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Introduction

Carbon dioxide is the universal ªwaste productº of aer-
obic cellular respiration, produced by all aerobic life
forms. Historically, CO2 has been utilized therapeutical-
ly in specific patient populations. These uses included
acceleration of carbon monoxide clearance in carbon
monoxide poisoning; augmentation of cerebral perfu-
sion during carotid endarterectomy; hastening emer-
gence from coma following general anaesthesia; and as
a suggested emergency treatment of central retinal ar-
tery occlusion [1]. Such use of CO2 reflected long-stand-
ing knowledge of its physiologic effects, particularly po-
tent respiratory stimulation and cerebral vasodilatation.

CO2 has become important again! This is especially
the case in critical care, because it has been clearly rec-
ognized that some ventilatory techniques might cause ±
or potentiate ± acute lung injury [2]. It has become ap-
parent that such ªventilator associated lung injuryº
(VALI) may be limited by reduction of lung stretch. At
the bedside, reduced lung stretch translates into smaller
tidal volumes. Adoption of smaller tidal volumes often
leads to an elevation in arterial CO2 tension (PaCO2).
This has been termed ªpermissive hypercapniaº and

has been associated with enhanced survival [3, 4]. Alter-
natively stated, use of smaller tidal volumes in the pres-
ence of elevated PaCO2 appears to be beneficial. Of
course, these two phenomena ± elevated CO2 and small-
er tidal volumes ± are distinct, and by manipulation of
respiratory frequency, can be separately controlled. Dis-
secting these issues may be extremely important to in-
tensivists for several reasons. First, permissive hyper-
capnia (with tidal volumes lowered and PaCO2 elevat-
ed) is associated with improved outcome [3, 4]. Second,
there is an evolving body of literature suggesting that,
in some circumstances, elevated levels of CO2 might
have beneficial effects independent of lung stretch [5].
Of course, enthusiasm for hypercapnia must be tem-
pered because of both mixed results from laboratory
studies and recognition of the clear-cut adverse effects
of hypercapnia in some clinical settings (e.g., elevated
intracranial pressure). Third, preliminary data from the
recently completed NIH-sponsored trial documented
that adoption of a low tidal volume ventilatory strategy
resulted in a 25 % reduction in mortality in patients suf-
fering from ARDS. (Preliminary data from National In-
stitutes of Health-sponsored trial comparing high
stretch vs low stretch ventilation). It is important to rec-
ognize that in this study, the PaCO2 levels were compa-
rable in both groups. The finding that lower tidal vol-
umes (without significant differences in PaCO2) im-
proved outcome underscores the necessity to study the
effects of elevated PaCO2 in isolation. This may be crit-
ical, because there could be important additive (or syn-
ergistic) benefits from deliberately elevating PaCO2, in
addition to reducing lung stretch. Conversely, in pa-
tients managed with conventional permissive hypercap-
nia, adverse effects of elevated PaCO2 might be con-
cealed by the (now accepted) benefits of lessened lung
stretch.

Paralleling this ongoing debate has been a shift in the
clinical acceptability of hypercapnia in acute lung injury
states. Reassuringly, there is overwhelming evidence
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that, with few exceptions, marked levels of hypercapnia
are very well tolerated in mechanically ventilated pa-
tients [6, 7]. In the context of the evidence from our
work and that of others, we have proposed that hyper-
capnia may be beneficial in the context of organ injury
[5]. In fact, we have recently proposed that ªtherapeutic
hypercapniaº might constitute a testable clinical ap-
proach to intensive care unit (ICU) patients [5]. In order
to focus on this emerging concept, we shall review four
papers that examine direct roles for hypercapnia in di-
verse experimental conditions. Because outcome in the
ICU might be related to systemic injury ± as opposed
to simply lung injury ± we have included articles exam-
ining effects of hypercapnia on pathophysiological func-
tion in the heart [8], retina [9], and brain [10], as well as
the lung [11].

Data from the isolated buffer-perfused lung

Shibata K, Cregg N, Engelberts D, Takeuchi A, Fed-
orko L, Kavanagh BP (1998) Hypercapnic acidosis may
attenuate acute lung injury by inhibition of endogenous
xanthine oxidase. Am J Respir Crit Care Med 158:
1578±1584
This study, conducted by our research group, investigat-
ed the potential for hypercapnic acidosis (HCA) to at-
tenuate acute lung injury. This hypothesis was devel-
oped following clinical investigations which suggested
that current approaches to limiting VALI involving re-
duction of lung stretch (requiring tolerance to an eleva-
tion in PaCO2) was associated with improved survival
[3, 4]. Specifically, it was hypothesized that HCA might
possess a direct protective role in acute lung injury,
which would exist independent of the ventilatory strate-
gy employed. The investigators developed two separate
models of acute injury in the isolated buffer-perfused
rabbit lung: ischemia-reperfusion and free radical lung
injury produced by purine and xanthine oxidase. The
ventilatory strategy employed was unchanged through-
out all experiments.

They demonstrated that HCA, generated by altering
the inspired fraction of CO2, had no adverse microvas-
cular effects in uninjured lungs. Furthermore, HCA pre-
vented the increase in capillary permeability following
acute lung injury induced in both models. Finally, they
demonstrated that HCA inhibited the in vitro activity
of xanthine oxidase, a pivotal enzyme in ischemia-reper-
fusion injury. Therefore, the authors concluded that in
these models, HCA might have attenuated acute lung
injury via inhibition of endogenous xanthine oxidase.
Our group have recently confirmed and further extend-
ed these findings, establishing that the protective effect
of HCA is a function of the (extracellular) acidosis gen-
erated, rather than a property of carbon dioxide per se
[12].

In summary, Shibata et al. demonstrated a significant
protective effect of HCA in two separate models of
acute lung injury [11]. This study may have significant
implications for our understanding of tissue injury states
where activation of xanthine oxidase plays a central role
[13].

Data from the isolated blood-perfused heart

Nomura F, Aoki M, Forbess JM, Mayer JE (1994) Ef-
fects of hypercarbic acidotic reperfusion on recovery of
myocardial function after cardioplegic ischemia in neo-
natal lambs. Circulation 90: 321±327
This study was conducted to investigate the potential for
hypercapnic acidotic reperfusion to potentiate recovery
of myocardial function following cardioplegic ischemia.
This hypothesis was developed following earlier investi-
gations which suggested that utilizing fixed acids or buf-
fers to generate acidotic reperfusion improved myocar-
dial recovery [14±16]. This issue is especially important
in caring for patients undergoing extracorporeal sup-
port, in this case cardiopulmonary bypass. The reasons
for this are: (1) the ease of CO2 control by such technol-
ogy; (2) the crucial importance of temperature sensitive
management of arterial blood gases (i. e., pH-stat vs a-
stat) where adoption of a specific mode results in vastly
different net addition/subtraction of CO2; and (3) the
knowledge that patients exposed to such support not
only have vulnerable cardiovascular systems, but are
also prone to adverse neurologic outcomes.

The investigators developed a model of cardioplegic
ischemia in isolated blood perfused neonatal lamb
hearts to determine whether (1) acidification of the per-
fusate during the early phase of reperfusion altered re-
covery and/or (2) such recovery was different following
respiratory vs metabolic acidosis. Thus, 40 isolated
preparations, assigned to five groups, underwent 2 h of
cold cardioplegic ischemia at pH 7.4. This was followed
by reperfusion with blood with pH values ranging from
6.8 to 7.8, achieved by altering the fractional inspired
CO2 (FICO2). In an additional group, pH was titrated
to 6.8 with HCl. Following 5 min of reperfusion, pH
was restored to normal (partial pressure of CO2 40,
pH 7.4) over 15 min by reduction of FICO2 (and, in the
latter group, by buffering with THAM and sodium bi-
carbonate). At 30 and 60 min following reperfusion, in-
dices of contractility, coronary blood flow, and myocar-
dial oxygen consumption were measured. Preparations
exposed to the greatest degree of HCA demonstrated
the best functional recovery. Conversely, the prepara-
tions exposed to comparable metabolic acidemia
(pH 6.8) were not protected. Furthermore, greatest cor-
onary artery blood flow, consistent with the coronary
vasodilatory properties of hypercapnia, was present
with maximal hypercapnia. There were no significant
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differences in myocardial oxygen consumption between
the groups, possibly indicating that hypercapnia en-
hanced the efficiency of myocardial oxygen utilization.
Because the myocardial O2 consumption during is-
chemia was not measured, it is unclear whether the pro-
tection afforded by HCA was due to suppression of O2
demand during an interval of maximal O2 deficit. This
pivotal study was the first to our knowledge to describe
the beneficial myocardial protective effects of HCA.
Further supportive data for a myocardial protective
role of acidosis is available. In the in vivo coronary oc-
clusion canine heart preparation, function is improved
where reperfusion occurs with an acidotic ± metabolic
[17] or hypercapnic [18] ± perfusate.

In summary, Nomura et al. demonstrated a pivotal
role for CO2 in this model of ischemia-reperfusion myo-
cardial injury, where hypercapnic, but not metabolic, ac-
idosis is highly protective [8]. This differential effect of
acidosis in the context of myocardial protection affords
important mechanistic insights. These include a poten-
tial protective role for hypercapnia-induced coronary
vasodilation, and a possible role for intracellular pH in
this process. In the rat myocardium, it is known that re-
spiratory acidosis has a greater effect on intracellular
pH than an equivalent degree of metabolic acidosis in
the extracellular fluid [19]. Certainly extracellular aci-
dosis may reduce myocardial injury by reducing Na+ or
Ca2+ overload. The mechanism of protection from intra-
cellular acidosis is less clear [20].

Data from the in vivo retina

Holmes JM, Zhang S, Leske DA, Lanier WL (1998)
Carbon dioxide-induced retinopathy in the neonatal
rat. Curr Eye Res 17: 608±616
This study is one of a series of studies conducted by this
group that investigated whether hypercapnia might be
a risk factor for retinopathy of prematurity (ROP).
This hypothesis was constructed as a result of clinical
observations which suggested that while hyperoxia was
a known risk factor for ROP, it nevertheless developed
in infants without raised arterial oxygen levels, such as
in cyanotic congenital heart disease. In these infants in
particular, and in premature neonates in general, it was
suggested that hypercapnia may be a risk factor.

They investigated the effect of hypercapnia on the
retinal vasculature of the neonatal rat (which is incom-
pletely developed at birth) to determine whether hyper-
capnia alone could induce preretinal neovascularization
(i. e., analogous to ROP) [9]. Attempting to achieve spe-
cific levels of PaCO2 and arterial O2 tension (PaO2) by
altering FICO2 is a complex issue. This is because altera-
tion of PaCO2 has several effects on PaO2 [21]. The spe-
cific aim was to remove the confounding factor of ele-
vated PaO2 due to hypercapnia alone. Therefore, the

FIO2 required to produce target PaO2 values in the nor-
mal range (when breathing air) was determined in the
context of 10% inspired CO2. Newborn rats were ex-
posed for 7 days to: normoxic normocapnia (room air:
PaO2 94, PaCO2 41), or hyperoxic hypercapnia (10 %
CO2, 21 % O2, balance N2: PaO2 153, PaCO2 75), or
normoxic hypercapnia (10 % CO2, 12.5% O2, balance
N2: PaO2 93, PaCO2 72). This manipulation is important,
because such elevations in PaO2 occurring as a result of
increased FICO2 might contribute to retinal neovascu-
larization. Each exposure was followed by recovery in
room air for 5 days. Neovascularization occurred in
19% of rats exposed to hyperoxic hypercapnia, 14 % of
rats exposed to normoxic hypercapnia, but none of the
rats exposed to normoxic normocapnia (i. e., room air).

This research group has contributed further support-
ive data and mechanistic insights into the role of hyper-
capnia in ROP. First, they demonstrated that hypercap-
nia results in pronounced retardation of normal retinal
vascular development in neonatal rats, albeit in the con-
text of hyperoxia [22]. Second, they demonstrated that
hypercapnia exacerbates oxygen-induced retinopathy
[23]. Third, they demonstrated that metabolic acidosis
induced preretinal neovascularization similar to ROP
[24], supporting the suggestion that acidosis, indepen-
dent of hypercapnia, may be the etiologic agent for
ROP in this model.

These findings are of significant concern. However,
despite the attempts to control for the effects of altered
FICO2 on PaO2, several issues remain. First, estimated
PaO2 may not be accurate. This is because the blood
gases were obtained in 8- to 11-day-old rats that were
exposed to hypercapnia for a period of 1 h, and the
PaO2 values were assumed to be comparable to levels
achieved during chronic exposure in 0- to 7-day-old
rats. Second, hypercapnia may increase oxygen delivery
to the retina by means of retinal vasodilation, indepen-
dent of alterations in PaO2. In this regard, Berkowitz
et al. has reported that hypercapnia improves retinal ox-
ygenation (i. e., preretinal vitreous PO2) in both adult
and newborn rats while breathing 5 % CO2, despite
comparable systemic PO2 tensions [25]. However, this
could still represent an unwanted effect of hypercapnia.
Finally, in order for neovascularization to develop, there
appears to be a requirement for breathing room air dur-
ing a recovery period.

In summary, Holmes et al. call attention to the poten-
tial for hypercapnia to cause both retardation of normal
retinal vascularization and abnormal retinal neovascu-
larization, in a model of incompletely developed retinal
vasculature, which may be similar to that seen in the
premature neonate [9]. This raises serious concerns re-
garding the use of ªpermissiveº hypercapnic ventilatory
strategies in vulnerable neonates.
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Data from the in vivo brain

Vannucci RC, Towfighi J, Heitjan DF, Brucklacher RM
(1995) Carbon dioxide protects the perinatal brain from
hypoxic-ischemic damage: an experimental study in the
immature rat. Pediatrics 95: 868±874
This study was conducted to investigate whether hyper-
capnia might protect against hypoxic-ischemic brain
damage in the immature rat brain [10]. The study also
examined whether hypocapnia might potentiate injury
in this context. This hypothesis was constructed as a re-
sult of clinical investigations which suggested that pre-
mature infants, in whom hypocapnia developed during
mechanical ventilation for respiratory distress syn-
drome, were at increased risk of neurological damage
[26]. The investigators developed a model of hypoxic-is-
chemic injury in the immature rat brain. This comprised
unilateral common carotid artery ligation in 7-day-old
rat pups. Three to four hours following complete recov-
ery, the rat pups were then exposed to hypoxia (fraction-
al inspired oxygen 8 %) combined with FICO2 of 0, 3, 6,
or 9%, to produce PaCO2 tensions of 26, 42, 54, and
71 mmHg, respectively, for a duration of 2 h. Thereafter,
the animals were returned to their dams until 30 days'
postnatal age, at which time neuropathologic examina-
tion was performed.

The results confirmed that hypocapnia was deleteri-
ous, and that elevated CO2 was protective, even when in-
stituted for a period of only 2 h following ischemic-reper-
fusion brain injury. These results are complex, however.
The relationship between FICO2, PaCO2, and neuropro-
tection, although encouraging, is not linear. Instead there
was a peak level of protection demonstrated at an FICO2
of 6 % (corresponding to a PaCO2 of 54 mmHg), whereas
further increase in FICO2 was associated with abolition
of protection. The reasons for this are unclear. Nonethe-
less two lessons are apparent. First, more is not necessar-
ily better ± at least in this model. Second, differences in
dose response seen in different experimental models
may provide important insights into mechanisms of ac-
tion, or mechanisms of harm. For example, assessment
of the integrative physiology of in vivo massive stroke
may yield data concerning deleterious effects of altered
mean arterial pressure, intracranial pressure, cerebral
perfusion pressure, and catecholamine secretion, etc.,
that are not considered in isolated organ systems.

This group has more recently confirmed and extend-
ed these findings in the same model of hypoxic-ischemic
brain damage [27]. They demonstrated that cerebral
flood flow was better preserved during hypercapnia,
and that the greater oxygen delivery promoted cerebral
glucose utilization and oxidative metabolism for opti-
mal maintenance of tissue high energy phosphate re-
serves [27]. Furthermore, cerebrospinal fluid glutamate
levels were lowest in hypercapnia, giving rise to specula-
tion that inhibition of excitatory amino acid neurotrans-

mitter secretion might be involved in central nervous
system (CNS) protection.

In summary, Vannucci et al. demonstrated a pivotal
role for CO2 in this model of hypoxic-ischemic brain in-
jury, with hypocapnia deleterious and moderate hyper-
capnia highly neuroprotective [10]. Greater levels of hy-
percapnia, however, appear to offset some of the benefit
seen at moderate levels.

Discussion

Does hypercapnia exert protective biologic effects
in organ injury states?

From the above evidence, it would appear that HCA
may exert significant biologic effects in the context of
acute organ injury. It seems that HCA is highly protec-
tive in experimental models of acute ischemic myocar-
dial, lung, or brain injury. The potential mechanisms
for such protection include alteration of organ O2 sup-
ply/demand kinetics, attenuation of free radical activity,
and perhaps attenuation of toxic excitatory amino acid
secretion.

What patients might benefit from ªtherapeutic
hypercapniaº?

Whether CO2 might influence processes or outcome in
critically ill patients is a complex issue. The issue is cur-
rently ± and will likely remain for some time ± a hypo-
thetical concern. Furthermore, even if ªtherapeutic hy-
percapniaº proves to be efficacious, and the target pop-
ulations were known, the mode of delivery would re-
quire some thought. Delivery of a controlled FICO2
may necessitate a ventilator circuit, and patient toler-
ance to elevated FICO2 (especially in the context of
acute illness) may require additional sedation and con-
trol of ventilation. The relationship between short-term
benefits and long-term outcome in ICU patients is a
highly complex issue. Although some work has suggest-
ed adverse chronic sequelae to acute injury in the pres-
ence of hypocapnia [26], this is not the same thing as
modification of a chronic, ongoing, process. Although
outcome from CNS ischemia is improved following a
relatively brief exposure to hypercapnia (2 h, in fact)
[10], this may not translate into long-term benefits in hu-
man multisystem disease.

Therapeutic hypercapnia: upper limits and concerns?

Aside from adverse effects, the likelihood of there being
an upper effective limit is high. This is supported by the
experimental evidence demonstrating that protection
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in CNS ischemia was better with 6 % CO2 vs 9 % CO2
[10]. Regardless of the putative mechanisms of protec-
tion afforded by CO2, most biologic mechanisms are sat-
urable. Furthermore, there may exist a point at which
benefits are counterbalanced by adverse effects. CO2
may have adverse effects that are encountered/expected
in any patient, given sufficiently high levels (narcosis
and coma). In addition, adverse effects may develop at
much lower levels in vulnerable patients (elevated intra-
cranial pressure; inability to buffer CO2 adequately in
the context of renal failure or parenteral nutrition), or
in specific organ systems. We do know that humans ±
and experimental animals ± can tolerate exceptional
levels of CO2, and when adequately ventilated, can re-
cover rapidly and completely [6, 7]. Yet, while more
(high doses) may well be tolerated in the critically ill,
dose-response data have not been adequately character-
ized, and, while effects in a single organ system may be
beneficial, concomitant, and late, effect in all physiolog-
ical systems need to be addressed. In principle, benefi-

cial effects of an increase of any agent should never be
construed as ªmore is betterº. Ceiling effects may occur,
and may be outweighed by adverse effects at high doses.

To summarize, the findings of these and other studies
serve to demonstrate that CO2 is potentially protective
in acute organ injury. Therefore, it may be important to
re-evaluate the clinical approach to hypercapnia that we
have taken for granted. Clinical science has not kept
abreast with basic laboratory discoveries relating to ef-
fects of elevated CO2, and there is a clear need to docu-
ment more completely the effects of alterations in
PaCO2 and pH on organ function, particularly during or-
gan injury. Nevertheless, despite the exciting benefits as-
sociated with elevated CO2 in a limited number of in vitro
and in vivo animal models, there are grounds for caution
in this area. We are not ready to examine the effects of
ªtherapeutic hypercapniaº in critically ill patients.
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