. Water is commonly absorbed
by anhydrous CaSOx or by other products. Selectively per-
meable tubing can also be used to remove water. Water-vapor
permeable tubing has a limited life expectancy. The calcula-
tion of Drco may be significantly affected when such tubing
fails to properly equilibrate water vapor. Manufacturers should
provide a replacement schedule for water-vapor permeable
tubing and a methed for checking its fanction. Users of such
tubing should be aware of the problem and have a plan for
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TABLE 2
EQUIPMENT SPECIFICATIONS

+ ¥ acouracy over an 5§ L
volunw using tesl gases

Volume accuracy

Gas anatyrers Lingar from zarc o full span within
% 1% of maximal value ower durztion
of test

Circult  resistance < 1.5 cm H;O/Us at flow of & L/s

Damangd valve sensitivity < 10 cm Hz0 required for B Lf$
{if compressed gas source uted) flow through valve snd ¢ireult
Timer = 1.0% ovar 10 5

Apparstus dead space <¢iL

replacing the tubing at appropriate intervals and for check-
ing the tubing function. A monthly check of tubing function
is recommended. One method of checking water vapor per-
meable tubing is to compare gas concenimation measurements
made with both dry and humidified test gas. Absorption of
CO, can be achieved with either Ba(OH), or NaOH. Both
generate H;O when combining with CO,. Therefore, if aC0,
absorber is used, it must precede the water absorber in the
gas analyzer circuit,

7. The system must be leak-free This is particularly important
for Drco systems that aspirate gas samples at subatmospheric
pressure through the gas analyzers (rather than blowing the
gas samples at s:Era-atmospheric pressure). When samples
are aspirated, leaks in tubing, fittings, and other locations
allow room air to be drawn into the gas circuit, diluting the
sample and reducing the concentrations of test gases.

Equipment Guality Confrol (Table 3)

1. Each day:

a. Volume calibration with a calibrated 3-L syringe (47-49).

b. Leak testing (47, 49).

2. Each quarter:

a. Gas analyzer lincarity should be assessed. A straight-
forward approach is to measure known serial dilutions
of test pas, similar to the methods suggested for gas
chromatography by Ckube and Lenfant (30} and recom-
mended by the ERS (7).

b. The timer should be assessed for accuracy (49).

¢. Standard subject(s) should be tested to assure overall
stability of the system. Standard subjects are healthy
nonsmokers (eg., healthy laboratory personnel). If the
Dico in 2 standard subject varies more than 10% from
known previous values, the test should be repeated. If
the repeat test confirms the finding, the Digo system
shoulcrge evaluated carefully for the possibility of leaks,
nonlinear analyzer function, volume and time inaccu-
racy, etc When sufficient data on a standard individual
are obtained, laboratories may choose to establish their
own outlier criteria to serve as indicators of potential

roblems with their Dreo systems,

3. Recornds of equipment checks and standard subject tests should
be dated, signed, and kept in a laboratory log book. Manufac-
turers are encouraped to provide software options for quality
centrol measurements and quality control data management.

TABLE 3
EQUIFMENT QUALITY GONTROL

Volums accuracy and beak testing Tested daily

Gas anslyzer Iinearity Tested quarterly
Timer Tested quanterly
Tosts on laboratory pereonmed Teslad quarterly

infection Control

The major goal of infection control is to prevent the transmis-
ston of infection to patients and staff duning pulmonary func-
tion testing. Infection may be transmitted by two modes:

1. Direct contact. Through direct contact with potential patho-
gens, there is the potential for transmission of upper respira-
tory disease, enteric infections, and blood-bome infections.
Although infection with hepatitis and HIV are unlikely via
saliva, the possibility exists when there is hemoptysis, open
sores on the oral mucoss, or bleeding gums. The most likely
surfaces for contact are mouthpieces and the immediately
proximal surfaces of valves or tubing,

2. Indirect contact. Contaminated aerosol droplets have the po-

tential for transmitting tuberculosis, various viral infections,
and possibly opportunistic infections and nosocomial pneu-
monia fo susceptible patients. Mouthpieces and proximal
valves and tubing are likely candidates for contamination by
aerosols.

Pulmonary function equipment has not been directly impli-
cated in the transmission of infections. However, there is indirect
evidence that infection may be transmitted during pulmonary
function testing. Organisms from the respiratory tract of tast sub-

jects have been recovered from mouthpieces and from the prox-

imal surfaces of tubing through which subjects breathe (51, 52).
This does not seem to pose an appreciable threat to patients with
competent immune systems, although there is some potential for
cross-contamination, There (s one case report of tuberculosis skin
test conversion after exposure to a spirometer used to test a pa-

tient with documented tuberculosis (53). There is also circum-
stantial evidence implicating contaminated pulmonary function
equipment in the increasing prevalence of infections due to pseu-
domonas {especially Pseudomonas cepacia) among cystic fibno-
sis patients at one center (54). Finally, it is well documented that
community and hospital water supplies can be contaminated with
legionella, mycobacteria, and pseudomonas organisms (55-57).
Thus, there is a potential for patients and health care workers

to deposit microorganisms onto pulmonary function testing cir-
cuit surfaces (including mouthpieces, nose clips, tubing, and any

internal or external machine surface); these microorganisms could
subsequently come into direct or indirect contact with other pa-
fients.

Concerns for the protection of immunocompromised hosts,
along with increased public and provider awareness of hospital
infection control issues over the past decade have led many lab-
oratory directors to use in-line filters routinely as a means of reas-
suring patients and laboratory personnel that adequate consider-
ation has been given to protection (38, 59). The extent to which
in-line filters affect the measurements needed to calculate Preo
is undocumented. One study has shown that a low impedance
barrier device did not have a significant impact on spirometric
indices such as the FVC and FEV, (60).

Recommendations:

1. Prevention of infection transmission to technicians exposed
to contaminated equipment surfaces can be accomplished
through proper hand washing or use of barrier devices (latex
gloves}. To avoid technician ex and cross-contaynination,
hands must be washed immediately after direct handling of
mouthpieces, tubing, breathing valves, or interior equipment
surfaces. Gloves must be worn when handling potentiatly con-
taminated equipment if there are any open cuts or sores on
technicians’ hands. Hand washing must always be performed
between patients. Indications and techniques for hand wash-
ing during pulmonary function testing have recently been
reviewed by Tablan and colleagues (61).
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2. To avoid cross-contamination, reusable mouthpieces, breath-
ing tubes, valves, and manifolds should be disinfected or steri-
lized reguiarly. Mouthpieces, nose clips, and any other equip-
ment coming into direct contact with mucosal surfaces should
be diginfected or sterilized after each use. The optimal fre-
quency for disinfection or sterilization of tubing, valves, or
manifolds has not been established. However, any equipment
surface with visible condensation from expired air must be
disinfected or sterilized before reuse,

3, In settings where tuberculosis or other diseases spread by drop-
let nucled are likely to be encountered, proper attention to en-
gineering controls, such as ventilation, air filtration, or ultra-
violet decontamination of air, must be used to prevent disease
transmission (62).

4. Special precautions must be taken when testing patients with
hemoptysis, open sores on the oral mucosa, or bleeding gums.
Tubing and breathing valves must be decontaminated before
reuse, and internal device surfaces must be decontaminated
with accepted disinfectants for blood-transmissible agents.

5. Extra precantions may be undertaken for patients with known
transmissible infectious disgzses. Possible precautions include:
() reserving equipment for the sole purpose of testing infected
subjects; (b) testing patients at the end of the day to allow
time for disassembly and disinfection; and (¢) testing patients
in their own room or in rooms with adequate ventilation and
easily cleaned surfaces.

6. Many devices currently used to measure Dico incorporate
complex valving mechanisms that are located proximal to
breathing tubes. These are often difficult to disassemble and
disinfect between subjects. In seitings where routine disas-
sembly of these mechanisms is not possible, in-line filters may
be effective in preventing equipment contamination (59). The
economy of using in-line filters as compared with tubing and
valve changes will depend on the equipment in use. if an in-
line filter is used, the measuring system must meet the mini-
mal recommendations listed above for system accuracy, flow
resistance, back pressure, and dead space with the filter in-
stalled. Moreover, the interpretation of results should allow
for the possibility that the filter might affect equipment per-
formance Appropriate adjustments must be made for addi-
tional dead space due to a filter, and equipment must be cali-
brated with a filter installed.

1. Manufacturers of Dico equipment are encouraged to design
instrumentation that can be casily disassembled for disinfeg-
tion or find other solutions to hygiens concerns.

STANDARDIZATION ISSUES

The issues addressed by the committee are categorized as tech-
nique factors, calculation factors, and interpretation factors. Each
issue is summarized and discussed, and a recommendation for
a standard approach given.

Taechnique Factors

Fatient conditions for measurement. In general, condmons that
may affect pulmonary capillary blood volume and, therefore,
measiured Dico should be avoided. They include exercise and
heavy meals.

Dico increases with a change from the seated to the supine
position and decreases from the seated to the standing position
(42-46, 63). Estimates of the magnitude of the chanpe in Drco
with position change are variable {eg., 5 to 30% from sitting
to supine) {42, 43). DLco also increases with exercise (41-44, 64).

Recommendations. Before beginning the test, the maneuvers
should be demonstrated and the subject carefully instructed. The
subject should be seated for at least 3 min before testing and
remain seated throughout the test procedure. The test shoukd be
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performed at least 2 hr after a light meal and with the subject
having refrained from recent strenuous exercise.

Inspiratory maneuver, Once the mouthpicce is in place, four
to five tidal volumes are recorded to determine a regular end-
expitatory baseline. The DLco maneuver then begins with exha-
lation to residual volume {(RV), At RV the subject’s mouthpiece
is connected to a source of test gas and the subject inhales rap-
idly to total lung capacity (TLC). The volume of test gas inhaled
is V1. DLgo should be measured near TLC. The 1987 ATS recom-
mendation was that Vibe > 90% of the largest previously mea-
sured vital capacity. The ERS recommends that the V1shouid
be adequate to achieve 90 to 95% TLC (7).

Inspiratory time in healthy subjects averages 1.5 to 2 5 (46,
65). In healthy subjects, 95% of inspiratory times are less than
2.5 5 (R. 0. Crapo, personal communication). In patients with
moderate to severe aicflow obstruction (FEV,/VC <0.5), inspira-
tory times average about 2 5, with 95% less than 4 5. If the time
of inspiration is increased to one half of the breath-hold time
(approximately 5 s), the DLco is reduced by 13% when breath-
hold time is measured using the Ogilvie technique (see CAICULA-
TIONS) (46, 65).

Calculating inspiratory time is difficult when the beginning
and end of inspiration are not ¢lear. Until more is known, the
committee recommends that the back extrapolation technique
be used to establish time zero because it is a standard technique
in spirometry (1, 47, 66). Since the end of inspiration may be
less readily identified, the committee recommends the time when
90% of the Vrhas been inspired as a reasonable end point for
the purpose of mesting the inspiratory time criteria only.

The rate of inspiration will depend in part upon the resistance
of the inlet circuit and the demand valve characteristics (if pres-
ent). If inlet circuit resistance is too high, the demand valve too
insensitive/unresponsive, or if a patient has a high central air-
way resistance, a rapid inspiratory maneuver may effectively be
a Muller maneuver (inspiratory effort against 2 closed airway),
which will falsely increase Digo (67-69).

Recommendations. The inspiration should be rapid. Ninety
percent of Vishould be inspired in less than 2.5 § in healthy sub-

Jjests and in less than 4.0 s in patients with moderate to severe
airway obstruction. The Vishould be at least 90% of the largest
previously measured vital capacity, both expressed at BTPS con-
ditions.

Condition of the breath-hold, Valsalva (expiratory efforts
against a closed airway) and Muller maneuvers {inspiratory ef-
forts against a closed aitway) during the breath-hold will decrease
and increase DLoo, respectively (67-69). The 1987 ATS recom-
mendation was to have subjects relax against a closed glottis or
valve (6). The rationale was that it was felt this technique would
produce the least variation in intrathoracic pressure This ma-
neuver, however, may be more difficult to perform than simply
having the subject voluntarily maintain full inspiration using only
the minimal effort necessary.

Recommendation, After inspiring the test gas, the subject
should either try to relax against a closed glottis or a closed valve
during the breath-hold or else maintain a full inspiratory posi-
tion without straining. Excessive positive or negative intrathoracic
pressure (i.e, obvious Valsalva or Muller ma.neuvers) should be
avoided during breath-hold.

Expiratory maneuver. Recommendation. At the end of the
breath-hold period, the expiratory manguver should be smooth,
without hesitation or interruption. Sample collection time should
not exceed 4 5.

Washout volume. During expiration, a volume of pas must
be expired and discarded to clear anatemic and mechanical dead
space before the alveolar sample is collected (17, 46). The Inter-
mountain Thoracic Society (ITS) (3} and the ERS (7) both recom-
mend washout volumes of 0.75 L. Ogilvie and colleagues {(46)
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reported a 10% increase in Drgp as the washout volume increased
from 1.0 to 2.5 L. Huan% and Maclntyre (38) demonstrated with
a continucus analyzer that an 0.75 L washout volume wasap-
propriate in more than 90% of patients referred to a pulmonary
function laboratory.

Recommendation. In a single-sample system, the washout vol-
ume should be 0.75 to 1.0 L. If the patient’s vital capacity is
< 2.00 L, the washout volumne may be reduced to 0.50 L; any
such change should be noted in the report. If a continuous gas
analyzer system is used, computerized or manual inspection of
the expired CO and tracer lfa::. curves may be used to adjust
washout volume to assure dead space clearance (Figure 1).

Sample collection volume. Sample volume depends on ana-
lyzer requirements as well as assurance that a representative
alveolar sample is obtained, The current ERS (?) and ITS (3)
recommendations for sample volume are 0.50 to 1,00 L. The Epi-
demiologic Standardization Project (ESP) recommends a I-L
sample (0.50 L if the vital capacity is < 2.00 L). Continuous gas
analyzers can determine alveolar CO concentrations on much
smaller volumes (38).

Qgilvie and colleagues (46) recommended that the duration
of the alveolar collection be < 2 to 3 s. Kanagami and associates
(65) suggested that the total collection ime (washout and alveo-
lar sample collection} not exceed 4 s. With the Ogilvie method
of calculating breath-hold time (see Carcuramions), Drge in-
creases with increased sarnﬂle collection time (46, 65). This ef-
fect may not be seen with the method by Jones and Meade (70),
ESP (2) timing method, or the three-equation technique {36, 3.

Recommendation, With single-sample DLgg systems, a sam-
ple volume of 0.50 to 1.00 L should be collected in less than 4 s,
If continuous analyzers ate used, computerized or visual inspec-
tion of the expired CO and tracer gas curves may be used to ad-
just sample volume to assure an approptiate alveolar sample (38).

Inspired oxygen pressure and alvevlar Fo,. Alveolar Po,(Pao,)
and measured Digo are inversely related. SincePag, fluctuates
over the ventilatory cycle, the consensus in the European com-
munity (7) is that a more stable Pag, during the DLgo mancuver
is achieved with a test gas fraction of inspired oxygen (Fio,) of
.17 and variability in measured Dico should therefore be re-
duced. In the United States, an Fio, of 0.21 is generally used,
although some systems use lest gas mixtures containing CO and
He with “balance air.” If such a mixture contains about 10%
helium, 0.3% CO, and balance air, theFig, will be about 0.19,
When using other fracer pases, the test gases may constitute less
than 1% of the total gas mixture. No cument data are available
to suggest & preference for the European (Fip, = 0.17) or Ameri-
can (Fig, = 0.21) methods.

Measured Drcg will increase as altitude increases (andPro,
and Pag, decrease). Kanner and Crapo (71) demonstrated that
commonly encountered alveolar oxygen pressures at higher ali-
tudes will cause Digp to increase an average of 0.35% for each
mim Hg decrease in alveolar Poy, This finding was confirmed
by Gray and associates (72) using a hypobaric chamber to simu-
late alitude changes when they found an average Dico increase
of 0.31% per mm Hg decrease in Pig,. Both groups argue that
i‘;lllqmélsi“g test gas Pio, is an acceptable way to adjust Dueo for

titude,

The use of supplemental oxygen will alter Pag, and therefore
Dice. The magnitude of the effect and the method of adjusting
Drgo in individual patients using supplemental oxygen are un-
known and this is an area where further research is clearly needed.
Until more is known, it is probably best to measure Dyco with
subjects breathing room air as long as it is considered to be clini-
cally safe.

Recommendations. Until more information is available, the
test gas in the American commumnity should contain 21% oxygen

at sea level. It is recognized that this is controversial and differs
from the standard practice in the European community. At alti-
tudes other than sea level, either the test gas Fia, can be adjusted
accordingly {adjust Fig, to produce a Pro, of 150 mm Hg) or,

if the test gas contain:;oi 1% oxygen, the results should be ad-

justed for altitude or sample bag Po, (Pao,) (71, 72) as part of
the interpretation (see INTERPRETING THE RESULTS).

Supgiememal oxygen should be discontinued at least § min
before beginning the test. If this cannot be done safely, the inter-
val of fime off oxygen should be adjusted appropriately and the
resulting Dreg interpreted with caution (see previous commenis
on the effects of alveolar Po,).

fnterval between tests, Although Ogilvie and colleagues (46)
demonsirated essentially complete elimination of test gas in 2 min
in three healthy subjects and one emphysematous subject, it is
reasonable to expect that a longer interval may be required in
some patients with severe maldistribution of ventilation. Johns
and associates (73) found no difference between the first and sec-
ond tests in 129 patients when the interval between tests was 4 min.

Recommendation. At least 4 min should be alfowed between
tests to allow adequate elimination of test gas from the lungs,
The subject should remain seated during this interval. In patients
with obstructive airway disease, several deep inspirations dur-
ing this period may help clear test gases more effectively. If con-
tinuous monitoting of expired gas concentrations is available,
the washout of tracer gas from the previous test may be con-
firmed by observing end-tidal gas concentrations before begin-
ning the next test. Subsequent tests should not begin until the
end-tidal tracer gas concentration is less than 1% of full scale,

Miscellaneous faciors. There may be diumal variation in
Dreo. Cinkotai and Thomson (74) found that Dipo fell progres-
sively throughout the day. Between 9:30 a.x. and 5:30 .M., the
decrease was 1.2%/h, and from §:30 p.M. to $:30 P.M., the de-
crease was 2.2%/h. The reason for the change was not clear and
was not explained by CO back pressure or changes in Va, Vi,
or breath-hold time. Frey and colleapues (75), however, explained
Drco's diurnal variation by increases in CO back pressure and
by diurnal variation in hemoglobin concentration.

A 13% change in Drep during the menstrual cycle has been
reporied (76). The highest value was observed just before the men-
ses and the lowest was on the third day of menses, This may re-
flect a hemoglobin effect.

Peavy and colleagues (77) have shown that Digo is reduced
about 15% 90 min after ingestion of 15 to 30 mi of 95% ctha-
nol. The reason for the change is unknown, and the finding has
not been confinmed. However, it may reflect analyzer behavior
in the presence of ethancl because similar changes have been
noted in ketosis.

Cigarette smoking can have profound effects on the measure-
ment of CO uptake. Lung pathology caused by long-term use
of cigarettes is known to cause significant reductions in Dico
(21, 78-83). However, there also appears to be a mild, acute, and
reversible decrease in Dico during acute cigarette smoking(80-
£2). This acute effect is thought to be largely due to the effects
on CO back pressure and the “anemia effect” due to increased
carboxyhemoglobin concentration (see¢ CaccuraTions, carbox-
yhemoglobin and hemoglobin cormections).

Recommendations. Subjects should be asked to refrain from
smaking for 24 h before the test. The time of the last cigarette
smoked should be recorded. A correction for CO back pressure
should be made for recent or heavy cigarette smoking (see CAL-
CuLATIONS, carboxyhemoglobin adjustment). Subjects should
avoid alcohol for at least 4 h before testing,

Calculations
Basic formula for calculating Dico:
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Dico = VA (STPD) x (It} x 1/(FB-47)] x
In{Faco.o/Facoa) % 60,000
where Facoo = Fico X (Fan/Fin)
and Va = (Vi= VD) x Fry/Far.

In these calculations volumes are in liters, breath-hold time
{t) in seconds, barometric pressure (PB) in mm Hg; 47 represents
walter vapor pressure at 37° C. Fico, Faco., Fire, and Farr are
the fractional concentrations of carbon monoxide and the tracer
gas in the inspired and alveolar gas samples, respectively. Va is
alveolar volume, V1is inspired volume, and Vb is dead-space vol-
ume (anatomic and instrument). The factor 60,000 converts L/
to ml/min. This equation (15) is technically valid only for the
breath-holding portion of the single-breath maneuver but is usu-
ally applied to the entire maneuver.

Breath-hold time-measurement and duration. lnspiration
and expiration times are finite and must be considered in the cal-
culation of breath-hold time.

Three widely used methods of measuring breath-hold time
for DLeo are illustrated in Figure 2. The “classic” or Ogilvie
method (46) measures-breath-hold time from the beginning of
inspiration to the beginning of sample collection. Jones and
Meade (70) proposed a second method, theoretically more ac-
curate and reproducible than the classic method. Breath-hold time
was measured to include 0.7 of the inspiratory time and 0.5 of
the sample collection time This approach computes breath-hold
time based on the expected CO concentration profile in the alve-
olar space from a theoretical instantaneous inspiration compared
with a typical pattern of inspiration. The ESP (2) recommended
measuning breath-hold time from the point at which one half
of V1had been inspired to the beginning of sample collection,
There is little difference in calcwlated Drco using either the Ogilvie
or the Jones and Meade breath-hold time technique in normal
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timation of Dieco when airflow obstruction is present (87). The
ESP technique produces a significantly shorter breath-hold time,
and thus a largerDieo in normal subjects and patients with air-
flow limitation (86). The 1987 ATS recommendations (6) accepted
either the Jones and Meade or Ogilvie technigues but discouraged
use of the ESP technique.

A theoretically more accurate way to account for volume
changes over time during inspiration and expiration is to use three
separate equations for Dico during inspiration, breath-hold, and
expiration (the “three-equation” technique [36, 371). This al-
gorithm is commercially available but its clinical advantages are
not yet clear.

Recommendation. The Jones and Meade method of deter-
mining the breath-held time is the preferred method. The start
and end of inspiration is determined by extrapolation of the best-
fit linear regression of volume versus time during inspiration.
The technician should take care to assure that the breathing ma-
neuver does not have stepwise changes in inspiration, breath-
holding, or expiration. Breath-hold time should be between 9 to
11 s. Alternative breath-hold timing algorithms may be appro-
priate to maintain consistency {eg., longitudinal studies), but
these measurements should be recognized as cutside ATS recom-
mendations.

Alveolar volume, method of measurement, Because Digo re-
flects CO uptake from alveolar gas, a measurement of alveolar
volume (VA) is required. Va can be calculated by adding Vito
a separately measured residual volume and using appropriate ad-
justments for dead space. More frequently, Vais calculated by
measuring the tracer pas dilution during the breath-hold (see be-
low). If the tracer gas dilution method is used to calculate V a,
tl:::lgerdgas properties and the various dead spaces must be con-
sidered.

The tracer gas should be relatively insoluble and be chemi-

subjects {34-86), but the latter method provides the least overes-  cally and biclogically inert. Because the tracer gas is being used
inspiration : breath holding : expiration
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Figure 2. Schematic illustration of different methods of measuring breath-hold time for the single-hreath
Dico. Vi = inspired volume; L, = time of inspiration. The Ogilvie or “classic” method (48) measures braath-
hold time from the beginning of inspiration to the beginning of alveolar sample c¢cllection. The Jones and
Meads method (70} includes 0.70 of inspiratory time and hall of sample time. Tha Epideriologic Stan-
dardization Projoct {2) measuras braath-hotd tima from the time of 50% of Vi to the beginning of alveolar

sample collection.
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to determine the va from which CO uptake is occurring, its den-
sity, viscosity, and gaseous diffusivity should be similar to CO.
It should approximately follow the ideal gas law and should not
interfere with the measurement of CO concentration. The tracer
gas should not ordinarily be present in alveolar gas (e.g., He)
or be present at 2 known, fixed concentration (&g., Ar). The tracer
gas used most frequently is helium (He). While He meets most
of the criteria, being relatively insoluble and inert, its gaseous
diffusivity and viscosity are higher than air. Studies comparing
single-breath He dilution lung volumes to other methods of meas-
uring lung volumes have shown good agreement in normal sub-
Jects but underestimation of VAin patients with obstructive lung
disease (attributed to incomplete gas mixing) (2, 39). Other no-
ble gases, including neon (Ne) and argon (Ar), have been used
as fracer gases. Thete are also reports of using small concentra-
tions ((1.3%) of methane (CH,) as a tracer gas (38, 42). As new
tracer gases are introduced, manufacturers should demonstrate
that they produce va and Drco values equivalent to those mea-
sured using traditional tracer gases.

Deadspace occurs in three areas: instrument dead space (vol-
ume of the mouthpiece, filters [if used], and connections within
the valving system}, anatomtic dead space (volume in the conduct-

* ing airways that does not participate in gas exchange), and in

single sample systems with collection bags, sample bag dead space
(residual volume in the sample bag and connectors).

Calculations of Va from single-breath tracer gas dilution must
account for these dead-space volumes by subtracting both in-
strument and anatomic dead space from inspired velume The
calculation of Vais thus: VA= Fin/Fame X (VI — instrument
vo —anatomic VD). Instrument Vb should be specified by the
manufacturer but may vary as the user glters the system (e.g.,
addition of a filter). Anatomic VD is usually estimated from body
size (88) but can vary with lung volume and breath-hold time
(89, 90). The 1987 ATS recommendation (6) was to use a fixed
value of 150 ml for anatomic Vo. This value, however, does not
work well for smal! adults or children, Cotes (45) suggests an
adjustment of 2.2 mi’kg body weight for anatomic VD. If a con-
tinyous gas analyzer is used, anatomic V D may be measured using
the technique described by Fowler (90).

Sample bag dead space (sample bag VD) dilutes the sample
gas and alters the measured coneentrations of expired pases. The
size and direction of the error depend on sample volume (Vs),
the dead-space volume of the sample bag and its connectors {sam-
ple bag VD), and sample bag vo gas content, Sample bag VD
could contain test gas, room air, or expired gas from a subject
(after a DLgo test). When sample bag VD contains room air, the
effect of sample bag vp is to reduce the measured concentra-
tions of expired gases. The Fax term in the calculation of va
should be adjusted for this dead space When sample bag Vb
contains room air, the adjustment is as follows (the adjustment
will differ when sample bag VD contains gases other than room
air):

Adjusted Fay, = measured Fan x (Vs/[Vs — gsample bag Vol

No adjustment is required in the Faco 0/FAco, term because
the adjustment factor occurs in both the numerator and denomi-
nator and cancels. Estimates of the potential change in Dico
in existing systems when no adjustment is made for sample bag
dead space range from 0.3 to 8%, depending on sample bag size
and sample bag VD (31).

Alveolar volumes calculated by the single-breath tracer gas
dilution techniques or by adding Vito a separately measured RV
(after accounting for anatomic VD?} are usually comparable in
normal subjects, Indeed, several investigators (91, 92) have found
that differences between single-breath and closed-circuit tracer
gas dilution methods were small and of little consequence in nor-
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mal subjects as well as patients with mild air flow obstruction
(FEV /VC > 0.5). As airflow obstruction worsens, however, im-

aired gas mixing and distribution during the breath-hold can
cad to significantly lower values for simultaneously measured
single-breath va than for Va obtainedby other methods (93, %4).
This discrepancy can lead to substantial differences in calculated
Dreo in patients with airflow obstruction, depending on which
measurement of Vais used (98), If the simultaneous single-bieath
VAis used, the calculated Dieo could be considerad as the Digo
in the regions of the lung into which test gas was distributed,
If the sum of Viand a separately measured RV are used as V A,
the resulting Dige should be considered the Dreo that would
exist if that entire Vahad CO transfer properties similar to the
average of the lung regions into which test gas was distributed
(ie, the lung regions measured by the simultaneous single-breath
method of measurement of Va).

Recommendations. Manufacturers should report instrument
and sample bag dead space. Efforts should be made to reduce
instrument dead space (including filters) to less than 100 ml. The
instrument dead space {including sample bag) must be flushed
with room air (or if membrane component of diffusion [Dw)
and pulmonary capitlary blood volume [V} are to be calculated,
appropriate levels of oxygen} before the single-breath maneuver
so that it will not contain expiratory gas from a previous sub-
ject. Sample bag dead space should be less than 2% of the sample
volume or 10 ml, whichever is larger. An appropriate adjustment
for sample bag dead space should be made to the measurement
of Far,. The adjustment will vary depending on the gas in sam-
ple bag VD, Anatomic dead space should be calculated as 2.2
ml per kg of average body weight expressed at ATpD conditions.

The VA used to calculate single-breath Dreo should always
be determined using single-breath tracer gas dilution. Other
methods of estimating Va in the calculation of DLco are also
acceptable but must be reported in addition to the single-breath
method and the method of V A measurement identified,

Inspired gas conditions. Though inspired gas is commonly
assumed to be at aTps conditions (2), this is only true in systems
in which the test gas is transferred to a water-sealed spirometer
before it is inspired. In most cases, test gas inspired from a bag-
in-box system or through a pneumotachometer from a bag or
a cormpressed gas cylinder with a demand valve is a dry gas (%ess
than 10 water) and thus at arer conditions {3). When Dico
is calculated with V1at ATPS rather than at ATPD (assuming the
actual conditions are a1ep), Drco is underestimated by 3% at
sea level and by 4% at 1400 m altitude (31).

Recommendation. The inspired gas conditions should be cor-
rectly determined and the proper conversion factors used (Table
4y, Manufacturers should specify and docurnent inspired gas con-
ditions for each instrument.

COy and H:O adjustment. When Va is measured as part of
the single-breath maneuver and when gas analyzer properties re-
quire that CO, and H,O be absorbed before gas analysis, the
expired tracer gas and CO concentrations are artifactually in-
creased (2). Fico and Fryy are unaffected when no CO, or H.0
is present in the test gas. No adjustment for the increase in
Faco, and Fay is necessary in calculating the rate of CO up-
take since the concentration factor appears in both the numera-
tor and the denominator of the expression (Facep/Face,) and
therefore cancels. An adjustment for the increase in expired tracer
gas concentration (Fam) is necessary when it is used to calcu-
late VA

Some newer systems use selectively permeable tubing to ei-
ther remove water vapor completely or to equilibrate all gas sam-
ples with ambient humidity. Proper correction factors must be
applied that require knowing how water vaper afTects gas con-
centration measurements.
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TABLE 4

ADJUSTMENTS TO TRACER GAS CONCENTRATIONS FOR
H30,C03 AND TEMPERATURE

1. Hz0 removed from sampled gas; COz does not interfere with analyzers:

Vigtrs 8 (Viarrg = VOmar = YOsuur)

Vigrpe = {Vierm = VOmar — VDwur)
2. HC ard COz ramoved from samplad gas:

Vagres = (Viarsg = VDt = VOwur)

Vg 2 (Viares = YOy — Vianar)

-

Eige P Mo
fs7 Pe=47 I+ T
Frre n m
Fstr 760 TIeT
Fier (1 + FAcoy) A Mo
» [ ]
F$7e P-4 W T
Frge {1+ Fagoy) F T3 -
Fse 760 mI+T

If no measurament of Facyy is avallable then it may be assumed to be 0.05

3 M0 In samplad gas equilibrated (o room alr; ©O; does not interfere with analyzers.
IFFsye is road by the analyzers, the equations aro the same o3 #1.
1f tank values (l.a, dry gas concentrations) ere used for Firy, then:

Vagres * (Viumg = Vimagr = VDunut) *

Vagrs @ (Viareo = VDug1 = VOunat)

4. Melther H20 noe COz removed from sampled gas, no interfarence with

prevernt  condensation:

Vagm = (Wiarp = VDuar = VOt *

Vigme = (Viumg = VOusz = YD) *

Frre M- Puyo Ho
L] L]
Fs1e Ps - 47 M+T
Fite PR =Pyo 273
L ] L]
Esyr TéO T
lyzers, heated sample tubing 1o
Fire My
-
Fsy, 273+ 7
Fry Pe- AT in
L] -
Fsye 760 m»+*T

In thesa caleulations, room temperaturs {T) ia measured In Celsius and gas pressures ara measumed in mam Hg. Py i3 barometric :‘u-
$Ure; Puso Is nmblent watsr vapor pressure in thess squations. VD,e = instrument desd space, Vp.,.» atonlc dead space. frp i the
fraction of tracer gas m tha inspirad test gas. Fago; Is tha fracalon of CO; In the alveciar szmple. Fiy, relers to tha measuramant of the
tracer gas (Te) In the sbvealar aample and may diffes trarm Fay, dapsndmg on the effacts of €O, ang M0 8% noted. In a0 four cases,
Viis 1he maasumed voluma of inhaled dry gis and I thus considarsd under ateo conditions. The conversian to FTPS and STID mey requirs
faciom to companxzats for the diluting or cancantrating affects of sdding or osieting HyO or CO; at the gas sampiing aite. Standad ges

condifon o A At ] )

Recommendations. Depending on how CO, and H;O affect
the gas analyzers and the system used to compensate for these
gases, different calculations of VA may be required as outlined
in Table 4. Manufacturers must determine and document the ap-
propriate corrections for their systems.

(Gas conditions of Va in DL/Va. In the expression Di/Va,
Va is variably reported at BTPS (31) or STFD (%, 57) conditions.
Most recommendations now suggest that it be expressed at pres
conditions (3, 4). Recent normal values also uniformly report
the D1/Va in m! CO (5sTPD)/min/mm He/L (RTPS) (98-101). When
VA is expressed at sTpD, DL/ Va varies with altitude, DL/Va 15 in-
dependent of altitude when Va is expressed at BTPS.

Recommendation. Va in the denominator of D1/Va should
be reported at BTPS conditions, The traditional vnits of Dr/Via
are, therefore, ml CO {sTPD)/min/mm Hg/L (B1Ps). This recom-
mendation is based on the clinical experience of the conference
members and on the independence of D1/VYa from altitude when
VA conditions are BTPS.

L1

Interprating the Resulls

Acceptability, reproducibility, and number of tests. Acceptable
tests are defined in Table 5. Reproducibility describes the varia-
tion in multiple tests. The common statement that duplicate mea-
surements of DLco measured within a single testing session (in-
trasession) should be within 5 to 6% of each other is based on
a coefficient of variation (CV) of repeated measurements in nor-
mal subjects of 5 to 6%. Intrasession CVs of 3 to 4% can be
achieved (30, 102). In contrast, intercession DLoo variability of
up to 9% has been documented in normal individuals in repeated
measurements over a peried of 1 yr (103). Because most intrases-
sion variability is technical rather than physiologic, the mean of
acceptable tests is reasonable to report,

Intrasession CV for repeated measures of DLcg increases with
increasing airway obstruction (104-106). Therefore, expected re-
producibility should be worse in patients with airway obstruc-
tion when percent differeace between duplicate measurements
is used as the only crterion. The exact method by which mea-
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TABLE §
ACCEPTABLE TEST CRITERIA FOR Dico

Use of propar quality controfied squipment,

2. Inspired volume of » 90% VI in jess than 4 5.

A stable breathvhold for 84 1 5. There should be ng evidance of laka
or Valsaha or Mulier maheuvers.

* Explration In less than 4 5 with appropriate clearance of dead

space and proper sampling/analysis of alveolar gas.

w

sured CV can be translated into a standard s not clear. It is clear
that using £1 CV is not statistically justifiable. A more accept-
able standard would be =2 CV or = 10%. In patients with a
reduced DLco, even 10% may be too restrictive. Until more in-
formation is available, there is tio reason to change the 1987 stan-
dards (6).

Current standards recommend at least two DLco tests be per-
formed {6), but research s needed to determine the actual num-
ber of tests required to provide a reasonable estimate of average
Dico value for a piven person.

Recommendation. Theie should be at least two acceptable tests
that meet the reproducibility requirement of being within = 10%
or 3 ml CO {s1PD)/min/mm Hg of the average Dico. The aver-
age of at least two acceptable tests that meet this reproducibility
requirement should be reported. -

Adjustmentfor hemoglobin concentration That Digo changes
as a function of hemoglobin concentration (Hb) is well known.
All current methods of adjusting for Hb invelve unproved as-
sumptions, and no method has been uniformly accepted. Differ-
ent methods of adjustment produce widely divergent adjustment
factors when changes in Hb are large.

"~ The most cormmonly used method of adjusting Dico for Hb
is that of Cotes and associates (45, 107). They offered a theoreti-
cal approach in which Dice is adjusted to a standard Hb of 14.6
g/dl using the relationship described by Roughton and Forster
(11), where 1/Dr = L/DmM + 1/8Vc and 9 is assumed to be propor-
tional 1o the standard hemoglobin and DM/8VC is assumed to
be 0.7. The previous Digo standards document (6} recommended
adjustment of Dico to a standard hemoglobin of 14.6 g/d1 for
everyone. On average, this recommendation resulted in a rela-
tively small adjustment factor for adult men whose average Hb
is not far from 14.6 g/dl. In contrast, for adult women and chil-
dren under age 15 whose average Hb is sbout 13.4 g/dl, the aver-
ape correction factor was much larger, potentially introducing
more errer inte the adjustment. In this document separate ad-
justments for these two groups are recommended to minimize
the size of the average correction factor applied to measured
Drco. The choice of 13.4 g/l as a standard Hb for women is
stightly different than the normalization to a Hb of 12.8 recom-
mended in the ATS guidelines for evalvation of disability (108).

The equation for adjustment to an Hb of 14.6 g/dl (appro-
priate for adolescent and adult men) is:

Hb-adjusted Dicg = observed Dico (10.22 + Hb)/L.7 Hb

The equation for adjustment to an Hb of 13.4 g/dl (appro-
priate for children under 15 yr of age and women) is:

Hb-adjusted Dico = observed Digo (9.38 + Hb)/1.7 Hb

Investigators have offered other equations for the correction
for Hb, many of which are similar to the comection factor de-
seribed by Cotes and colleagues (45,107). Others have sugpested
incorporation of Hb or hematocrit into reference equations {99,
109).

The ITS (3} and the ERS (7) recommend the equation de-
scribed by Cotes and coworkers (45, 107). Adjusting either the
measured or predicted Diee will allow interpretative statements

to be made about whether the differences between measured and
predicted can be explained by differences in hemoglobin con-
centration.

Recommendation. The equation &scribed by Cotes and col-
leagues {45, 107) should serve as the basis for hemoglobin ad-
justments. An adjustment of Dico for Hb is desirable as part
of the interpretation. [t is especially important to measure Hb
or hematocrit in situations where Hb would be expected to vary
from the norm (e.g., hemomhage, malignancy, or exposure to
cytotoxic medications). If an adjusement factor is used, measured
Dico should be adjusted to an Hb of 14.6 g/dl for males over
15 yr of age and to 13.4 g/d] for women and children of either
gender under age 15, Both the unadjusted and adjusted values
should be reported. IF the predicted rather than the measured
Dico is adjusted, both the adjusted and unadjusted predicted
values should be reported. If reference equations that incorporate
Hb or hematocrit are vsed, the measured Hb or hematocrit should
be reported.

Adjustment for carboxyhemoglobin concentration and CO
backpressure. The routine DLco computation assumes that car-
bon monoxide back pressure (i.e., CO partial pressure in the
blood} is zero. However, cigarette smoke as well as other environ-
mental sources can produce measurable levels of CQ back pres-
sure and carboxyhemoglobin {COHb). Exposure to ordinary en-
vironmental CO and endogenous production of CO as a bypreduct
of hemoglobin catabolism commeonly result in measured COHb
levels of 1 to 2% (110). Smalt increases in COHb occur when
CQ is inspired in the Drco test. Frey and associates, for exam-
ple, found that COHb increased about 0.7% with each single-
breath Dreg test {75). Ogilvie and associates (46) estimated that
3 COHb level of 10% would result in an 8% underestimation
of DLgcg but recommended no adjustment because it was diffi-
cult to measure COHb at that time. Instead, they suggested sub-
jects minimize the COHb level by not smoking on the day of
the test. Cadigan and coworkers (111}, Frans and associates {112),
and Mohsenifar and Tashkin (1 13) have shown that the effect
of COHDb in reducing Dico is preater than would be pradicted
by the back pressure effect alone, Frans and associates (112) sug-
gest that as COHb increases, the effective hemoglobin mass
decreases, thereby decreasing Dico in what they call an “ane-
mia” effect. They reported that DLeo decreased about 1.2% for
cach percent increase in COHb; about 60% of the decrease is
due to the effect of back pressure and 40% is due to the “ane-
mia” effect. Mohsenifar and Tashkin (113} showed that Dico is
decreased about 1% for each 1% increase in COHb. Estimates
from the data of Cadigan and coworkers {111) suggest the effect
of COHD is also about a 1% decrease in Dico for each 1% in-
crease in COHb.

Carboxyhemoglobin concentrations can now be easily mea-
sured using CO oximeters, and CO back pressure can be mea-
sured in expired gas. Ahernatively, simple methods of estimat-
ing CO content in blood have been published (114-116). Adjusting
for CO back pressure is now easier and reasonable. Remember,
however, that adjustment for only back pressure will not fully
adjust Dreo for the total effect of COHb. Leech and colleagues
(86) emphasized the importance of adjusting DLco for the ef-
fect of COHD, especially in an epidemiologic setting where small
changes in Digo between groups of people are important.

The 1-2% bascline COHb levels attributable to endogenous
production of CO and ordinary environmental exposuses are al-
ready incorporated into reference values based on healthy non-
smoking subjects,

Recommendations, An adjustment for COHb is not required
but is rccommended for interpretative purposes when COHb is
elevated. Measured Dreo can be adjusted for COHb and CO
back pressure in one of two ways:
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TABLE &
Digo REFERENCE EQUATIONS FOR ADULTS

Reforence Smoking
NO. N Equation 2 3EE Status
Men
o6 B4 BB =0.23BA « 15.5B5A . 5.04
45 227 0.325H-0.200A- 17.6 . 510
102 © 375V -0.153A + 10,93 : - -
ost 123 04ICH=D.2104 - 26.31 460 402 N5
X 7¢  0.1646M-0.220A + 129193 0.45 484 NS§
10t B) 0441 H - 0.1936A - 31.3822 032 5719 N§
1] N 03551 H=02741 A- 113527 0.67 487 N§
4  03319H-G1S71A- 18.006 0.79 Ay
19 194 ©0.3674H-D.1961 A - 21.8982  0.45 440 NS
Woman
96 Bl B85 —0.1174 + 15.5BSA . 5.04
120 N 021ZH~-0156A - 2,66 . 188 .
a2 5.30va - 0.0834 + 7.72 ot . .
ga¥ 122 O.256H-D.144A- .36 0.56 357 NS
] 58 D1602H- 01111 A + 22382 054 195 NHS+ES
M 28t 0.1569H - 0.0677A + 5.0767 0.08 4N NS
88 99 0.1872H-- 014604 ¢ 3.832 038 450 NS
4 1 024 H -01483A- 8.0 Ddé 149 .
18 16T 0.1369M—- 012324 +
0.0 TW + 1.8379 037 m HS

Definition of abbreviations: Vam alveatar volume in L stro; H = helght in cm; A = aga
In years; W = walght [ kg; 854 = body surface area; ECCS = European Community for
Coal and Steel: NS = kers; ES = axsmohars; 12 = cowfficient of determination;
SEE * standard smor of the estimats. Estimates of regressicn varicbliity are Nsled wnder
SEE regartiess of how the suthor labeiad the varlability.

Modified with permission from raferenca 17T.

« Information not avallable in reference.

t Adjusted o a standard hemoglobin concentration of 148 grdL

¥ Summary equatons fram sever! studles.

§ No adjusiment for hemoglobin {Hb} concenbration; average Hb far the study popu-
lation was 13.3 grd, ,

1. Measure COHb directly or estimate the COHb. The follow-
- ing equation empirically comects for both CO back pressure
and the “anemia” effect of COHb on Dico (113);

COHb-adjusted Dico = measured Dico (1 + % COHB/100))

2. CO back pressure can be measured in expired gas before a
Drco maneuver or estimated using one of several available
techniques (113-116). Dtco can then be recalculated afier sub-
tracting the estimated CO back pressure from both Facop
and Faco,. Units must be consistent before making the sub-
traction (ie, back pressure must be estimated in the same units
[% or mm Hg] as the measured CQ levels in the calculation
of Drcg). This method will not adjust Drce for the “ane-
mia” effect of COHb and is less preferable than method 1.

Observed and predicted Dreo values should always be re-
ported. If an adjustment is made for CO back pressure, the
method of adjustment should be specified and the adjusted mea-
sured or predicted value reported consistent with the adjustment
for hemoglobin.

Adjustmenis for altiiude-induced changes. Given a constant
Flo,, increasing altitude will result in a decrease inPo, and in-
crease Digo about 0.35% per mm Hg decrease in alveolar sam-
ple Po, (Pag,) (71} or about 0.31% per mm Hg decrease in Pig,
{72). Adjustments to a standard Pao, of 120 mm Hg may be made
using a measured Pag, as follows;

Altitude-adjusted Dico =
measured Dico x (1.0 + 0.0035[Pao, — 120])

Altematively, an average adjustment for interpretative pur-
poses only can be made for a given altitude as follows, assuming
an average Plo, of 150 mm Hg at sea level (72):
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Altitude-adjusted Digo=
measured Dico x (1.0 + 0.0031[P1o, — 150))
{estimated P15, = 0.21 [PB - 47])

Adjustments based on average altitudes may be more vari-
able than adjustments based on individual measurements of Pag,.
Alitude effects on increasing Hb concentration will also affect
the measurement of Dico (see above). It is not known whether
increasing altitude has other effects on Diep.

Recommendations. The uncorrected Digg should always be
reported. Adjustment for altitude isegennitted but not required.
The choice of adjusting the measured or the predicted value and
the method of reporting should be consistent with the adjusi-
ments of ather factors in the measurement and reporting of Dreo.

Reference equations. Selecting reference equations for Dico
remains a problem. Large differences have been observed among
different reference equations and among different laboratories
(Table 6). Currently, most reference equations use height, sex,
and age to predict Dieo. Alternative equations are available that
use atveolar volume (VA) in the prediction equation (102). The
use of ¥a in a prediction equation provides & ic"oml of normaliza-
tion for lung volume exposed to the test gas.

Until more information is available, it is important for every
laboratory to ensure that normal Drgo and DL/Va values mea-
sured in their laboratory match the predicted values they use,
Physicians should be alett 1o the possibility that reference values
in the laboratory they use may be inappropriate for their patient
clientele Predicted values consistently nappropriate for the clin-
ical situation should lead to a re-examination of both the test
technique and the reference equations. Formal comparison of
measured and predicted values will identify the most appropri-
ate reference equations (117). The committee recommends that
4 number of healthy individuals (asymptomatic, nonobese, non-
smokers with a normal physical examination of the chest and
abdomen and nermal hemoglobin concentrations) be tested. The
measured and predicted values should be compared by calculat-
ing residuals (measured minus the predicted) for each subject.
The reference equation producing tﬂe sum of residuals closest
to zero will probably provide the best fit, although there is no
current research to suggest what index of best fit is most appro-
priate. The number of subjects needed to provide an accurate
estimate of fit is alse unknown. Preliminary work (117) suggests
that five is not enough and that 15 to 20 may be a reasonable
compromise between accuracy and effort. We suggest that at least
15 healthy subjects of each sex be tested and compared with ref-
erence equations to establish which equation will be most ap-
propriate for a given laboratory. The subjects should be of vary-
ing heights and ages to define an adequate range Further research
is needed to guide the proper selection of reference equations.

Few good ethnic comparisons are available for Dico and,
therefore, little is known about its ethnic variation. Cne abstract
reports a lower valug in blacks (118). As this information becomes
available, it will be important to include it in the selection of
reference equations.

Recommendations. Each laboratory should select reference
equations appropriate for the methods used and the population
tested, Reference equations demonstrated to be appropriate for
a given laboratory are especially impertant in the interpretation
of lung function tests used to evaluate impairment or disability

25).
( }nrerpremtfon when test specifications are riot met, The specifi-
cations for test performance are fairly rigidly set and not all pa-
tients will be able to meet them. When standards are too rigid,
valid data may be excluded if tests are rejected outright (for ex-
ample, if the inspired volume is 85% of the largest vital capacity
and the patient cannot meet the 90% requirement with three or
four tries).
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Recommendation. Such data should be reported with the cav-
eat that the data are suboptimal. The interpretation should iden-
tify the discrepancy as well as the direction and magnitude of
the potential error involved. Such errors.may or may not be im-
portant in clinical decision making.
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