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EDITORIAL 

Nitric oxide (NO), a new test gas for study of 
alveolar-capillary diffusion 

M. Meyer, J. Piiper+ 

In a previous issue a paper by BoRLAND and 
HlGENBOTIAM [1) explores the potential of a new test gas 
for assessment of alveolar-capillary diffusion, nitric oxide 
(NO). This editorial is intended to provide a background 
and a discussion of this remarkable new development. 

Historical overview 

The introduction of carbon monoxide (CO) as a test 
gas for measurement of pulmonary diffusing capacity 
(DL) by K.RoaH [2], using a breath-holding method, was 
an epoch-making event in pulmonary physiology and 
pathophysiology. The particular suitability of CO was 
due to the very high affinity of haemoglobin for CO 
whereby CO partial pressure in pulmonary capillary blood 
is kept at very low levels and CO uptake is practically 
independent of capillary blood flow. 

A complicating factor involved in the CO uptake by 
lungs is the relatively slow reaction kinetics of eo with 
haemoglobin. Thus the DL for CO contains a diffusion 
component and a reaction component that is difficult to 
evaluate. On the other hand, the dependence of the reac
tion kinetics, as quantified by the specific CO uptake 
conductance of red blood cells, eco, upon Po

2 
in the 

normoxic - hyperoxic range, has facilitated the determi
nation of the 'membrane' component of DL and of the 
pulmonary capillary blood volume 01) by a method [3) 
extensively used in clinical lung function studies. 

Although 0 is the gas of primary interest, measure
ment of its dJfusing capacity is fraught with a number 
of problems which basically arise from haemoglobin's 
lesser affinity for 0

2 
(as compared with CO). However, 

beginning with LILIEN11IAL et al. [4], efforts have been 
made to -determine DLo

2 
from steady-state 0

2 
exchange 

parameters, the most important of which is the alveolar
endcapillary Po

2 
difference. The interest in diffusion

limited alveolar-capillary 0
2 

transfer has been revived in 
recent years in connection with high-altitude hypoxia and 
exercise [5). 

The relationship between the alveolar-capillary trans
fer of 0

2 
and CO has been investigated in a number of 

recent studies using steady-state methods [6, 7], rebreath
ing methods [8, 9) and their combination [10]. The Dw/ 
DLco ratio has been found to approximate 1.2 in agree-
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ment with theoretical predictions suggesting that diffu
sion was the main factor determining alveolar-capillary 
transport of 0

2 
and CO. However, a limiting role of 

intraerythrocyte diffusion and chemical reaction rates of 
0 2 and CO witJ1 haemoglobin could not be excluded 
because the e o,_Je co ratio inferred from in vitro deter
minations was in similar range. 

Determination of a C02 diffusing capacity is rendered 
difficult because of the very high Krogh diffusion con
Stant of C02. Therefore, diffusion limitation is generally 
not considered as an important factor in C02 elimination 
by lungs. But PnPER et al. [11] succeeded in measuring 
DLco

2 
in humans using a stable C-labelcd CO isotope 

(13C0
2

) with a rebreathing technique. Of panicu1ar inter
est was the determination of DLCO for 0-labelcd C02 
(C180

2
) by ScHUSTER [12] because ihis estimate may be 

expected to approximate the 'true' diffusing capacity for 
C0

2 
whereas DLco

2 
for C-labeled C02 is affected by 

secondary processes (dehydration of HF03 , red cell
plasma exchange of CI- and HC0

3
-). 

The introduction of nitric oxide (NO) as test gas for 
alveolar-capillary diffusion by BoRLAND et al. [13, 14], 
GUENARD et al. [15), our group [16-18) and BoRLAND and 
HlGENBOTIAM [1) is of considerable interest in this con
nection because there are good reasons to consider DLNo 
as coming close to a 'true' diffusing capacity. 

Physico-chemical properties of gases combining 
with haemoglobin 

Since the alveolar-capillary diffusion of NO has been 
compared with that of eo in recent studies in humans 
and dogs (see above), the physical and kinetic properties 
of these two gases are of particular interest. The solubil
ity of NO in water at 37•c is higher than that of CO by 
a factor close to 2.0 (19]. Because of similar molecular 
weight (NO, 30; CO, 28) the diffusion coefficients should 
be similar. Thus the Krogh diffusion constant K (=diffu
sion coefficient solubility) ratio NO/CO is about 2 for 
water and probably close to 2 for tissues. Since accord
ing to Fick's law diffusing capacity proper is propor
tional to K, the ratio DLNo/DLCo is predicted to be close 
to 2. 

The more important properties of NO are those gov
erning its combination with haemoglobin [20-22). First, 
the affinity of haemoglobin for NO is several thousand 
times higher than for CO. The half-saturation pressure is 
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estimated at 2.9·10·6 Torr but equilibrium studies have 
not so far been feasible. The increasing affinity from 0

2 
to CO and to NO is due mainly to a decrease of the 
dissociation velocity constant which varies about 2·1 OS 
times from 0 2 to NO. Second, NO constitutes the most 
rapidly binding ligand to haemoglobin so far discovered. 
The velocity constant of combination of NO with hae
moglobin is about 280 times faster than that for eo. and 
also about 5 times higher than that for 0

2
• Thus, while 

CO uptake is limited by reaction lcinetics, 0
2 

uptake 
should be less so (probably only in exercise and/or 
hypoxia), and NO uptake may be considered as close to 
independent of reaction limitation. Therefore, NO is 
expected to be particularly suited for measurement of 
alveolar-capillary diffusion, uncontaminated by slow 
reaction lcinetics with haemoglobin. 

DLNO vs DLCo: experimental vs predicted values 

DLNo and DI..Co have been measured, either simultane
ously or in the same conditions, in three studies. GUENARD 

et al. (15) found in 12 healthy subjects the following 
mean values: DI..C0=26 ml/(min-Torr); DLNo=136 ml/ 
(min·Torr); 0LNO/DLCo=5.3. BoRIAND and HlGENBOTIAM 
[1] have reported the following mean values (5 subjects): 
DI..Co=33 mV(min·Torr); DLNo=147 ml/(min·Torr); DLNO/ 
DLco=4.3. Pm>ER et al. [16, 18) found the following mean 
DLNo/DLco ratios in anaesthetized mechanically venti
lated dogs: hypoxia, 3.2; normoxia, 3.5; hyperoxia, 5.3. 
The DLNo/DLco ratio, about 3 in normoxic anaesthetized 
dogs, was unaffected when 0 uptake was increased 7 
times above basal levels by 2,i-dinitrophenol [17]. Thus 
the experimental DLNo/DI..CO ratio is considerably larger 
than expected on the basis of the K.rogh diffusion con
stant ratio. The simplest explanation, favoured by all 
authors, is to attribute the relatively small values of DLco 
to limitation of CO uptake by slow reaction kinetics of 
CO with haemoglobin. 

With increasing alveolar Po
2

, DI..Co is known to de
crease due to progressively increasing reaction limita
tion. Thus, the finding, by BoRI.AND and HxaENBOTIAM 
[1), of constant DLNo with decreasing DLco in hyperoxia 
is in good agreement with the prediction. Pm>ER et al. 
[18] found a slight decrease of DLNO in hyperoxia, and 
tentatively attributed this finding to a true decrease of DL 
due to hyperoxia (as produced by decrease of number 
and/or diameter of functioning capillaries). 

In quantitative analysis of DLco it is customary to split 
the total resistance to CO uptake (=1/Dr.co) into two 
additive components, a membrane resistance (=1/DMco) 
and a blood or red blood cell (RBC) resistance { = 1/ 
(eco-V )}. The finite value of eco is due to both reac
tion and diffusion limitation within the RBC, but the 
fractions of diffusion resistance within and outside the 
RBC cannot be differentiated by determinations of DL. 
In comparing DLNo with DLco it may be more appropri
ate to split the total resistance (1/DL) into a diffusion 
resistance (=1/Ddiff) and a reaction resistance (l!D.,.c) the 
latter of which being set tentatively at zero for NO (i.e. 
assuming infinitely fast chemical reaction kinetics for 
NO). 

Problems with NO: instabillity, toxicity, 
physiological effects 

In contrast to CO, NO is unstable in the presence of 
0

2
, forming N0

2 
which is one of the most insidious, 

toxic and irritant gases. The kinetics of oxidation are 
relatively slow [23) compared to the kinetics of NO uptake 
in lungs (about 700 times slower in normoxia and still 
about 150 times slower in hyperoxia, unpublished obser
vations). Hence, conversion of NO into N0

2 
is not 

expected to interfere with the actual DLNo measurements 
but it is important to note that the third-order reaction 
kinetics of the overall reaction 2 NO + 0

2 
<=> 2 N0

2 
de

pends on the actual NO and 0 2 concentrations. Nitric 
oxide taken up by blood forms nitrosylhaemoglobin 
(HbNO) which is rapidly converted into methaemoglobin 
(MetHb) [24, 25]. The toxicity of nitrogen oxides has 
been extensively studied [26] but nothing is known about 
the acute toxicity and biological significance of NO. Since 
all nitrogen oxides present a potential health hazard, and 
because of lack of specific information on NO, the use 
of very low concentrations of NO and absence of N0

2 
when applied for DLNo measurements in man is defi
nitely mandatory. As yet no recommendations as to 
specific threshold limit values of NO can be given. In the 
above mentioned studies the following inspired NO 
concentrations were used: BoRLAND and HIGENBOTIAM [1], 
40 ppm (parts per million); GUENARD et al. [15], 8 ppm; 
PnPER et al. [16, 18]. 600 ppm (in dogs). It is important 
to point out that commercial sources of NO may be 
contaminated by 2::50 ppm N02 and may only be used 
for measurement of DLNO if adequately checked for 
absence of N02 or purified by treatment with alkali. 

BORI.AND and HlGENBOTIAM [1) as well as GUENARD et 
al. [15) used special chemiluminescent NO analysers 
developed for environmental monitoring of nitrogen 
oxides. A major drawback of these instruments is the 
slow response whereby measurement techniques of DL 
that are based on continuous breath-by-breath monitor
ing of respiratory gas composition are rendered 
impossible. Both author groups have employed the con
ventional single-breath technique for measurement of DL 
but because of the fast NO uptake kinetics of lungs breath
holding times had to be reduced to 7.5 s or 3 s, respec
tively. In the studies of PnPER et al. [16, 18) and MEYER 
et al. [17], a respiratory mass spectrometer of high sen
sitivity was used and DL was measured by a rebreathing 
technique [27]. But the measurement of NO by mass 
spectrometry, in particular when simultaneously deter
mined with eo. is complicated by a number of technical 
problems. In principle, DLNO can be determined with the 
classical steady-state technique but this technique is not 
recommended for humans because of the prolonged 
exposure to NO required for attainment of proper steady
state conditions. 

According to recent evidence [28) the endothelium
derived relaxing factor [29] may be identical with NO. 
However, this suggestion was challenged by experimen
tal findings of absence of relaxation of some vascular 
smooth muscle [30]. At present, it is not known if NO 
has a vasodilator effect on pulmonary vessels. In this 
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connection the findings of unchanged rebreathing OLeo 
estimates when NO was added to the rebreathing gas 
mixture is of interest (unpublished observations). 

Present state and outlook 

The first results of measurements of DLNO look prom
ising as they appear to provide a better measure for 
alveolar-capillary diffusion than determination of DLCo. 
But there are a number of open issues and problems, for 
example concerning safe concentration limits, measure
ment techniques and interpretations. However, the po
tential of NO as an additional test gas for assessment of 
the diffusion aspect in pulmonary gas exchange has to be 
exploited. 
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