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IN ABSTRACTS PUBLISHED IN 1983 (2) and 1984 (3), Borland and
Higenbottam from Cambridge, UK, showed that alveolar up-
take of inhaled nitric oxide (NO) was, on average, 4.3 times
faster than that of simultaneously inhaled carbon monoxide
(CO), using the standard single-breath test. This observation,
made by chance (1), has been a great stimulus to research in the
field of alveolar-capillary gas diffusion (or transfer). A paper
(7) that explored further the physiology behind this differential
uptake followed in 1989 (see Fig. 1).

Analysis of Diffusing Capacity Measurements

The Roughton-Forster equation [from their classic 1957
paper (16)] is still the model for analysis:

1/DL=1/Dm + 1/6Vc ()

where 1/DL is the total resistance to gas transfer, 1/Dm is the
resistance to passive diffusion from alveolar gas to the red cell
membrane, 1/0Vc is the transfer resistance of red cells, 0 is the
reaction rate with blood, adjusted to a standard hemoglobin
(Hb) concentration, and Vc is the pulmonary capillary volume.
Thus Dm and 6Vc are the membrane and blood conductances
for a particular gas [NO (Dmyo and 6no) or CO (Dmco and
0co)]. For CO, 1/DLco (DLco = lung diffusing capacity for
CO) can be partitioned into its components by repeating the
measurement at a higher alveolar oxygen tension (Pao,) be-
cause there is a linear relationship in vitro between 1/6¢co and
Pao, (16). Thus, from Eq. I, 1/DLco can be plotted against
Pao,, with the y-axis intercept representing 1/Dmco, and the
slope 1/Vc. The strict definition of Dmco is what remains of
1/DLco at zero Pao,. Thus plasma is part of Dmco, as it is
non-O, combining, like the membranes and interstitium.

The Hypothesis That 0 for NO Is Infinite

In the 1970s, the late D. Bargeton and H. Guenard speculated
that the Roughton-Forster equation could be solved, with a single
maneuver, if a second gas, which reacted with Hb, were added (1);
this would counter objections that the measurement in hyperoxia
might alter pulmonary vascular pressures and cardiac output and
thus Vc itself. In 1987, the “Bordeaux group” [H. Guenard and
colleagues (11)] used the “Cambridge” NO-CO single-breath
method to measure Dino (lung diffusing capacity for NO) and
DLco and showed that the Roughton-Forster equation could be
rearranged for the two gases:

Ve (infinite Ox0) = (1/0¢0)/(1/DLeo — 0/DLy)  (2)

where o is the ratio of physical diffusivities of NO and CO
(1.97); at infinite Ono, DLno is equivalent to Dmyo, which
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equals Dm¢co X 1.97. 8o was eliminated on the grounds that
the rate of reaction of NO with free Hb was much faster
(approximately X250) than with CO. The objection to this
notion is that Ono relates to whole blood, and not to Hb
solutions. The reason for a difference between the reaction
kinetics of blood vs. “infinitely thin” solutions of Hb, ex-
pressed intuitively, is the “advancing front phenomenon”,
whereby gas diffusing into a red cell (or Hb solution of finite
thickness) reacts “as if” instantaneously with the first Hb
molecule it meets, which reduces the local diffusion gradient to
zero and slows the uptake process (14). If the reaction of NO
with oxyhemoglobin were infinite, Ono would be entirely
diffusion limited, but in fact both Ono and 6co are reaction and
diffusion limited, with CO weighted by reaction limitation and
NO dominated by diffusion limitation. Clearly, Ono must have
a finite value.

In Favor of Ono Being “Operationally” Infinite

It is only possible to measure Ono and Ono in vitro. At Pag,
of 100 Torr, 6o is 0.58 (10); the ratio Ono/Bco varies from 7.7
(9) to 4.8 (8). If diffusion distances in alveolar capillaries in
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Fig. 1. The first published figure of the uptake of nitric oxide (NO) in relation
to the simultaneous uptake of carbon monoxide (CO). Data were collected
from a series of breath holds (from 4 to 11 s) in one subject. Log alveolar
concentrations were plotted as %initial concentration at breath-hold onset
(time ¢ = 0) against breath-hold times. From the slopes of gas disappearance,
a rate constant (k) proportional to lung diffusing capacity for CO (DLco)/
alveolar volume (VA) and lung diffusing capacity for NO (DLno)/VA has been
calculated. The ratio kno/kco is ~5.0. Since DLco (or DLno) = k X VA (and
VA is common to both), the ratio kno/kco is identical to the ratio DLxo/DLco
(12). [Reproduced with permission of the European Respiratory Society, Eur
Respir J, January 1, 2: 56, 1989 (7)].
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vivo were less than for in vitro conditions, this would increase
NO reaction rates more than for CO, so the ratio might become
quasi-infinite. A stronger argument is that DLyo (4) and Ono
(Ref. 8; R. E. Forster, personal communication) are indepen-
dent of any Po, change, unlike DLco and Oco.

In Favor of Oyo Being Finite

Borland et al. (5) innovatively modeled NO and CO uptake
in a membrane oxygenator, as used in cardiopulmonary bypass
surgery. They dissociated Hb from its carrier (the erythrocyte)
by lysis with tap water (5); in other experiments (6), in
anesthetized dogs, cell-free heme-based oxyglobin was substi-
tuted for red cells. In both instances, DLno increased, but DLco
hardly altered. Thirty-seven percent of the total NO resistance
resided in the 1/8no Ve component, but this fraction should be
treated with caution because of the unusual experimental con-
ditions.

Ono Finite Compared With Oyo Infinite

In this issue of the Journal of Applied Physiology, the
“Bordeaux” (13) and “Cambridge, UK” (6) groups appear to
have reached an entente cordiale! Martinot, Guenard, and
colleagues (13) now state that Ono Ve is finite and should be
taken into consideration. Thus Eq. 2 becomes:

Ve (finite Ox0) = [(1/0c0)/(1 — a/k)]/ 5
(I/DLCO - OL/DLNO) 3

where k = Ono/0co. They measured simultaneous single-
breath DLno and DLco in normal subjects, at sea level and after
acute exposure to altitude at 4,300 m [only data at rest, after 2/3
days exposure to altitude (high altitude day 2/3) will be
discussed]. NO is particularly suitable for sea level-altitude
comparisons, as it is Po, independent (4, 8). DLco at altitude
was measured at a Pao, of 53 Torr. To have matched the sea
level normoxic Pao, would have altered pulmonary vascular
pressures and Vc, since there was significant pulmonary arte-
rial hypertension at this stage. A correction of altitude DLco to
the sea level Pao, equivalent was required, but fortunately this
was not large.

At high-altitude day 2/3, in relation to sea level, DLxo, DLco,
and alveolar volume (Va) all increased significantly and Drno/
DLco decreased by 9%. The Dmco-to-Vc ratio, which is positively
related to Dino/DLco change (13), decreased with both the finite and
infinite Ono analysis. With their adaptation of the Roughton-
Forster analysis, Vc increased by 30%, more than the 20%
increase of Dmco, irrespective of the 6no value. The absolute
values of Dm and Vc were, of course, different. For the same
Dino, Dm (finite Ono) was larger than Dm (infinite Ono), as
required by theory, and Vc (finite Ono) Was correspondingly less
than Ve (infinite Ono). So, the physiological message (13)—that the
pulmonary hypertension induced by acute altitude exposure in-
creased Vc—did not depend on whether Ono was assumed to be
finite or infinite. Thus, for clinical purposes, Ono could be re-
garded as “operationally” infinite.

Direct (DLyo, DLco) vs. Derived (Dmco, Ve) Measurements

Martinot et al. (13) used particular values of Ono (9) and 6co
(10) to derive measurements of the alveolar-capillary Dm and
Ve, although different values for 6no (8) and 8co (15) exist.

No one yet knows how closely the in vitro estimates of Oxo and
6co mimic the actual in vivo 6 values, where the rheological
conditions in alveolar septal capillaries and the plasma envi-
ronment are likely to be different.

The measured DLno is a new index of alveolar gas transfer.
In different clinical situations, the DLyo-to-DLco ratio (~Dm/
Ve) rises and falls in a predictable way (12). Dino/VA (kno)
and DLco/Va (kco) respond to VA change differently (Ref. 12,
see Fig. 1B), the former being driven by Dm/Va and the latter
by Vc/Va. It is likely that, in the future, these three indexes will
provide new clinical insights, while further characterization of
Ono and O¢co will continue to challenge physiologists.
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