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A simultaneous single breath measurement of pulmonary diffusing capacity with 
nitric oxide and carbon monoxide. C.D.R. Borland, T.W. Higenbottam. 
ABSTRACT: Pulmonary diffusing capacity {DL) for carbon monoxide {CO) 
and nltrlc oxide (NO) were simultaneously measured Jn man using the 
single breath method, by adding 40 ppm or NO to the inspired gas and 
analysing the explrate for NO by a chemlluminescent method. The mean 
ratio of DLNO to DLCO In thirteen subjects was 4.3 (so 0.3), mean DLNO= 
49 mmol·min·1·kPa·1 {SD 10) and mean DLco=ll mmol·mln·l.kPa·1 {so 2). 
An Increase In alveolar oxygen concentration from a mean of 18 to 68% 
in five subjects was associated with a 54% faU In DLCO but no change in 
DLNO. A reduction of lung volume from total lung capacity (TLC) (mean 
of 7 l) to a mean volume of 3.9 l Jn five subjects caused a fall in both 
DLNO {by 34%) and DLco {by 8%). With 175 watts cycle exercise in three 
subjects the DLco r~e by 45% and DLNO by 25%. Since NO reacts 
mucb faster with haemoglobin than CO, DLNO should be influenced mucb 
less by reaction with haemoglobin, and perhaps represents a better index 
for the diffusing capacity of the alveolar-capiUary membrane {Dm) than 
DLco. 
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Pulmonary diffusing capacity measured by carbon 
monoxide DLCo [1) reflects both diffusion, and the 
rate of combination of CO with haemoglobin (Hb) [2, 
3], Nitric oxide (NO) combines with dissolved reduced 
haemoglobin in vitro 400 times faster than CO [4]. The 
rate of reaction of NO with oxyhaemoglobin is of a 
similar magnitude [5]. The dissociation of NO from 
HbNO is slower than for CO from HbCO [4, 6]. 
RouGmoN and FoRsTER (3] considered the pulmonary 
diffusing capacity for carbon monoxide as composed 
of two components. An "extra-erythrocyte" step, Dm, 
consisting of transfer of gas from the alveolus to the 
red cell and an "intra-erythrocyte" step, the process of 
entry into the red cell and combination with 
oxyhaemoglobin, eve. Theoretically a gas like NO with 
a rapid rate of combination with haemoglobin could 
offer a means of measuring the "extra-erythrocyte" gas 
transfer, DmNo. 

In concentrations of 1000 ppm NO is toxic, and 
reduces the oxygen carrying capacity of blood by the 
formation of methaemoglobin [7]. NO is oxidized in 
air to nitrogen dioxide (NOJ which is more soluble 
in water and is a reactive "oxidant" which can injure 
lung tissue [7]. However, the rate of oxidation of NO 
is proportional to the square of its concentration and 
proportional to the oxygen concentration [8]. A concen
tration of NO of 40 ppm avoids di.rect toxicity [7, 9] 

and significant oxidation to N02 within the duration of 
the test [8]. As additional evidence of low acute toxic
ity, a single "puff' of cigarette smoke contains a ten
fold higher concentration of NO than 40 ppm [10]. 
Furthermore, evidence is accumulating that NO may 
be a naturally occuring substance and it has been 
suggested that endothelium-derived relaxing factor is 
NO [11]. 

We report a study using a conventional single breath 
method to simultaneously measure Dtco and DLNo 
using an inspired gas concentration of NO of 40 ppm. 
We have also studied the relative effects on DLCo and 
DLNO of increased alveolar oxygen concentration, 
changes in lung volume and exercise. 

Methods 

The NO analyser 

A chemiluminescent analyser [12, 13] was used 
(Chemlab Ltd, Homchurch, Essex, U.K.). This tech
nique is the standard physical reference method for 
measurement of low concentrations of nitrogen oxides 
both in polluted atmospheres [14] and in cigarette 
smoke [15]. Within the analyser, ozone is used to 
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oxidize NO to N02 in an "excited" form, yielding pho
tons of light which are detected and quantified via a 
photomultiplier. The instrument can detect concentra
tions of NO between 1-1000 ppm. We tested our 
instrument for linearity, signal-to-noise ratio, reproduci
bility and response time. We also tested for interfer
ence from N02, N,P. NO and C02 [16]. The instrument 
was calibrated daily using a certified concentration of 
NO in nitrogen of 53 ppm. 

Measurement of diffusing capacity 

Standard single breath gas transfer equipment (Trans
fertest, P.K. Morgan, Chatham, Kent, U.K.), which has 
analysers for helium (He), CO and oxygen (0

2
), was 

used. Each analyser was calibrated daily using a test 
gas mixture supplied by the manufacturer (CO 0.3%; 
He 14%; 0 2 18%; N

2 
65%). The response of each 

analyser was linear. The He analyser was adjusted for 
oxygen concentration using an in-built calibration de
vice. In addition to sampling the inhaled and exhaled 
gases for helium, CO and oxygen concentrations, NO 
was also sampled. 

Measurements of DLCO and DLNo were made simul
taneously. A gas mixture containing approximately 
40 ppm NO in 14% He, 0.3% CO, 18% 0

2 
in nitro

gen was made up in the inspirate bag immediately 
before each test by adding 0.3 1 of 1000 ppm NO in 
N2 (Hilger Analytical Ltd, Margate, Kent, U.K.) to 71 
of the standard gas transfer test mixture (P.K. Morgan, 
Chatham, Kent, U.K.). The gas volume was measured 
with the dry spirometer of the "Transfer Test" equip
ment. The inspirate gas bag was checked for NO con
centration before measurements to avoid the risk of 
inhaling toxic concentrations. 

By rapid inspiration of the gas mixture from resid
ual volume (RV) to total lung capacity (TLC) a single 
breath DL measurement was performed. During expira
tion a washout volume of 0.151 was used and an 
alveolar sample of 1 1 was collected for analysis [17]. 
At least 5 min elapsed between each manoeuvre. The 
duration of breath-hold was taken to include 0.7 of the 
inspiration time and 0.5 of the sample collection time 
[17]. The tolal duration of the breath-hold was reduced 
from the recommended 9-11 s to 7.5 s to give an 
alveolar NO concentration of 3 ppm. Empirically we 
had found that a breath-hold of greater than 9- 11 s 
resulted in an alveolar concentration of 1 ppm NO or 
less, unless an unacceptably high inspiratory concen
tration was used. 

Analyses of the alveolar samples were performed 
immediately after the manoeuvre. The inspiratory mix
ture was then analysed, approximately 5 min elapsing 
between the two analyses. At a temperature of 20°C 
and an oxygen concentration of 18% the concentration 
of NO of 40 ppm would have fallen to 38.2 ppm after 
5 min as a result of oxidation of NO to N02• The ex
act NO concentration at the time of the single breath 
could be calculated knowing the time that had elapsed 
from fi lling the inspirate bag (t): 

1 1 l 
= + -- (l) 

NO, N00 2K(oz), 

where K is the rate constant for oxidation [8, 18) of 
NO. We checked these published kinetics by measur
ing the rate of decline in concentration of NO in 
known oxygen concentrations. The value that we 
obtained for K was 7.1xi0· 10 ppm·2·min· 1 which 
compared favourably with the published figure of 
7.6x10·10 ppm·2·min·1 [8) corrected to our laboratory 
temperature and pressure. 

Alveolar air samples were passed through soda lime 
and calcium chloride before analysis for CO and He. 
On the other hand, for NO, samples were passed di
rectly into the analyser as a small loss of NO was 
observed if the sample was passed via these agems. 

In the three smokers who were studied, the Dr.co was 
calculated after correcting the alveolar CO for back 
pressure of CO measured by rebreathing [19]. 

Calculation of DI..Co and Du10 

DLCo was calculated from inspired and alveolar con
centrations of He and CO and breath-hold by the stan
dard method. The single breath He dilution value for 
alveolar concentration was used in the calculation [17). 
An adjustment was made for the instrument deadspace. 
Dl.JIIo was calculated in the same manner, substituting 
NO for CO values. However, the measured alveolar 
concentrations of NO were multiplied by a factor of 1.1 
and were substituted in the DL calculations to allow for 
the reduction in volume which occurs when col and 
water vapour are removed from the samples for He and 
CO analysis [19]. We assumed no alveolar back pres
sure for NO and an exponential rate of decline in al
veolar NO in the calculation. These assumptions were 
justified by experimental observations reported below. 

Simultaneous measurement of DI..Co and DLNo in volun
teers 

Thirteen normal volunteers, free of respiratory dis
ease, were recruited from our staff. All provided in
formed consent and the study was approved by the 
hospital's Ethical Committee. In all subjects, the follow
ing variables of lung function were within ±2 so of the 
predicted values; forced expiratory volume in one sec
ond (FEV

1
) (Vitalograph, Maidstone, Kent, U.K.) TLC 

(whole body plethysmograph) and DLCo by the single 
breath method (Transfer Test, P.K. Morgan, Chatham, 
Kent, U.K.). A simultaneous measurement of DLNO and 
DLCO was made at rest in each subject. Three replicates 
were performed by every person. To test for mutual 
interference of DLNo and DLCo five subjects undertook 
separate measurements of DLNo and DLCO alone, and 
the values obtained were compared with measuremems 
made simultaneously with the gas mixture containing 
both gases. 
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Measurement of alveolar NO at varying times of breath
hold 

Combined DLCO and DLNo measurements were car
ried out on two subjects but at different breath-hold 
times ranging from 4-10 s. The alveolar NO at each 
time interval was calculated as a fraction of the initial 
concentration. 

= X (2) 

where FA is the fractional concentration in the alveolar 
gas, F1 the fractional concentration in the inspired air 
and He refers to helium. The subscripts o and t refer 
to initial and final values. 

Measurement of back tension of NO and CO in 
smokers 

In eight tobacco smokers and two nonsmokers 
alveolar concentrations of CO and NO were sampled 
following a 20 s breath-hold at TLC (20]. Alveolar 
concentrations were also measured in one smoker and 
one nonsmoker after rebreathing oxygen for 4 min. The 
smokers' daily tobacco consumptions were recorded as 
was the last time they had smoked. 

Measurement of DL at two alveolar oxygen concentra
tions 

Simultaneous single breath measurements of Du:o 
and DLNo were performed by five normal subjects 
using the method described. On separate days a gas 
mixture of CO/NO/He was made up in air as described 
and was also made up with an increased oxygen con
centration (19]. Alveolar CO and 0 (and NO in two 
subjects) were recorded after rebreathing oxygen for 4 
min. To ensure alveolar hyperoxia at the time of the 
test, 100% oxygen was breathed by each subject for 5 
min via a mask (Adult oxygen mask, Intersurgical Ltd, 
Rugby, England). 

Diffusing capacity of the alveolar capillary membrane 
for CO (Dmco) was calculated in the usual way [19]. 
This requires calculation of 0 for CO in vivo from 
knowledge of pulmonary capillary oxygen tension 
(Pco2), HbCO concentration and Hb concentration to
gether with RoumrroN and FoRSTER 's value of OCO in 
vitro [3, 19]. The Hb and HbCO were measured from 
venous blood samples using a spectrophotometer (II 
282, Instrument Laboratories, Andover, Mass, USA) 
[21]. Pco

2 
was in turn calculated from alveolar oxy

gen tension and resting oxygen uptake (Vo2). This 
latter value was assumed to be 12 mmol·min·1 [19] but 
the exact value chosen makes little difference to the 
final value for Dmco [19]. 

Measurement of DL at different lung volumes 

Five normal subjects were studied at rest in a sitting 
position. The solenoid operated valve on the "transfer 
test" equipment (P.K. Morgan, Chatham, Kent, U.K.) 
was set to either a full inspiration, TLC, or to a vol .. 
ume of approximately TLC/2. Two replicate measure
ments were made on the subjects at each lung volume. 

The measurement of DL at varying levels of exercise 

Three normal subjects were studied on a bicycle 
ergometer which was mechanically braked (Tunturi, 
Turku, Finland). DL was measured in each at rest. and 
during exercise of 50, 75, 125 and 175 watts work at 
60 rev per min. Each subject cycled or rested at the 
required level for 4 min, oxygen uptake was measured 
for the last 2 min and then, whilst still maintaining the 
exercise, a single breath DL measurement was made. In 
addition to the DL measurements the rate of oxygen 
consumption was recorded at each level of work. The 
oxygen concentration of mixed expired gas in a 5 l 
"baffle" box with a low resistance 2-way valve (Otis 
McKerrow type) was measured using a paramagnetic 
oxygen analyser (P.K. Morgan, Chatham, Kent, 
U.K.). The expired volume was recorded with a heated 
Fleisch pneumotachograph, differential manometer and 
integrator (P.K. Morgan, Chatham, Kent, U.K.). Oxy
gen consumption rate was calculated from exhaled 
volume and oxygen concentration [22]. Two replicate 
measurements were made from each subject at each 
exercise level. 

Experimental protocol and analysis of results 

No more than four single measurements of DL were 
made per person each day. For each subject the stud
ies were performed at least two hours after a meal and 
at the same time of day on each occasion. Within each 
study the order of the different tests was randomized. 
One subject was a smoker who maintained his usual 
smoking pattern, and each estimate of Du:o was ad
justed for CO "back pressure" [19]. Two-way analysis 
of variance was used, factors being subjects and vari
ous levels of each test i.e., oxygen concentrations, lung 
volume or level of exercise. To compare the percent
age fall in D1.co and DLNo with reducing lung volume 
a two sample t test was used. In each study the test 
of significance was set for the whole experiment to 
test each hypothesis e.g., exercise has no effect on 
DL. The standard error terms include within and be
tween individual variation. 

Results 

The response of the NO analyser was linear from 1-5 
ppm but for concentrations 5-30 ppm a minor depar
ture from linearity was noted,with a slight underestimate 
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Table 1. - Comparison of DLNO and DLCO measured together and separately 

Subject DLCO DLCO DLNO DLNO 
alone* with NO alone with CO 

1 13.3 (0.8) 14.3 (0.4) 57.6 (l.O) 59.6 (1.2) 
2 11.9 (0.3) 11.9 (0.3) 57.9 (5.6) 55.2 (1.6) 
3 13.7 (0.3) 13.5 (0.3) 53.5 (3.6) 61.0 (0.7) 
4 12.0 (1.1) 12.0 (1.1) 49.4 (4.7) 50.2 (4.1) 
5 8.9 (0.3) 8.7 (03) 47.5 (1.6) 42.6 (2.8) 

*Breath-hold time of 10 s. The remaining values are measured with a breath-hold time 
of 7.5 s. Mean values (SP), three replicates (rrunol·min·1·kPa'1). 

of NO concentration. This loss of linearity reduced 
DLNo measurements by 0.05 mmol·min·1·kPa·1 or less, 
so that no correction was required. The "noise" level 
of the instrument was 0.5 ppm [14). The "signal-to
noise" ratio was 2 at 1 ppm, increasing to 100 at 50 
ppm. Repeated analyses of the same concentration of 
NO agreed to within 10% at 1 ppm and to within 1% 
at 50 ppm. The time to 95% response after a stepwise 
increase in concentration was 24 s. 

No interference was observed with N02 or Np. A 
concentration of 50% C02 caused a 1 ppm reduction 
in the signal from the NO analyser with a 40 ppm NO 
mixture. 

Figure 1 shows that the decline in alveolar NO and 
that of the CO concentration is logarithmic when plot
ted as a function of time. There was no alveolar back 
tension for NO detected in either the two nonsmokers 
or the eight smokers after a 20 s breath-hold. This was 
despite the finding of alveolar CO concentrations rang
ing from 16-34 ppm in the smokers. No alveolar back 
pressure for NO could be obtained in the one smoker 
and one nonsmoker after 4 min of rcbreathing 0 2• The 
smoker's CO back pressure was 70 ppm at an alveolar 
oxygen concentration of 75%. 
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Fig. 1. - Decline in alveolar NO and CO with varying breath-hold 
times (one subject). Alveolar concentrations at uch time (FA) are 
expressed as a fraction of the initial alveolar concentration (FA

0
) . 

DLNo exceeded DLCo by a mean ratio of 4.3 (so 0.3), 
average DLCo=11.6 (sD 2.4) {39 (so 7) ml·min·1·mm 
Hg-1) and average DLN0=49.1 (so 10.2) {147 (so 31) 
ml·min·1·mmHg·1} n=13. Individual values for DLCo and 
DLNO were significantly correlated (r=0.96, n= 13, 
p<O.OOl). Table 1 shows that the presence of CO or 
NO in the simultaneous test single breath gas mixture 
did not interfere with the uptake of either CO or NO. 
The mean values (standard deviation) for the variables 
from which DLCO and DLNo were calculated are pre
sented in table 2. The coefficient of variation, includ
ing within and between day variation, was 6.6% for 
DLCo and 6.4% for DL.No in our subjects. This compares 
favourably with published values for variation in DLco 
(17, 19]. 

An increase in alveolar oxygen concentration from 
an average of 18.6 to 68.5% caused a mean fall in 
DLCo from 11.3 (so 1.2) to 6.5 (so 1.2) mmol·min·1·kPa·• 
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Fig. 2. - Increase in DLNO and DLco with exercise (three subjects). 
Rest is represented by the lowest value.~ of oxygen uptake: excer
cise is represented by the remaining higher values. 
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Table 2. - Average data from which DLco and DLNO were calculated 

He% CO% 
ppm 

Inhaled 12.8(1) 0.27(0.008) 

Exhaled 10.0(1) 0.11(0.02) 

VA 
I 

6.1 (1.5) 

NO 

38.9(13.8) 

2.2 (1) 

DLCO 

mmol·mirr1·kPa·1 

11.6 (2.4) 

01% 

17.7(1.6) 

Breath-hold time 
s 

7.3(0.4) 

49.1 (102) 

Mean values from 13 subjects, 3 replicates were taken (so). 

(p<O.OOI) (33.7 (so 3~6) to 19.4 (so 3.6) ml·min·1·mm 
H"1) but DLNo was unchanged; 51.2 (so 6.2) compared 
to 51.4 (so 5.8) mmol·min·'·kPa·1 (153 (so 18.5) to 153 
(so 17.3) ml·min·' ·mmHg·1) (p>0.05 NS). 

The reduction in alveolar volume, on average from 
7 l to 3.9 I produced a mean fall in Du:o from 12.9 
(so 1.6) to 11.9 (so 1.9) mmol·min·1·kPa·1 (p<O.Ol), 
(38.5 (4.8) to 35.5 (5.7) ml-min·1·mmHg·'·/"1 a fall 
of 8% although in one subject there was an increase 
in DLco (table 3). Carbon monoxide transfer coeffi
cient (Kco) rose from 1.9 (so 0.2) to 3.1 (so 0.2) 

lung volume were highly significant (p<O.Ol). 
With exercise, from rest to 175 y.ratts with an increase 

in the rate of oxygen consumption from 0.4 (so 0.01) 
l·min·1 (17.9 (so 0.5) mmol·min·1) to·:2.6 (so O.l)l·min·1 

(116 (so 4.5) mmol·min·1) the DLCO increased from 12.3 
(so 0.7) to 19.5 (so 1.7) mmol·min·1 ·k.Pa··1(36.7 (2.1) to 
58.2 (5.1) ml ·min·'·mmHg·') an incr~se of 45% 
(p<O.OOI). The DLNo increased from 53.7 (so 2.2) to 
70 (so 9.5) mmol·min·'·k.Pa-1 (160 (6.6)· to 209 (28) 
ml·min·'·mmHg-1

) an increase of 26% (p<O.OOl) (fig. 2). 

Table 3. - Effect of changing lung volume on OLeo and DLNO 

Subject VA DLCO Kro IA.No KNo 
I mmol·min·1·kPa·1 mmol·min· 1·kPa·1·1-1 mmol·min·1·kPa·1 mmol·min·1·kPa·1·/·1 

CB 4.7 13.5 
4.5 13.5 
7.8 13.8 
8.0 13.6 

NC 3.6 11.9 
4.0 11.8 
7.9 14.4 
8.0 12.4 

MF 2.8 9.8 
2.7 8.6 
5.0 11.5 
4.7 9.4 

IH 3.4 11.2 
3.6 10.4 
7.3 14.4 
7.3 14.1 

PW 4.7 14.3 
4.9 13.8 
6.9 12.6 
7.1 13.0 

mmol-min·'·kPa·'·/"1 (48%), (9.3 (0.6) to 5.7 (0.6) 
ml-min·1 ·mmHg·'·l"1

). For DLNO the fall was rather 
greater: 54.5(so 7.0) to 38.6 (so 6.6) mmol·min·1-kPa·1 

(p<O.OOI) (163 (21) to 115 (19.7) ml·min·1• mmHg-1) 

a fall of 34%. Nitric oxide transfer coefficient (KNO) 
rose from 7.9 (so 0.8) mmol·min·1·kPa·1·l ·1 to 10.1 (1.1) 
(24%) (23.6 (2.4) to 30.1 (3.3) ml·min·1·mmHg·1·/·1>. 
The difference between the falls in Du:o and DLNo with 

2.9 45.8 9.8 
3.0 33.9 7.5 
1.8 60.1 7.7 
1.7 56.7 7.1 

3.3 40.5 11.3 
3.0 39.1 9.8 
1.8 59.1 7.5 
1.6 53.8 6.7 

3.5 30.6 10.9 
3.2 29.2 10.8 
2.3 45.2 9.0 
2.0 40.9 8.7 

3.3 36.6 10.8 
2.9 36.6 10.2 
2.0 63.4 8.7 
1.9 59.9 8.2 

3.0 46.4 9.9 
2.8 47.6 9.7 
1.8 50.6 7.3 
1.8 55.3 7.8 

Discussion 

We have demonstrated that DLNo is four times as 
great as DLCO at rest and at normal 0 2 levels. Unlike 
DLco. Dt.No appears to be independent of hyperoxia, but 
DLNo appears to be more dependent on lung volume. 
As with DLCo the DLNO increases on exercise. We origi
nally described the simultaneous measurement of KNo 
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and Kco using the single breath measurement in 1983 
[23]. Since then other authors have described similar 
measurements at rest in man [24] and animals [25]. 
Both groups obtained similar differences between DLNo 
and DLCo as we reported previously [23] and show in 
this study. The difference between DLNo and DLCO is 
not a result of a reaction of NO with lung tissue. Both 
in vitro and in vivo studies using radiolabelled NO 
demonstrate that NO passes rapidly into the blood, and 
does not react with lung tissue [26, 27). These obser
vations will be considered by referring to two widely 
used models of gas transfer. 

The RoumrroN and FoRSTER model [3] considers 
transfer of CO as two resistances in series, 1/DL= 1/ 
Dm+ 1/9 V c where 1/Dm represents the "extra-erythro
cyte" phase of diffusion across epithelium, interstitium, 
endothelium and plasma and 1/9 Ye represents the 
"intra-erythrocyte" entry of CO into the red cell and 
displacement of oxygen from oxyhaemoglobin. e is the 
rate of uptake of CO by blood at 37°C per unit vol
ume, per unit partial pressure. V c is capillary blood 
volume. In the original model both steps were thought 
to offer equal resistance to gas transfer. Like CO, NO · 
is relatively insoluble in water, at 37°C solubility of CO 
is 0.0184 ml·ml·1 [28) whilst the solubility of NO is 
0.035 ml·ml'i [28]. As NO reacts virtually irreversibly 
with haemoglobin we have applied the RouGHTON and 
FoRSTER model to DLNo. NO combines with Hbo

2 
[5] 

and Hb [4] in solution about four hWldred times more 
rapidly than CO [4 J. Although by analogy with CO 
[3] enclosing the haemoglobin within an erythrocyte 
may slow the reaction somewhat we should still con
clude that e NO will greatly exceed e CO and that 
1/9 NOVc will tend towards zero. Thus, DLNo should 
approximate DmNo. 

If DLNo does approximate to DmNo it should be close 
to a predicted value of DmNo calculated knowing 
Dmco and the diffusivity of NO. Dmco was calculated 
from knowledge of DLCO at two oxygen concentra
tions using the standard formulae and values of e at 
known Hb, Hbco and calculated Pco2 [19]. Assuming 
the "extra-erythocytic" resistance to be an aqueous 
layer, NO diffusivity (water solubility/the square root of 
molecular weight) should exceed CO diffusivity by 1.8. 
From our five subjects we would therefore predict 
DmNo to be approximately 34 mmol·min·1·kPa·1

• In 
fact the average measured value of DLNo was 51 
mmol·min·1·kPa·1• Considering the inaccuracies of the 
assumptions involved in calculating Dmco these figures 
are in reasonable agreement, particularly as it is now 
believed that Dmco is greater than RouGHTON and 
FoRSTER originally suggested. _Indeed morphological 
estimates of Dmco and Dmo2 [2, 29] considerably ex
ceed the physiological measurements. If DLNo approxi
mated DmNo then it would be expected that, as we 
have observed, DLNo will be independent of hyperoxia 
but will by comparison to DLCO be more dependant on 
the lung volume at which it is measured. Indeed, the 
smaller rise in I<No compared with Kco at the reduced 
lung volume might suggest that NO uptake is more de
pendent on alveolar volume than on the pulmonary 

capillary blood volume compared with CO uptake. 
An alternative model for alveolar gas uptake has been 

proposed by PnPER and SCHEID [30]. This model uses 
the application of Fick's law of diffusion to mass gas 
transfer from a single idealized alveolar unit across a 
tissue membrane !0 a moving capillary bloodstream. 
Transfer across the membrane -includes gas diffusion 
and reaction with the blood. Total conductance (G) is 
defined by mass transfer divided by total effective 
partial pressure difference (alveolar air minus end cap
illary blood partial pressure): 

G = QB (1 - e D/QB) (3) 

where B is the capacitance coefficient [30]. 
Transfer of a gas may be limited by · diffusion (D) or 

perfusion (Q) depending on its ratio of water to blood 
solubility which in turn determines D/QB. The blood . 
solubility of a gas is given by its dissociation curve 
which for. NO has never been calculated. However the: 
greater affinity of NO for Hb in solution suggests that 
BNo greatly exceeds Bco. It can therefore be predicted 
that NO uptake is diffusion limited to a greater extent '! 

than CO. For a diffusion limited gas G=D and D=M/ ·· ' 
(PA- PV). PV for CO is assumed to be zero. We have 
similarly assumed PvNo to be zero because of the slow 
dissociation of HbNo (6) and because NO cannot be re
generated from methaemoglobin and nitrate [31] to
gether with our failure to demonstrate an alveolar back 
tension for NO even in tobacco smokers who are con
tinually exposed to NO. In this model D is assumed to 
be a composite conductance of alveolar gas phase mix
ing, diffusion through alveolar epithelium, interstitium, 
endothelium and plasma to the erythrocyte, together 
with chemical combination with oxyhaemoglobin. For 
CO the model includes regional inhomogeneities of 
DNA and VNA. Despite the composite nature of D, 
uptake of CO and as we have shown also for uptake 
of NO, D obeys first order kinetics. The diffusivity of 
NO was calculated in the previous section as almost 
double that of CO. Accordingly, as DLNo is fourfold 
greater than DLCO the difference cannot be explained by 
diffusion alone but also by the more rapid rate of 
reaction of NO with Hbo2• This idea is consistent with 
the failure of DLNo to fall with hyperoxia compared 
with DLCo as follows but does not help to explain the 
effect of change in lung volume. 

The kinetics of the reaction of CO with oxyhaemo
globin are believed to approximate: 

d(Hbco) m(HboJ x (CO) 
(4) 

where m is the rate coefficient. 
It is easily appreciated that increasing the oxygen 

partial pressure above that necessary to achieve 100% 
Hbo

2 
saturation will slow the rate of formation of 

Hbco. Conversely the kinetics of the reaction of NO 

,. 
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with Hbo2 are believed to be: 

-<I (NO) 
- =K(NO) x (Hboz) 

d 
(5) 

If the pulmonary capillary oxyhaemoglobin saturation 
is approximately 100%, any further increase in pulmo
nary capillary oxygen partial pressure will have little 
effect on the rate of combination of NO with 
oxyhaemoglobin. 

If this explanation is correct then it implies that the 
published rate constants for NO combining with Hb and 
Hbo2 in solution considerably over-estimate the rate 
of combination with oxyhaemoglobin in the intact red 
cell in the pulmonary capillary. To clarify this uncer
tainty there is a need to measure the rate of combi
nation of NO with oxyhaemoglobin in the red cell. The 
effect of haematocrit should also be investigated: if 
DLNO only reflects extra-erythocytic transfer it should 
be independent of haematocrit, on the other hand if it 
mainly reflects the rate of gas combining with the 
erythrocyte haemoglobin then haematocrit will affect 
DLNO. 

In conclusion measurement of the diffusing capacity 
using nitric oxide Dt.NO in concentrations of 40 ppm 
can be performed without apparent hazard. Measure
ment of DLNo and DLCO can be achieved using an NO 
analyser and commercially available gas transfer meas
urement apparatus. It may offer a direct measure of Dm 
for NO (and by extrapolation CO) more rapidly and 
without the need for making measurements at two oxy
gen concentrations. On the other hand, it remains pos
sible that the fourfold greater value of DLNo compared 
to DLCo is a direct result of the differing kinetics of 
the reaction of NO and CO with the red cell. Further 
research is needed to clarify these issues. 

Acknowledgements: We wish to thank P.K. Morgan 
PLC for the loan of the Transfer Test equipment and B. 
Milstein for his editorial criticism. 

References 

1. Krogh M. - Diffusion of gases through the lungs of man. 
J Physiol, 1914, 49, 271-300. 
2. Crapo ID, Crapo RO. - Physiological and morphomet
ric estimates of DLCO and Dm. Respir Physiol, 1983, 51, 
183-194. 
3. Roughton FJW, Forster RE. - Relative importance of 
diffusion and chemical reaction rates in determining rate of 
exchange of gases in the human lung with special reference 
to true diffusing capacity of pulmonary membrane and vol
ume of blood in the lung capillaries. J Appl Physiol, 1957, 
11, 292-302. 
4. Gibson QH. - The kinetics of reactions between haemo
globin and gases. Prog Biophys Chem, 1959, 9, 1-54. 
5. Doyle MP. Hoekstra JW. - Oxidation of nitrogen oxides 
by bound dioxygen in haemoproteins. J lnorg Biochem, 1981, 
14, 351- 358. 
6. Sancier KM, Freeman G, Mills JS. - Electron spin reso
nance of nitric oxide-haemoglobin complexes in solution. 
Science, 1962, 137, 752- 754. 

7. Greenbaum R. Bay J, Hargreaves MD. - Effects of 
higher oxides of nitrogen on the anaesthetised dog. Br J An
aesth, 1967, 39, 393-403. 
8. Baulch DL. - In: Evaluation kinetic data for high tem
perature reactions. Buttcrworths, London, 1972, p. 202 
9. Von Nieding G, Wagner HM, Krekeler H. - Investiga
tion of the acute effects of nitrogen monoxide on lung 
function in man. Proceedings 3rd International Clean Air 
Congress, Dusseldorf, 1973. 
10. Stedman RL. - The chemical composition of tobacco 
smoke. Chem Rev, 1968, 68, 153- 207. 
11 . Palmer RMJ, Ferrige AG, Moncada S. - Nitric oxide re
lease accounts for the biological activity of endothelium
derived relaxing factor. Nature, 1987, 327, 524-526. 
12. Clyne MAA. Thrush BA, Wayne RP. - Kinetics of the 
cherniluminescent reaction between nitric oxide and ozone. 
Trans Faraday Soc, 1964, 60, 359- 367. 
13. Fontijn A, Sabadell AJ, Ronco RJ. - Homogeneous 
cherniluminescent measurement of nitric oxide with ozone. 
Analyt Chem, 1970, 42, 575- 579. 
14. Environment Protection Agency. - National primary and 
secondary ambient air quality standards. Reference method 
for determination of nitrogen dioxide. FederaJe Register, 
1983, 38, 15174-15191. 
15. Rothwell K, Grant CA. - Standard methods of analysis 
of tobacco smoke. TRC Research Paper no. 11. Tobacco 
Research Council, London. 1974. 
16. Klimisch HJ, Kircheim E. - Zur quantitativen Bestim
mung von stickoxiden im Zigarenenrauch mit Hilfe der 
chemilumineszenzmethode. Z Lebensm Unlers Forsch, 1977, 
163, 48-52. 
17. Crapo RO, Clausen JL, Cotes lE, Otton DJ, Epler GR, 
Forster RE, Hankinson JL, Gaenster EA, Gardner RM, Miller 
A, Morris AH, Plummer AL. Tcculescu D. - Single breath 
carbon monoxide diffusing capacity (transfer factor): prelimi
nary recommendations for standard technique. ATS News, 
1986, 6-12. 
18. Brown GI. - In: Introduction to physical chemistry. 
Longman, Harlow, England, 1982, pp. 3- 12. 
19. Cotes JE. -In: Lung function. 4th ed. Blackwell Scien
tific Publications, Oxford, 1979, pp. 239-250. 
20. Jarvis MJ, Russell MAH, Saloojee Y. - Expired air car
bon monoxide: a simple test of tobacco smoke intake. Br 
Med J, 1980, 281. 484-485. 
21. Baretta EA, Stewart DR. Graff SA, Donahoo KK. -
Methods developed for the mass sampling analysis of CO and 
carboxyhaemoglobin in man. Am Ind Hyg Assoc J, 1978, 
39, 202-209. 
22. Musgrove J, Dore C. - A nomogram for the calcula
tion of oxygen uptake. J Appl Physiol, 1974, 36, 606-607. 
23. Borland C, Chamberlain A, Higenbottam TW.- The fate 
of inhaled nitric oxide. Clin Sci, 1983, 65, 37. 
24. Guenard H, Varene N, Vaida P. - Determination of lung 
capillary blood volume and membrane diffusing capacity by 
measurement of NO and CO transfer. Respir Physiol, 1987, 
70, 113-120. 
25. Piiper J, Schuster D. Mohr. M. Schulz H. Meyer M. -
Pulmonary diffusing capacity for carbon monoxide and nitric 
oxide In: Oxygen Transport to Tissues. M . Mochizuki, C.R. 
Honig, T. Kayama, T.K. Goldstick and D.F. Bruley eds, 
Plenum, New York and London, 1988, pp. 491-495. 
26. Yoshida K, Kasama K, Kitabatake M, Okuda M. - Meta
bolic fate of nitric oxide. 1nl Arch Occup Environ Health, 
1980, 46, 71- 77. 
27. Yoshida K. Kasama K, Kitabatake M, Wakabayashi M, 
Imai M. - Changing of nitric oxide in the airway. Respir 
Environ Sci, 1981, 6, 57-61. 



SINGLE BREATH MEASUREMENT WITH NO AND CO 63 

28. Gerrard W. - Gas solubilities: widespread applications. 
Pergamon Press, Oxford, UK, 1980, p. 347. 
29. Gehr P, Bachofen M, Weibel ER. - The normal human 
lung: ultrastructure and morphometric estimation of diffusing 
capacity. Respir Physiol, 1978, 32, 121-140. 
30. Piiper J, Scheid P. - Blood gas equilibration in lungs. 
In: Pulmonary gas exchange, vol I, J.B.West ed., Academic 
Press, New York, 1980, p. 131-171. 
31. IGese M. -In: Mcthaemoglobinernia. A comprehensive 
text. CRC Press, Cleveland, Ohio, 1973, pp. 12. 

Mesure simultanie en respiration unique de la capacile de 
diffusion pulmonaire par le NO et le CO. C. Borland, T. 
Higenbottam. 
RESUME: Les capacites de diffusion pulmonaire (DL) pour 
le CO et pour le NO ont ete mesurees simultanement chez 
l'honune par la mcthode de respiration unique, par !'addition 
de 40 ppm de NO aux gaz inspires et par !'analyse des gaz 
expires par une methode chimio-Iuminescente pour le NO. 

Le rapport moyen de DLNO sur DLCO chez 13 sujets est 
de 4.3 (SD 0.3), la DLNO moyenne etant de 49 nunol·min· 1• 

kPa·• (SD 10), et la DLCO moyenne etant del's nunol·rnin·1 

·kPa·1 (SD 2). Une augmentation de la concentration de l'ox
ygene alveolaire a partir d'une moyenne de 18 jusqu'a 68 % 
chez cinq sujets fut associee a une chute de la DLCO de 54 
%, mais n'entraine aucune modification de la DLNO. Une 
reduction du volume pulmonaire depuis la capacite pulmon
aire totale (CPT) (moyenne de 7 litres) a un volume moyen 
de 3.9 litres chez cinq sujets, a provoque une chute a la fois 
de la DLNO (34 %) et de la DLCO (8 %). Apres un effort 
de 175 watts sur bicyclette chez trois sujets, la DLCO aug
mente de 45 %, et la DLNO de 25 %. Puisque NO reagit 
beaucoup plus rapidement avec l'Mmoglobine que CO, la 
DLNO devrait etre influencee d'autant mains par la reaction 
avec l'Mmoglobine, et represente peut-eLTe un meilleur index 
de la capacite de diffusion de la membrane alveolo-capillaire 
(Dm) que la DLCO. 
Eur Respir J., 1989, 2, 56-63. 


