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1 Introduction

11 What is being measured

The lung is the organ of external respiration for the ex-

change of oxygen and carbon dioxide between the blood

and the surrounding air. The stages in the process of gas

transfer include:

1. Ventilation of the airways and some air spaces by
bulk flow of gas;

2. Mixing and diffusion of gases in the alveolar ducts,
air sacs and alveoli;
3. Transfer of gases across the gaseous to liquid inter-
face of the alveolar membrane;
4. Mixing and diffusion in the lung parenchyma and
alveolar capillary plasma;
Chemical reaction with constituents of blood;
Circulation of blood between the pulmonary and sys-
temic vascular beds.
The capacity of the lung to exchange gas is determined
by the structural and functional dimensions of these
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processes. The structural dimensions include the lung
volume, the path length for diffusion in the gas phase,
the thickness and area of the alveolar capillary membrane
including any effects of airway closure, and the volume
of blood in capillaries supplying alveoli which are
ventilated. The principal functional dimensions are the
absolute levels of ventilation and perfusion and the uni-
formity of their distribution with respect to both each
other and the diffusion characteristics of the membrane.
Other functional dimensions are the quantity of haemo-
globin in the alveolar capillaries, the composition of the
alveolar gas, the gas tensions in blood entering the
alveolar capillaries, the rates of chemical reaction with
haemoglobin and of dissociation of the compound so
formed, the transit time of blood through that part of the
pulmonary vascular bed which exchanges gas with the
alveoli and the slope of the relevant haemoglobin disso-
ciation curve. The latter is a function of the tempcmnﬁ‘e
of the lung and the prevailing levels of oxygen, carbon
dioxide, hydrogen ions and 2,3-diphosphoglycerate; many
of these variables are dependent on the level of meta-
bolism and change in relation to exercise.

The gas exchanging characteristics of the lung par-
enchyma, including the factors which contribute to the
reaction rate of gases with haemoglobin, are assessed
by measurement of the transfer factor for the lung. The
test gas can be oxygen but because oxyhaemoglobin
dissociates readily, carbon monoxide (which has a higher
affinity for haemoglobin) is commonly used instead.
Nitric oxide can also be used, but the method is still in
process of development [1, 2] and its independence of the
effects of NO on the pulmonary circulation [3] appears
not to. have been confirmed.

12 Some points of terminology

The transfer factor is altematively called the diffusing
capacity. However, the latter term is potentially mislead-
ing for two reasons. First, the index is affected by many
other factors in addition to the diffusing characteristics of
the lung. Second, the index is positively correlated with
the metabolic rate; thus, since the measurement is usually
made at rest or during submaximal exercise, the index is
also submaximal and not a capacity. The term transfer
factor reflects this heterogeneity and is appropriate, but
the gas which is used and the locations between which
the transfer is measured should be specified. The term
commonly describes the rate of transfer of O, or CO
between the alveoli and the red cells in the alveolar capil-
laries. The units of transfer are quantity of substance per
unit time per unit pressure difference (or gradient) between
the two sites (e.g. mmol-min’-kPa'); these are the dimen-
sions of a conductance. The term diffusive conductance
has therefore been proposed but, whilst an improvement
on diffusing capacity, it still has some of its disadvantages.

1.3 Application of tests

The measurement of transfer factor (7)) usually consti-
tutes the second stage in the assessment of lung function

Table 1. — Interstitial lung diseases which are associated
with a reduced transfer factor. (Reproduced from [9] with
permission).

A Systemic diseases which can involve the lung

Sarcoidosis, beryllium disease

Disorders of connective tissue, including progressive sys-
temic sclerosis, rheumatoid arthritis, lupus erythe—
matosus, polyarteritis nodosa

Coeliac disease

Schistosomiasis (bilharzia)

Xanthomatoses, including eosinophilic granuloma

Disseminated tuberculosis, carcinomatosis, neurofibromatosis
and other conditions

Chronic interstitial oedema (from left ventricular failure,
hexamethonium, uraemia, efc.)

B Diseases which primarily involve the lung

Interstitial pneumonitis, including Hamman Rich syndrome
(diffuse fibrosing alveolitis)

Extrinsic allergic alveolitis, including farmer's lung, bird
handler's lung, suberosis, efc.

Nitrous fume exposure (e.g. silo-filler's lung)

Virus pneumonia

Drug sensitivity, e.g. to nitrofurantoin, bleomycin, busulphan

Chronic interstitial fibrosis, including cases of interstitial
pneumonitis, asbestosis, talcosis, hard metal disease,
acute silicosis, radiation fibrosis

Bronchiolar or alveolar cell carcinoma, lymphomatous
infiltrate

Alveolar proteinosis and micro-lithiasis, pulmonary muscu-
lar hyperplasia, leiomyomatosis and other conditions

after the performance of spirometry and measurement of
lung volume [4]. The transfer factor is used mainly for
the diagnosis and clinical management of persons with
suspected or confirmed disease of the parenchyma of the
lung, for example generalised emphysema, interstitial
fibrosis or extrinsic allergic alveolitis. In disseminated
emphysema. The transfer factor and K, (T;/V,) are re-
duced mainly because of destruction of alveolar capillary
membrane, reducing the surface available for gas ex-
change [5]. In the case of the transfer factor the redu-
ction can be offset by an increase in total lung capacity.
The transfer factor is normal or slightly reduced in the
presence of narrowing of lung airways (§ 6.8) and can
be increased in asthma, particularly when the latter is
associated with an increase in total lung capacity [6].
For the diagnosis of emphysema the transfer factor is
reported to be more informative than the lung compliance
[7] and as informative as CT scans [8]). The transfer
factor is reduced in almost all disorders of the lung
parenchyma including widespread granulomas, interstitial
exudates, inflammatory exudates, extensive pneumo-
coniosis and disseminated carcinomas. These categories
embrace a very large number of conditions (table 1); in
all of them the transfer factor can contribute to diagnosis
and be used for monitoring progress. An intrapulmonary
haemorrhage (e.g. Goodpasture's syndrome) can increase
the transfer factor for carbon monoxide (T} ) because
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the additional haemoglobin is usually accessible to and
combines with some carbon monoxide in the test gas
[10]. On this account T} ., , can contribute to diagnosis
and to monitoring progress. The measurement is used
in the investigation of pulmonary vascular disorders inclu-
ding pulmonary hypertension.

The interpretation of the result should take into account
the many additional factors which can influence the
transfer factor (§ 6). In an occupational context the most
relevant is smoking, whilst in a clinical context the most
relevant are the haemoglobin concentration, which may
need to be allowed for (§ 6.3), and the alveolar volume
(§ 6.8). The latter relationship can be exploited for the
diagnosis of interstitial fibrosis in the presence of diffuse
pleural thickening such as can occur as a result of ex-
posure to asbestos. In both conditions the transfer factor
is reduced, but whereas the K, is usually reduced when
there is asbestosis, it is increased when the inspiratory
capacity is reduced by diffuse pleural thickening without
much involvement of the lung parenchyma (§ 6.8). The
test can also form part of the assessment of respiratory
disability and can contribute to the indirect assessment of
exercise capacity [11, 12]. It is used for studying aspects
of respiratory physiology.

The measurement of transfer factor is usually made
in the lung function laboratory when it can be accom-
panied by a separate determination of total lung capacity;
for respiratory surveys the separate lung volume is usually
omitted (§ 5.4). The survey is likely to be of persons
exposed to asbestos [13, 14] or who may have extrinsic
allergic alveolitis, for example arable farm workers in
areas of high rain fall [15], mushroom growers [16], those
who handle birds [17] or are at risk from a contaminated
humidifier or epoxy resins [18, 19]. However, even for
these applications the test should usually be reserved for
subjects with respiratory symptoms.

2 Derivation of indices

21 Transfer factor and K,

The transfer factor is obtained from measurements of the
rate of uptake of the indicator gas (O, or CO) and the
transfer gradient, which is the partial pressure difference
for the indicator gas between the alveoli and the pulm-
onary capillary red cells (or plasma). Then:

T, = rate of gas uptake/transfer gradient (1)
e.g. for carbon monoxide

T, =g Ppco ~ Poco)” @

L
carbon monoxide -(mmol'min™) and P, is the partial

pressure of carbon monoxide in A (alveolar gas) and ¢
(pulmonary capillary red cells).

The transfer factor is positively correlated with the lung
volume at which the measurement is made and can be
represented as the product of the alveolar volume (V,, /

where T, is transfer factor, ”‘qo is the rate of uptake of

BTPS) and the transfer coefficient of the lung (K) for the
relevant gas. Thus, for carbon monoxide:

T,= VK, (mmol-min"kPa"') 3)
or

Koo = T;/V, (mmol-min’-kPa'./'1) 4

The transfer coefficient was introduced by Krogh as the
permeability constant of the lung in absolute units of
volume per volume per atmosphere per minute, but these
units are less convenient than those given above. In
addition the term permeability constant has the same limi-
tations as diffusing capacity.

%
-

22 Subdivisions of 1/7,

Carbon monoxide and nitric oxide combine rapidly with
haemoglobin, but the compounds so formed do not
readily dissociate. In these circumstances (unlike with
oxygen which dissociates freely) the transfer factor can
be partitioned into two component conductances, of which
one reflects the diffusion characteristics of the alveolar
capillary membrane and the other the overall reaction
of the test gas with haemoglobin. The latter can be
represented as the product of the chemical reaction rate
in suitable units and the volume of blood in the alveolar
capillaries. The reciprocals of these quantities can be
considered as resistances in series. Hence:

T, = 1D, + 1/(8-Q) ®)

where 7}, D and Q, are respectively the transfer factor,
the diffusing capacity of the alveolar capillary membrane
and the volume of pulmonary blood with which exchange
of gas takes place; 0 is the reaction rate for the test gas
with haemoglobin. The reaction rate for carbon mono-
xide (6) is negatively correlated with the prevailing
oxygen partial pressure. This feature was used by
RoucHToN and Forster [20] as a basis for measuring D
and Q_. Transfer factor is measured at two levels of
alveolar oxygen tension (usually approximately 15 and 80
kPa) each of which has its own value for 0; these values
and those for 7| at each oxygen tension are substituted
in eq. S, Le.: :

T, = 1D, + 1/®,Q) ©®
/T, = 1ID,, + 1/6,0,) @)

These equations are then solved for D and Q. The
method has the advantage of relative simplicity but
the disadvantage that the functional dimensions of the
lungs as they affect gas exchange are assumed not to
change between breathholding with air and with 80-85%
oxygen; this assumption could be incorrect in patients
with uneven lung function. Alternatively the partition-
ing can be done by measuring the transfer factors for car-
bon monoxide and nitric oxide concurrently. The method
again yields two simultaneous equations but this time the
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variables are on the one hand 7| ., and T, , and on the
other 6., and 0, [21]. Both methods depend on the
values used for the reaction rates being reasonably ac-
curate: this may not be the case at present [22]. How-
ever, despite these problems the measurement of D_ and
Q, has illuminated factors which contribute to the tran-
sfer factor in a number of circumstances [§ 6]. It has
also provided a valid method for standardising the transfer
factor for haemoglobin concentration which would other-
wise affect the result when the concentration is abnormal

(§ 6.3).
3 The indices

31 Transfer factor (7))

e

3.1.1 TL,CO ; single breathholding method [23]

The subject inhales and holds in the lung for a minimum
of 8-10 s a nearly vital capacity breath of test gas which
includes carbon monoxide in low concentration, and
helium or other inert gas not normally present in the
body. During the subsequent exhalation, a sample of
alveolar gas is obtained and analysed for both gases. The
concentration of the helium is lower than that inspired
by an amount which reflects the dilution of the test gas
into that already present in the lung. The same dilution
factor is applied to the carbon monoxide in the test gas
in order to obtain the initial alveolar concentration: the
final alveolar concentration is that in the alveolar sample.
The two concentrations together with the time of breath-
holding and the alveolar volume during breathholding
are used for the calculation of the transfer factor. The
method of calculation, including the derivation of alveolar
volume, is given in § 5. The result is usually considered
to reflect the gas exchanging characteristics of the lung
parenchyma; however, it is affected by uneven distribu-
tion of lung function when the alveolar volume is used.
T} co« 18 measured in most lung function laboratories
and 1s recommended. It can be adapted for use with sub-
jects who are HIV positive. In one laboratory this is
done by incorporating a bacterial filter in the mouthpiece
and using 2% glutaraldehyde to sterilise the apparatus

[24].

3.1.2 TL,@Q o> Single expiration method (25]

This index is a variant of that obtained by the breath-
holding method which is described above. The alveolar
concentrations of carbon monoxide are obtained during
a single expiration by use of a rapid analyser for carbon
monoxide. The method avoids difficulties associated with
defining the initial alveolar concentration of carbon mo-
noxide, deciding on the volume and position of sampling,
and making allowance for the times of inspiration and
sample collection. However, the result is influenced by
the previous volume history of the lung. In addition, the
equipment is expensive and the method presents technical
difficulties which have still to be investigated system-
atically.

313 T, .o rebreathing method (26, 27]

The index is obtained from measurements made during
a period of rebreathing from a bag. The rebreathing pro-
motes mixing of gas. This minimises the effects of un-
even distribution of lung function compared with the
breathholding method. The test can be adapted for use
at the bedside but some patients find the rebreathing un-
comfortable; the calculation can be tedious and the results
are not interchangeable with those by the breathholding
method. The method is not recommended for routine
use.

3.1.4 T ., Steady state method [28]

The calculation is that given in equation 2. The uptake
of cartion monoxide is obtained under steady state con-
ditions from measurements of ventilation minute volume
and the concentrations of carbon monoxide in the inspired
and the mixed expired gas. The partial pressure of car-
bon monoxide in the alveolar gas is obtained either by
analysis of end tidal gas for carbon monoxide or by cal-
culation from the pressure in the mixed expired gas and
the deadspace to tidal volume ratio measured for carbon
dioxide. The latter is obtained from the CO, tensions in
the mixed expired gas and either the end tidal gas [28]
or the arterial blood [29] or the mixed venous blood mea-
sured indirectly [30].

The index provides an overall measure of lung func-
tion, including uneven distribution as well as gas transfer.
It is more reproducible when measured on exercise than
at rest, but even so may yield falsely high as well as
falsely low results. The uptake of CO under steady state
conditions can also be expressed in terms of the inspired
and mixed expired gas concentrations as the fractional
CO uptake. This index usually reflects the steady state
transfer factor, but is more susceptible to changes in min-
ute ventilation. The method is mainly used in circum-
stances when the subject cannot perform the single
breathholding method satisfactorily.

3.1.5 T, Riley-Lilienthal method [31)

The index is obtained from the uptake of oxygen and the
mean tensions of oxygen in the alveolar gas and the
pulmonary capillary blood. A trial and error procedure
is used to partition the alveolar-arterial oxygen tension
difference into two components which reflect respectively
unevenlung function and imperfect gas transfer. This
requires arterial cannulation or ear oximetry [32], exercise
and breathing a low oxygen mixture. The method is
demanding and embraces simplifying assumptions which
re not strictly correct. However, the result is both more
stable and more meaningful than the complexity of the
procedure would suggest. The method is of historic im-
portance but of limited applicability.

316 T, o) VWQ' method [33]

This method, which was introduced by West, Wagner
and colleagues, resembles the previous one in partition-
ing the alveolar-arterial oxygen tension difference into
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two components. Here it is done by estimating the com-
ponent due to uneven lung function from the distribution
of ventilation-perfusion ratios throughout the lung. The
distribution is assessed using the multiple inert gas
elimination technique [34]. The method is technically
demanding but has the merit that it can be applied during
moderately heavy exercise.

3.1.7 Tl‘_m; single breath method [35]
At present, this is a research method, but it may have
clinical application.

3.2 Transfer coefficient (K_,)

The index is derived using equation 4 and expressed in
mmol-min-kPa'-['!. It is negatively correlated with the
lung volume at which the measurement is made and 1s
therefore neither a constant nor interchangeable with the
transfer factor. In addition the relationship is non-linear.
The association between K, and lung volume can lead
to difficulty in interpretation, particularly during childhood
and adolescence, in non-Caucasians (§ 6.9) and in
patients in whom the total lung capacity is reduced.
However, in the latter circumstance the K, can contri-
bute additional information, for example in the diagnosis
of patients with a history. of exposure to asbestos who
have either or both diffuse pleural thickening and diffuse
pulmonary fibrosis (§ 6.8, [36]). The transfer coefficient
is also referred to as TL,'V , or as Krogh factor; use of
the latter term should be limited to circumstances when
the result is in absolute units (§ 2 above).

3.3  Subdivisions of HTI..,CO

3.3.1 Diffusing capacity of the alveolar capillary
membrane (D)

D is nearly proportional to the lung volume and reflects
the area and thickness of the alveolar capillary membrane.
The numerical value is very dependent on the value
chosen for 6 (§ 2.2). Any mathematical treatment of the
index should be performed using the reciprocal form in
which the index is derived (i.e. l;’Dm, equation 7). The
index appears to contribute more to models of the
function of the lung than to clinical practice.

3.3.2 Volume of blood in the alveolar capillaries (Q )
Q. is negatively correlated with the lung volume and is
affected by any condition which leads to redistribution
of the blood volume within the body. Like D_, this in-
dex should be analysed mathematically in the reciprocal
form (i.e. 1/Q.). Its main usefulness is in pulmonary
embolism, mitral stenosis and other conditions of the pul-
monary circulation.

3.3.3 Reaction rate of carbon monoxide with oxyhae-
moglobin (8).

The derivation of D_ and Q, depends on knowing the

relationship of © to the prevailing partial pressure of

oxygen, also the partition coefficient between the mem-
brane and the interior of the erythrocyte. Information on
both aspects is incomplete [22].

4 T\ cow: Conditions of measurement

The volume of blood in the lung capillaries is affected
by anything which influences the distribution of blood
volume throughout the body, including cardiac output
(hence recent or present activity), time with respect to
meals, posture, state of cutaneous vasomotor tone (hence
ambient and deep body temperature), alveolar pressure,
etc. The diffusing capacity of the alveolar capillary mem-
brane is affected by the lung volume during the measure-
ment and 0 is affected by the tension of oxygen in the
alveolar capillari%._ The diffusion gradient is affected by
carbon monoxide which is present in the blood (§ 6.1).
The conditions of the measurement of T, ., should be
standardized with respect to all these variables. Thus the
result should ideally be obtained in the middle of the
moming or afternoon (i.e. 2-4 h after a light meal) with
the subject in a relaxed but upright seated posture which
has been maintained for 10 min. The subject should
remain seated between tests. He or she should preferably
not have smoked on the day. The ambient temperature
should be in the range 16-23°C. The subject should not
have breathed oxygen (e.g. for measurement of the single
breath nitrogen index) immediately before the test pro-
cedure.

5 Measurement of T CO.sb and sub-
divisions by breathholding method

5.1 Procedure

An outline of the method is given in § 3.1. In more
detail, the seated subject, who is fitted with a noseclip,
first exhales to residual volume and subsequently inhales
a vital capacity breath of a He-CO mixture. After breath-
holding at total lung capacity (§ 5.3), the subject exhales
again and the expired volume is divided into an initial
dead space washout and an alveolar sample. The latter
portion is collected in a bag which has been previously
evacuated. The alveolar sample is led through absorbers
for water vapour and CO,, to the CO and He analysers
on line with a flow meter and a pump. The analysers
have been previously adjusted to give a zero reading on
room air at atmospheric pressure, and the bag is emptied
through the system at a rate of about 0.5 -min’! until the
analyser gives a stable reading, which is finally made at
zero flow,

52  Gas analysis

5.2.1 General aspects

The inspired gas mixture is usually carbon monoxide
in the fractional concentration of 0.003 (i.e. F;., =
0.003), helium in the concentration range 0.02 to 0.14,
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depending on the characteristics of the analyser, oxygen
(Fi o, = 0.17) with the remainder nitrogen including the
rare gases (§ 6.2). The requisite concentrations of oxygen
and nitrogen can sometimes be achieved at minimal cost
by appropriate dilution with air or a gas mixture contain-
ing carbon monoxide in helium. Lower concentrations of
carbon monoxide and other inert gases (e.g. neon) may
also be employed. Carbon monoxide is usually analysed
by an infrared absorption method, helium by its thermal
conductivity (katharometer) and oxygen by a paramagne-
tic analyser. The latter is only required if it is intended
to measure D_ and Q. Gas chromatography and, for the
analysis of oxygen and the inert gas, mass spectrometry
can also be used.

The accuracy of the gas analysis should be to 1% of
the initial concentration. The response time of the instru-
ments is not important. In the case of carbon monoxide
and helium, error may occur due to the interfering effects
of oxygen, carbon dioxide, water vapour or other gases
(for example C,H, or N,O used for concurrent measure-
ment of cardiac output). These gases can be absorbed
prior to passage of the gas sample through the helium
and carbon monoxide analysers. Both gases are thereby
concentrated to the same extent so their ratio, which is
used in the calculation of 7, (equation 8) is unaffected
and no correction is required. It is however needed when
the helium concentration is used in the calculation of
effective alveolar volume (equation 9). Alternatively, the
analysis may be performed by mass spectrometry or gas
chromatography.

522 Calibration of analysers

Helium. The linearity of the helium analyser and volume
of the deadspace of the closed circuit spirometer can be
assessed by serial dilution of a mixture of helium in air
contained in the spirometer. The analyser is zeroed on
room air. The closed circuit is filled with the inspirate
gas mixture, the bell is depressed and the initial heliom
concentration is noted. Air from a cylinder is added to
the spirometer in half of one litre steps and each new
helium concentration is noted. The reciprocal of the
helium concentration is plotted against the volume added,;
the relationship should be linear [9]. A curvilinear rela-
tionship is evidence that the helium analyser is alinear.
Carbon monoxide. The linearity of the carbon monoxide
analyser can be checked using a helium analyser which
has been shown to be linear. The analyser under test
is zeroed on room air which is passed through the instru-
ment at the recommended flow (usually 0.5 /min™). The
inspiratory bag is filled with the transfer factor test
mixture and this is similarly analysed for carbon mon-
oxide and helium. The analyses are repeated after suc-
cessive dilutions of the inspirate with air from a cylinder;
the concentrations of helium and carbon monoxide
(expressed as ratios of their respective initial values) are
plotted against one another. The relationship should be
linear.

Oxygen. The linearity of the oxygen analyser can be
checked with "white-spot" nitrogen which is used both to
confirm the zero point and to dilute the transfer test gas

Volume - —=y  stepwise
X inspiration or
expiration

+/ too slow
,inspiration

’

1
inspiration not
from residual volume .

Time
Fig. 1. — Some faults which should lead to the measurement being
rejected on technical grounds. (From [9], with permission).

mixture prior to the analysis of helium; the procedure is

#similar to that for carbon monoxide which is described
above. The helium meter is slightly sensitive to oxygen,
which is normally compensated for by using an appropri-
ate electrical circuit. The adequacy of the compensation
can be checked using helium in air and in oxygen.

53 The breathholding manoeuvre

The inspiration of test gas should start from the residual
volume and continue to within 5%, or at the most 10%,
of total lung capacity. The duration of inspiration should
preferably be less than 2.5 s but up to 4.0 s is acceptable
[37]. The volume of sample should be in the range 0.6—
0.9 /, and the time of sample collection should not
exceed 3 s. Some unacceptable features which should lead
to the manoeuvre being repeated are shown in figure 1.
The intrapulmonary pressure during breathholding should
be at or near to atmospheric pressure.

The beginning and end of inspiration can be defined
either visually or by extrapolating the central linear part
of the inspired volume-time curve (fig. 1) [38]. The time
of breathholding should take into account inspiration and
expiration, including the time when the gas sample for
analysis is being collected [39]. This can be done empi-
rically. The effective duration of breathholding is normally
taken to include two-thirds of the time of inspiration and
the time of expiration up to half-way through the period
of sample collection [40]. The alternative of taking the
time from the start of inspiration to the beginning of
sample collection [41] is widely used [37], but it can
yield an artificially low time and hence an unduly high
transfer factor in patients with airflow limitation [42]. A
spirogram of the breathholding manoeuvre is shown
in fig. 2. Conventions which underestimate the effective
time of inspiration and make no allowance for the time
of sample collection [43, 44] should not be used.

54 The alveolar volume

The lung volume during breathholding can be obtained
in one of two ways. The first entails adding to the
inspired volume of test gas the residual volume measured
by the closed circuit helium dilution method. Both gas



TRANSFER FACTOR 47

Table 2. — Reproducibility of single measurements of
transfer factor by single breath method.

T st Vaett Keo
Initial value! 14.0 7.61 1.82

Within sessions (2nd determination compared with first)

trend (%) -2.68 -0.6 -2.1

v (%) 4.4 3.0 4.2
During day (afternoon compared with morning)

trend (%) -2.08 1.4% -3.5

v (%) 5.1 3.5 5.1

During week (Friday compared with Tuesday)
trend (%) 3.9% 3.58 0.2
v (%) a5 3.6 8.7

10 healthy young adult male nonsmokers assessed in duplicate 4

times daily on 4 days [47]; v: coefficient of variation.
1 mmol-min"!-kPa™! and per litre; ¥ p < 0.05.

volumes should be expressed at BTPS bearing in mind
that the humidity of the test inspirate may initially be
zero. The alveolar volume so measured is designated V.
The residual volume can also be measured by whole body
plethysmography. An account of these methods is given
in {45]. Alternatively, the effective alveolar volume can
be measured by the dilution in the lung of the helium
present in the initial breath of test gas [46). When this
is done, allowance should be made for the effects upon
the helium concentration of the deadspace of the equip-
ment used for collecting the sample of alveolar gas and
for the carbon dioxide which is absorbed prior to analysis.
The estimated anatomical deadspace (§ 5.5) plus the dead-
space of the apparatus should be subtracted from the in-
spired gas volume before the latter is multiplied by the
ratio of the inspired to corrected alveolar helium concen-
trations to obtain the effective alveolar volume (VA‘eﬂ.)'
The calculation is given in § 5.5 below. In most circum-
stances either V, or V, . can be used. However, for pa-
tients with airflow limitation the use of V, g can yield
relatively low values for the transfer factor 7| .. If the
flow limitation is reversible the values can sometimes be
increased to approach those of 7, by making the measure-
ment after administration of a bronchodilator drug [42]
(§ 6.8). The lung volume which is used should be
indicated.

5.5 Calculation

The transfer factor is routinely calculated using a simpli-
fied relationship: this incorporates the exponential decline
during breathholding of the alveolar carbon monoxide
concentration and the derivation of the latter at time zero
from the inspired concentration of CO and the helium
concentrations which are given above. The tension of
carbon monoxide in the pulmonary capillary blood (equa-
tion 2) is assumed to be zero. Then:

T,

LCOsb

= bV, rllog,y (FiooFauFaco Fine) @
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Fig. 2. — Spirogram illustrating the procedure for determining the

transfer factoy.for the lung by the single breath (breathholding) method.
The subject breathes out.to residual volume, inhales a vital capacity
breath of the test gas, holds the breath for 8 s, then exhales slowly;

" after the exhalation of 0.75 [ (range 0.7-1.0 [} a sample of 0.5 or

1.0 I of alveolar gas is collected for analysis. (From [9], with per-
misson).

where t is time of breathholding in seconds, F, is alveolar
concentration (of helium and carbon monoxide) and the
other terms are as defined above. The coefficient b is
dictated by the dimensions of the component terms, in-
cluding the use for convenience of decimal logarithms.
Assuming a normal barometric pressure, b in SI units has
the value 53.6, and in traditional units 160. Its derivation
is given elsewhere [9]. V, is alveolar volume (/ BTPS);
it is measured in one of the ways given in § 5.4.

‘When effective alveolar volume is used it is calculated
as follows:

Vet = KV - Voo - VO 'FIF, ©)

where V| = inhaled volume, V|, == anatomic deadspace,
V,, = instrumental dead space, ﬁ: = helium concentration
in inspired gas, and F, = helium concentration in the
expired sample; it is corrected for contamination by air
in the deadspace of the bag (Vppee) by multiplying the
actually measured helium concentration in the bag by (V,
+V, g),;"1./3, where Vs is the volume of expired alveolar
samplt;. K = factor to account for a change in F, due to
absorption of carbon dioxide prior to the analysis (§ 5.1);
it is usually assumed to be 1.05. Anatomic or series
deadspace is usually taken to be either 150 ml [37] or
2.2 times body weight (kg) [9].

5.6 Reproducibility

The coefficient of variation of a single measurement of
transfer factor, including within day and between day
variation, is approximately 5%. The coefficients of varia-
tion of the component variables (alveolar volume and
K,) are respectively approximately 3.5% and 5.5% (table

2).

The better reproducibility of the transfer factor com-
pared with its components is due to their being negatively
correlated (§ 6.8). The result which is reported should
be the mean of two determinations which meet the crit-
eria for acceptability and which agree to within 10%. The
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higher value should not be used because the cause of the
variation is more likely to be technical than physiological.
In this 7, differs from the indices of forced expiratory
flow discussed in [45]. The interval between the measure-
ments should have been at least 4 min (see also § 6.4).
The coefficients of variation of 1/D_ and 1/Q_ are approx-
imately 10% [48].

6 Factors to be allowed for when calcu-
lating and interpreting the result

6.1 Back tension of CO

6.1.1  In mixed venous blood h

ph
In heavy smokers and persons with a high occupational
exposure to carbon monoxide, failure to allow for the CO
back tension in mixed venous blood can lead to erron-
eously low values for 7 and its components. The error
is avoided by using in equation 2 the mixed venous
partial pressure and not the partial pressure in the pul-
monary capillary blood, the P . It is also inserted into
equation 8, where it is subtracted from the CO concen-
trations in both the numerator and the denominator of the
term within the bracket. The CO back pressure is
obtained by analysis of end tidal gas or peripheral venous
blood. Measurement of alveolar carbon monoxide partial
pressure is usually made after holding the breath for 20
s [49]. The sensitivity of the method is increased by
flushing the lungs with oxygen and then either holding
the breath for as long as possible or rebreathing for 4 min
via a CO, absorber from a bag containing 4 / of oxygen.
An appropriate allowance should be made for the co-
existing partial pressure of oxygen [9].

6.1.2  In pulmonary capillary blood

A transient back pressure of carbon monoxide in pulm-
onary capillary blood can artificially reduce the transfer
factor in circumstances when the inspired concentration
of carbon monoxide exceeds about 0.5%. Thus the test
concentration should not exceed 0.3%; lower concen-
trations are acceptable provided appropriate allowance is
made for the back pressure in mixed venous blood.

6.2 Alveolar oxygen partial pressure

The partial pressure of oxygen in the red cells contrib-
utes to the reaction rate of carbon monoxide with oxy-
haemoglobin and hence influences the transfer factor
(equation 7).

The capillary oxygen partial pressure is determined
mainly by that in the alveolar gas (P, »,), so this quan-
tity should either be standardized at or near its normal
level (14.5 kPa), or a correction made. A nearly con-
stant oxygen pressure independent of the volume inspired
is achieved by using a test gas mixture containing
approximately 17-18% oxygen. A higher concentration

(e.g. 21%) is not recommended because the P‘,‘.02 then
varies with the volume of test gas which is inspired.
Correction to a standard PA. is done via measurement
of D and Q_ (equation 7), or arithmetically, for which
purpose it is convenient to assume a value for D /O,
[50]. The validity of the arithmetic correction for mea-
surements made at altitude requires confirmation.

6.3 Haemoglobin concentration

An allowance should be made in circumstances when the
concentration is outside the normal range. When D and
Q. are known the correction is made using a version of
equation 6:

e

g’
1T, = 1D, + 1/8"¢,, Q) ©)

where @' is the reaction rate at the average normal
haemoglobin concentration (146 g-I'') and Cyp 18 the
haemoglobin concentration as a fraction of normal. The
units of the other variables are given above.

When the ratio D_/Q_ is known or may be assumed, the
correction is as follows:

Ty, =T, @+ 8. )@+ 0)c,]  (10)

where T,  is the transfer factor at the subject’s own
haemoglobin concentration, 8, is the reaction rate at an
oxygen pressure of 14.7 kPa (110 mmHg) and haemo-
globin concentration of 146 g-I'' (9 mmol/! of haemo-
globin monomer), ¢, is defined above and a is the ratio
D_/Q_; values for this quantity in SI units (mmol, min
and kPa) of 230, and in traditional units (ml, min and
mmHg) of 0.7, have been found to be satisfactory [50,
51].

6.4 Age, stature and body muscle

The transfer factor is correlated positively with stature and
with indices of body muscle (e.g. fat free mass divided
by stature?) [52]; in adults it is comelated negatively with
age. K., is negatively correlated with age. Due to
changes associated with lung volume (§ 6.6.8) K, is
negatively correlated with stature [53].

6.5 Habitual activity during adolescence

Subjects having a high capacity for exercise or large lungs
(including some asthmatics) often have a high transfer
factor and K, [54, 55].

6.6 Smoking

Smoking raises the back tension of carbon monoxide in
the blood (§ 6.1). After allowing for back tension, smok-
ing reduces the transfer factor both acutely [56] and in
the long term [57]. The acute change, because it is



TRANSFER FACTOR 49

reversible, may be due to an effect on Q. The chronic
change is due in part to smoking contributing to the
development of emphysema. However, the long term
effect of smoking is already apparent in early adult life,
though the respective contributions of the initial levels
before taking up smoking, the age at which the transfer
factor starts to decline, and the rate of decline thereafter,
are incompletely understood [58]. The overall reduction
in transfer factor due to smoking was reported in one
series as being on average 1.8 SI units and 1.2 SI units
in males and fermales respectively; intermediate levels
were observed in ex-smokers [52].

6.7 Posture and other factors
(see § 4)

6.8 Lung volume

Expansion of the lung leads to attenuation of the alveolar
capillary membrane, flattening of alveolar capillaries and
an increase in diameter of "corner vessels" between al-
veoli. As a result the transfer factor and D _ increase with
lung volume, but K, and O, diminish [56, 60].

The converse effects of lung volume on 7} and K,
can contribute to the interpretation of an abnormal result.
Examples include a patient with an increased total lung
capacity which might be due to emphysema or to asthma,
and a patient with a reduced total lung capacity which
might be due mainly to pleural thickening or to asbestosis
(§ 1.3). In the former case the transfer factor and in the
latter case the K, can contribute relatively more to the
diagnosis than the other variables in isolation [9]. The
method of estimating lung volume is not critically
important, except in the presence of airway obstruction.
This impairs lung mixing which in turn reduces V,
relative to V,; the resulting value for transfer factor (T} )
is then reduced relative to 7, [60, 61]. In patients with
airflow obstruction the neglect of this source of error can
lead to the diagnosis of a transfer defect where none
exists. The error is minimised by using V,, and in pa-
tients in whom the FEV| is significantly reduced this is
recommended for routine measurements. Alternatively if
Vo 18 used the patient can be fully bronchodilated prior
to the measurement (§ 5.4). V,, . is recommended for oc-
cupational surveys when the proportion of subjects with
material airflow obstruction is likely to be small.

6.9 Ethnic group

Ethnic group is often confounded with other factors which
can affect the transfer factor. After these have been al-
lowed for, the ethnic component of the transfer factor is
small [54] and for clinical purposes unimportant. How-
ever, the total lung capacity relative to stature of many
persons of African and Asian origin is small compared
with Caucasians [64] and on this account the K., (T;/
V,) is increased [9].

Table 3. — Summary equations for total lung capacity and
transfer factor for adults age 25-70 yr. The upper and lower
percentiles are obtained by adding or subtracting the figure
in the last column from the predicted mean.

Index Regression equation 1.64-RSD
Men

Tmelsh‘ 11.11-H - 0.066-A - 6.03 2.32

TLC () 7.99-H - 7.08 135
Women

TL,CO.sh' 8.18:H -0.049-A - 2.74 1.92

TLC () 6.60-H-5.79 0.99

¥ mmol-min-!-kPa!; H: standing height (m); A: age (yr); RSD:
residual standard deviation. Between 18 and 25 yr: substitute 25
yr in the &quaﬁons. Reference values for K., can be obtained
using a version of ehu_ation 4 (K., =T,/TLC) [62, 63].

7 Reference values

Reference values should ideally take into account gender,
ethnic group and all the variables listed in the preceding
section. In practice many of the variables are allowed
for in the ways indicated in the text; the contribution of
ethnic group is small (§ 6.9) and the reference values are
usually reported only with respect to age, stature and
gender. Recommended reference values for Caucasian
males and females are given in table 3. Those for 7
derive from studies carried out with equipment and tech-
niques which seemed to be compatible with the recom-
mended standards, and in which results were given for
healthy nonsmokers. The equations are a summary of
the mean from the literature; a detailed account of how
they were derived has been given in the previous ECSC
recommendations [64]. The corresponding values for K,
were incompatible. In order to retain comparability with
the other reference values K, should be calculated from
T, and TLC (table 3). The original material comprised
only subjects of European descent aged 18-70 yr; the
height range was 1.45-1.80 m in women, and 1.55-1.95
m in men. The validity of the equations in table 3 is
therefore in principle limited to that range. Between age
18-25 yr and age of 25 yr should be entered in the
various equations, as cross-sectionally there is no change
in that age range in nonsmokers. The upper 95 per cent
or lower 5 per cent limit of predicted normal is obtained
by adding or subtracting 1.64-RSD from the predicted
mean. This is the preferred method of delineating a
reference limit [64], rather than percent predicted, which
is age dependent.

8 Specification of equipment

Gas analysis (see also § 5.2).
The analysers should be checked for linearity by a serial
dilution -method, and for accuracy using a standard gas
mixture.
Carbon monoxide

Infrared gas analyser: fractional concentration range
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0-0.003, accuracy * 1%. Alinearity of the analyser due
to deterioration in the detector is a common problem
in the measurements of 7, [65].

Helium

Katharometer: fractional concentration range 0-0.1,

accuracy + 1%. Allowance may need to be made for

the coexisting concentration of oxygen if this differs
between the inspired and expired gas samples; in prac-
tice the effect is small except when the measurement
is made at a high oxygen concentration.

Oxygen

Paramagnetic analyser: fractional concentration range

0-1.0, accuracy + 1%. A zero error due to misalign-

ment of the detector is a common problem [65].
Response time

The response time of the analysers, should preferably

not exceed 30 s. p:
Automatic apparatus should meet the standards for vol-
ume, time and analytical accuracy which have been
recommended.

The dead spaces of the inspirate and sample gas should
be flushed with air and then emptied by suction prior to
use. The analysers should be so arranged that the con-
tents of both the inspiratory bag and the sample bag are
analysed on each occasion. The deadspace of the valve
box and mouth piece should be less than 0.1 / and the
resistance to airflow at a flow of 6 I's? less than 0.15
kPa-I''-s [37]. The system for detecting the stages in the
breathholding manoeuvre should be independent of flow.
The convention for calculating the breathholding time
should be appropriate [39, 40, 42, 43], and the algorithm
for calculating the results should make provision for V,
as well as V, . and for the inclusion, when appropriate,
of the mixed venous carbon monoxide tension. Not all
apparatus in current use meet these criteria. The defects
can give rise to systematic errors or bias in the presence
of airflow obstruction.

9 Future research

Future research is required on a number of topics which
are listed below.

9.1 Improvements in methodology

There is need for (a) a compact apparatus suitable for
occupational surveys; (b) a rapid analyser for carbon mon-
oxide (accuracy 2%), response time 0.25 s, which is also
capable of analysing oxygen; (c) a new arithmetic model
for describing T, independent of lung volume, to replace

Keo TLV,) (f § 32)

9.2 Inter-laboratory differences

Several studies have demonstrated material differences in
the measurements of the transfer factor between laborato-
ries. There is now an urgent need for operational research
with a view to improving the standards of measurement.

9.3 Additional reference values

There is need for additional reference values for ado-
lescents, women and old people. They should take into
account age, stature, body muscle, smoking and habitual
activity. The usefulness of the increase in transfer factor
between rest and exercise for detecting early lung disease
[66] also merits further investigation.

10  Summary of recommendations

Which indices?

Transfer\factor should normally be measured by the single
breathhelding n@hod using carbon monoxide as the
principal test gas “thence T) ). The result should be
reported for the whole lung. The effect of smoking should
be taken into account (see conditions below). If the blood
haemoglobin is abnormal, T; should be reported at
a standard haemoglobin concentration (146 g-/'! and 136
gl respectively for men and women). V, should be re-
ported at the same time ([ BTPS).

The test gas mixture

The test inspirate should contain carbon monoxide in the
fractional concentration 0.001-0.003, an inert tracer gas
(which is usually helium), and oxygen in the fractional
concentration 0.17-0.18. The gas analysers should be lin-
ear and accurate to 1% of the initial concentrations. Both
the test inspirate and the alveolar sample should be anal-
ysed. The apparatus should conform to the specification
given in § 8.

Conditions

The subject should normally be rested and in a post
absorptive state, Preferably there should have been no
material exposure to carbon monoxide, for example from
tobacco smoke or welding fumes on the day of the test.
Where this is not the case the CO back pressure should
be allowed for (e.g. in heavy smokers or when it is pro-
posed to make more than 5 determinations of 7, in a
single session).

Procedure

The test inspiration should start from residual volume and
be completed within 4 s. The volume inspired should be
within 10% of the inspiratory vital capacity. The breath-
holding time should be 10 * 2 s. The volume of wash-
out prior to sample collection should be 0.75 I, range
0.7-1.0 [, and the sample volume 0.5-1.0 [. Prior to
sample collection the bag should have been flushed with
air and then evacuated.

Calculation

The alveolar volume can comprise either the volume
inspired plus the residual volume measured independently
or the effective alveolar volume. When the latter is used

-.l_.—_ S
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in patients with reversible airflow obstruction a broncho-
dilator aerosol should preferably have been administered
prior to the test. The effective time of breathholding
should be taken to include two thirds of the time of
inspiration and the time of expiration up to half way
through the period of sample collection [40]. For this
purpose the limits of inspiration can be defined visually
or by extrapolating the middle linear part of the inspi-
ratory limb of the spirogram. The back tension of carbon
monoxide in the mixed venous blood should be assumed
to be zero except when there has been a material ex-
posure to carbon monoxide on the day of the test. An
allowance for P, ., . should be made in regular heavy
smokers and others who have smoked a cigarette within
an hour of the test. The alveolar oxygen tension should
be taken into account in measurements which are made
at high altitude. The allowance for an abnormal haefno-
globin concentration should be based on the relatlonshlp
of Roughton and Forster (§ 6.3).

Reference values
Reference values should be based on age, stature and

gender. Normally the results for nonsmokers will be
used.
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