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The effects of hypo-, normo- and hypercapnia on the variations in arterial oxy
genation and their indices in critical patients with acute respiratory failure (ARF) re
ceiving mechanical ventilation are studied. It is a prospective and randomized study
carried out in multidisciplinary ICU. Fifteen ARF patients, intubated and mechani
cally ventilated, were studied within the first 48 h of evolution. Three stages were de
limited: I) 30 min after the beginning of anaesthesia; II) 30 min after adding 30 cm of
dead space (VD); III) 30 min after replacing the previous VD with VD of 60 cm. Ven
tilation parameters and FiO2 were kept stable. Stage I was characterized by respira
tory alkalosis and stage II by normal acid-base balance with an increase in PaO2
(p<0.01) and a decrease in intrapulmonary shunt (Qsp/Qt) (pcO.001); the indices al
veolar to arterial oxygen tension gradient [P(A-a)OJ, respiratory index (R.I.) and es
timated shunt (Est Shunt) also decreased significantly, whereas arterial to alveolar
oxygen tension ratio (PaO2/PAO2) and arterial oxygen tension to inspired oxygen
fraction ratio (PaO2/FiO2) increased significantly. In stage III there was pure hyper
capnic acidosis, with decreases in PAO2 (p<0.001), P(A-a)O2 (p<0.01) and R.I.
(p<0.05), while PaO2, Qsp/Qt, Est Shunt, PaO2/PAO2 and PaO2/FiO2 remained sta
ble with respect to the previous situation. The observed PaO2 differs (p<0.05) from
the expected PaO2 in stage III. It is suggested that local or regional modifications of
pulmonary perfusion are responsible for the observed variations. The P(A-a)O2 and
R.I. indices do not make it possible to differentiate the causes of arterial hypoxemia in
the presence of hypercapnia.
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The respiratory alkalosis produced by
mechanical ventilation, has Deen identi
fied as a cause of hypoxemia (6,21), which
improves when PaCO2 is normalized or
increased (15, 19, 25). A moderate hyper
capnia has been suggested for the treat
ment of acute respiratory failure (ARF)
by the results observed’in experimental
animals (28).

It is now increasingly recognized that
permissive hypercapnia (PerH) is a strat
egy for the management of patients on
mechanical ventilation (MV) in several
circumstances, such as severe adult respi
ratory distress syndrome (ARDS), infec
tious pneumophaties or severe airflow
obstruction (1, 17, 23).

Measurement of intrapulmonary
shunting (Qsp/Qt), a widely used method
for monitoring disturbances of pulmo
nary oxygen transfer in critically ill pa
tients, involves calculation of arterial and
mixed venous oxygen contents. In cir
cumstances where mixed venous blood
samples are not readily available, oxygen
tension-based indices such as the alveolar
to arterial oxygen tension gradient [P(A-a)
O2], the arterial to alveolar oxygen ten
sion ratio [PaO2/PAO2], the arterial oxy
gen tension to inspired oxygen fraction
ratio (PaO2/FiO2), and Respiratory Index
[R.I. = P(A-a)O2/PaO2] or oxygen con
tent-based indices such as the Estimated
Shunt (Est Shunt) (7,12,13,22), are widely
utilized to reflect Qsp/Qt.

The purpose of the present work is to
determine the effects of hypo-, normo-,
or hypercapnia on the variations in arte
rial oxygenation indices observed in criti
cal ARF patients receiving mechanical
ventilation.

Materials and Methods

The characteristic of the studied pa
tients, as well as the materials and meth
ods used in the present report have been
previously described (5).

After a basal period (Stage I) of in
duced hypocapnia by mechanical ventila
tion, the PaCO2 is normalized (Stage II)
and increased (Stage III) by the addition
of dead space (VD) (2, 18, 29, 31). At the
end of each of the three stages, simulta
neous arterial and mixed venous blood
samples were obtained and analyzed.

In addition, tension oxygen alveolar
(PAO2), P(A-a)O2, PaO2/PAO2, PaO2/
FiO2, R.I., Est Shunt and physiologic
shunt (Qsp/Qt), were determined by:

PAO2 = FiO2 (PB-PH2O)-(1.25 PaCO2)

CcO2 - CaO2
Est Shunt =------------------------------

CcO2 - CaO2 + 3.5

CcO2 - CaO
CcO2 - CvO2

CcO2 = Hbf(l-HbCO) 1.34 + 0.0031
PAO2]. The correction factors [1.0 -
HbCO] were: 0.985, 0.975 and 0.965
when PAO2 was higher than 150 mm/Hg,
oscillated between 150 - 125 mm/Hg or
125-100 mm/Hg, respectively.

CaO2 = SaO2 (1.34 Hb) + 0.0031 PaO2
CvO2 = SvO2 (1.34 Hb) + 0.0031 PvO2
The expected PaO2 values of each one

of the patients were obtained after cor
recting their observed PaO2 values with
respect to the acid-base variations, by
Kefman’s formula, using a program with
the original subrutine written in Fortram
(16).

The paired Student’s t test and the
Pearson correlation analysis were utilized
in the statistical analysis of the data. After
repeating the analysis of variance about
the same basic data of the three stages
described, the same dintels of significance
were obtained. To favour simplicity the
values of Fisher’s F are eluded. All values
are reported as mean ± SD. Values of
p < 0.05 were considered significant.

Qsp/Qt
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Results

The parameters FiO2, VE, PEEP, Cot
and Raw were kept unmodified in the
three stages. The initial situation of pure
respiratory alkalosis in the acid-base bal
ance evolves to normality in stage II, and
of pure hypercapnic acidosis in stage III,
after the significant increase in PaCO2
subsequent to the augmentation in dead
space (R = 0.91, pcO.OOl) (table I). The
addition of a 30 cm VD caused a signifi
cant improvement in PaO2 (table II), as it
also dia in the tension indices (P(A-a)O2,
PaO2/PAO2, PaO2/FiO2 and R.I.) and in
the content of O2 (Est Shunt and Qsp/QO-
The PAO2 dropped significantly. With
the addition of 60 cm VD, PaO2 and the
indices PaOv/PAO2, PaO2/FiO2, Est
Shunt and Qsp/Qt remained stable with
respect to stage II; however, a further de
crease was produced in PAO2, as well as
in P(A-a)O2 and R.I. Table II also shows
the significant correlation found between
PAO2 and the P(A-a)O2 and R.I. indices.
Such a relationship does not exist with all
the other indices, except for PaO2/PAO2
after the addition of the 60 cm VD.

The figure 1 shows the observed PaO2
values and the expected PaO2 for the
Bohr effect; adverting their similiarities
during the stage II but underlining their
significant difference (p < 0.05) in stage
III (observed PaO2 = 105 + 36.9 and ex
pected PaO2 = 117.6 + 47.7 mmHg).

Fig. 1. Detail of the fixation curves of PaO2 in hu
man blood Bohr pH 7.2; 7.4; 7.6 (37 °C).

Operative sequence Bohr effect. * Awaited effect
that docs not take place.

Discussion

The respiratory alkalosis observed in
patients receiving mechanical ventilation
has been identified as the cause of hypoxe
mia (6, 25); its origin has been attributed
to variable and imprecise physiopatho-
logical mechanisms (7, 9, 14).

The genesis of a hypoxemia, excluding
some special circumstances (a decrease of
FiO2, intracardiac right-left shunt, etc.)
that were not present in our patients, stem
from an imbalance in VA/Q; depending on
different pathologies, the prevalent alter
ations are either in ventilation or in perfu
sion.

p<0.001, vs II. n = 15.

Table I. Respiratory and Acid-base Balance Parameters.

Parameter (Stage I) BASAL (Stage II) VD 30 cm (Stage III) VD 60 cm

FiO2 (%) 39.0 ± 7.6 39.0 ± 7.4 38.0 ± 7.8
\?E (L/min) 14.23 ± 1.32 14.22 ±1.31 14.18 ± 1.29
PEEP (ml/H20) 0.7 ± 1.8 0.8 ± 1.7 0.7 ±1.8
Cot (ml/cm H2O) 37.7 ± 10.4 35.8 ± 9.4 35.9 ±12.4
Raw (ml/ H2O) 12.3 ±6.1 10.0 ±5.3 11.4±6.6
pH 7.46 ± 0.06“* 7.38 ± 0.06 7.28 ± 0.06*“
PaCO2 (mm/Hg) 30.8 ± 3.35“* 40.5 ± 5.70 54.8 ± 6.67*“

Rev. esp. Fistol., 50 (2), 1994
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It has been shown, moreover, that hy
poxemia secondary to hypocapnia, in pa
tients receiving mechanical ventilation,
improves when PaCO2 is normalized, and
that one of the PaCO? increase with the
addition of VD (8, 10, 15, 18, 28). In all
our patients, with ARF and anesthetized,
there was a basal situation of respiratory
alkalosis. They also presented a relative
hypoxemia as a function of the FiO2 em
ployed (39 %), which is reflected in PaO2
and the gas exchange indices (P(A-a)O2,
PaOx/PAQ2, PaO2/FiO2, R.I., Est Shunt
and Qsp/Qtj.

The addition of 30 cm of VD produces
a significant improvement of PaO2, an in
crease in PaO2/PAO2 and PaO2/FiO2
and a decrease in P(A-a)O2, R.L, Est
Shunt and Qsp/Qt. Such modifications are
produced while the ventilatory parame
ters FiO2, VE, PEEP, Cot and Raw re
main stable. Therefore, they cannot be at
tributed to variations in the characteristics
of mechanical ventilation or in the “quan
tity” of alveolar ventilation, although its
“quality” is modified by reinhalation of
expired CO2 (27, 28), which increases
PaCO2 and normalizes blood pH.

The improvement of PaO2 and of the
PaO2/FiO2 index cannot be explained by
modifications in ventilation or in FiO2
since it always remained stable; neither
can it be explained by an increase in
PAO2, which actually decreased.

Nevertheless, there is a decrease in
P(A-a)O2, reflecting an improvement in
VA/Q, that matches.the significant de
crease in both Qsp/Qt and Est Shunt.

It can be deduced that if the numerator
of the VA/Q balance is quantitatively
maintained, which is reflected in an im
provement at the clinical level, then either
qualitative changes (Bohr effect) are pro
duced or there are regional or general
changes in perfusion (20, 24, 26, 30),
which depend only on the increase in
PaCO2 and/or the normalization of the
pH (3, 4, 11). The similarity in the ob
served PaO2 increment with respect to the 

expected PaO2, suggests that the Bohr ef
fect is responsible for this change in stage
II.

With the addition of 60 cm of VD, the
levels of PaO2, the PaO2/PAO2 and
PaO2/FiO2 indices, as well as the Est
Shunt and Qsp/Qt, are maintained at sim
ilar values with respect to the previous
stage. A further decrease is observed in
PAO2, P(A-a)O2 and R.I. Such changes
are interpreted as a direct function of the
increase in PaCO2, since VA/Q is main
tained as the stability factor in the mentio
ned parameters.

Tne increase in PaCO2, i.e. in PACO2,
entails a decrease in PAO2 which subse
quently decreases P(A-a)O2 and R.I.,
since FiO2 has remained unchanged. The
absence of significant variations in the
PaO2/PAO2 index, in contrast to those
observed in P(A-a)O2 and R.I., reflects
the greater sensitivity of these two with
respect to variations in PaCO2. Neverthe
less, it should be emphasized that the
PaO2/PAO2 index shows a correlation
with PAO2 when 60 cm of VD are added.
This suggests that, to some extent and ac
cording to the reasons pointed out pre
viously, the PaO2/PAO2 index might be
related to the changes in PaCO2. The ap
parent relations observed between PaO2
and the PaO2/PAO2 and PaO2/FiO2 indi
ces, as well as between PAO2 and the in
dices P(A-a)O2 and R.L, led to their veri
fication. The data presented in table II to a
great extent allow us to confirm them in
the present study. The systematic correla
tion of the Est shunt and Qsp/Qt with
PaO2 is also particularly apparent as well
as the absence of such a correlation with
PAO2. Nevertheless, a direct correlation
is repeatedly observed between PAO2 and
P(A-a)O2 which decrease simultaneously
(improve), whereas P(A-a)O2 and PaO2
are correlated only between stages I and
II.

The disassociation between the ob
served PaO2 and the expected PaO2 in
capacitates the operative sequence of the
Bohr effect and makes the pulmonar vas

Rev. esp. Fisiol., 50 (2), 1994
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cular changes responsible for the absence
of the awaited change in stage III (fig 1).

At the same time, the levels reached in
the cases studied (pH 7.28 and PaCO2 54
mm/Hg), given their magnitude, might
have any adverse effects on pulmonary
perfusion in general.

All this suggests that “extra-alveolar”
modifications, due to changes in pulmo
nary local or regional flow, are responsi
ble for the improvement in VA/Qtnat oc
curs with normocapnia (8, 10, 15, 20, 26,
30). The modifications produced in the
P(A-a)O2 and R.I. indices, would be justi
fied by hypercapnia, although this might
not entail an improvement of the pulmo
nary function under the circumstances of
the present study.

j. h. boix, f. Alvarez, m. tejeda,
E. PEYDRO, D. OLIVARES y A. ARNAU.
Efectos de la hipo, normo e hipercapnia induti-
das por la ventilation mecanica sobre el Shunt
intrapulmonar. Rev. esp. Fisiol. (J. Physiol.
Biochem.), 50 (2), 89-96, 1994.

Se estudia el efecto de la hipo, normo e hi-
percapia sobre las variaciones de la oxigena-
cion arterial y sus indices en 15 pacientes criti-
cos, con fallo respiratorio agudo (FRA) que re-
ciben ventilacion mecanica desde las primeras
48 horas de evolucion. El estudio es prospec
tive y aleatorio y se realiza en UCI multidisci-
plinaria. Se delimitan tres estadios: I) a los 30
min de iniciar la anestesia; II) a los 30 min de
anadir 30 cm de espacio muerto (VD); y III) a
los 30 min de la substitucion de! VD anterior
por otros 60 cm. Los parametros de ventila-
cion no se alteran y la fraccion inspirada de
oxigeno (FiO2) es estable. El estadio I se carac-
teriza por una alcalosis respiratoria y el II por
un equilibrio acido-base normal con incre-
mento de la PaO2 (p< 0,01) y descenso del
shunt intrapulmonar (Qsp/Qt) (p<0,05). La di-
ferencia alveolo arterial de oxigeno P(A-a)O2,
indice respiratorio (R. I.) y shunt estimado
(Est Shunt) muestran descensos significativos,
mientras que el cociente artcrio alveolar de
oxigeno (PaO2/PAO2) y la fraccion entre la

tension arterial y la fraccion inspirada de oxi
geno PaO2/FiO2 se incremcntan significativa-
mente. El estadio III muestra una acidosis hi-
percapnica pura, con descensos en la tension
alveolar (PAO2) (p<0,001), PO2(A-a) (p<0,01)
y R.I. (p<0,05) mientras que la PaO2, Qsp/Qt,
Est Shunt, a/A y PaO2/FiO2 permanecen csta-
bles con respecto a la situacion anterior. La
PaO2 observada es diferente (p<0,05) de la cs-
perada. Todo ello sugiere que las modificacio-
nes extra-alveolares locales o regionales de la
perfusion pulmonar son responsables de estas
variaciones. Los indices PO2 (A-a) y R.I. no
permiten diferenciar las causas de hipoxemia
arterial en presencia de hipercapnia.

Palabras clave: Hipo-, normo-, e hipercapnia, Indi
ces de oxigenacion, Shunt intrapulmonar, Espacio

muerto, Fallo respiratorio agudo.
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