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Artificial hyperventilation normalizes haemodynamics
and arterial oxygen content in hypoxic rats
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Abstract

Background: Although humans are capable of enduring critically low levels of oxygen,
many hypoxaemic patients die despite aggressive therapies. Mimicking the physiologi-
cal hyperventilation necessary to survive extreme hypoxic conditions could minimize
the derangements caused by acute hypoxic-hypoxia. The objective of this study was to
measure the haemodynamic-biochemical response to artificially induced hyperventila-
tion in hypoxic rats.
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Methods: Twenty-four deeply anaesthetized and mechanically ventilated rats were
allocated to 3 groups: control (n =5, FiO, = 1); hypoxic spontaneously hyperventilating
(n=10, FiO, = 0.08); and hypoxic artificially induced hyperventilation (n = 9, targeting
PaCO, = 10 mm Hg, FiO, = 0.08). We compared the spontaneously and artificially hyper-
ventilating groups. P-values < 0.01 were considered statistically significant. Mean arterial
pressure (MAP) and serum chemistry were measured for 180 minutes.

Results: The control group remained stable throughout the experiment. The hypoxic
groups developed profound hypotension after the decrease in FiO,. However, the arti-
ficially induced hyperventilated rats recovered their MAP to levels higher than the spon-
taneously hyperventilating group (117.1 £ 17.2 vs. 68.1 £ 16.0, P = 0.0048). In regard
to the biochemical derangements, even though the serum lactate and PaO, were not
different among the hypoxic groups, the artificially hyperventilated group achieved
significantly higher Sa0, (94.3 + 3.6 vs. 58.6 + 9.6, P = 0.005), pH (7.87 £ 0.04 vs. 7.50
+0.13,P=0.005),and Ca0, (17.7 £ 26 vs. 10.2 £ 1.3, P= 0.005) at 180 minutes.

Conclusions: Artificially induced hyperventilation led to the correction of arterial oxy-
gen content, severe serum chemistry, and haemodynamic derangements. These findings
may represent a novel rescue manoeuvre and serve as a bridge to a permanent form
of support, but should be further studied before being translated to the clinical setting.
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Hypoxia affects the majority of critically ill pa-
tients and continues to be a common cause of mor-
bidity and mortality [1, 2]. During hypoxia, oxyge-
nation may fall below the level necessary to sustain
life [3]. The lowest documented Pa0,, recorded near
the summit of Mount Everest in a climber breath-
ing ambient air, was 19.1 mm Hg [3]. This was docu-
mented during the Caudwell Extreme Everest Ex-
pedition in 2007, a study of 222 climbers exposed
to extreme altitudes above 5500 metres [3]. From
this and other expeditions to Mount Everest, we

know that humans exposed to extreme altitudes
can survive through physiological acclimatization
responses, primarily hyperventilation and resulting
hypocapnia [4, 5]. To our knowledge, many of these
findings have not been applied to clinical practice in
the acute management of hypoxia.

Under profound hypoxic conditions, when in-
tracellular O, decreases, the expression of hypoxia-
inducible factor-1a (HIF-1) takes place within 2 min-
utes [2, 6]. HIF-1, through tyrosine hydroxylase,
increases the carotid body sensitivity, which plays
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a crucial role in the acclimatization response to
hypoxia by inducing tachypnoea [7]. This increas-
es alveolar ventilation, generating hypocapnia to
avert a drop in alveolar partial pressure of O, (PAO,),
which could fall to levels incompatible with life [2].
Additionally, the HIF-1 promotes the expression of
vascular endothelial growth factor, which promotes
angiogenesis and neural plasticity of the respiratory
centre. Both mechanisms play a key role in chronic
hypoxia [7, 8].

A common concern regarding hyperventilation
is the potential reduction in cerebral blood flow due
to hypocapnia-induced cerebral vasoconstriction.
This has been measured in normoxic patients using
transcranial doppler and positron emission tomog-
raphy [9, 10]. Under hypoxic conditions the oppo-
site is true, because different mechanisms, including
adenosine, substance P, nitric oxide, and prosta-
glandins, mediate cerebral vasodilation [11]. This
hypoxia-induced vasodilation opposes hypocapnia-
associated vasoconstriction and increases cerebral
blood flow [12]. One study demonstrated cerebral
blood flow approximately 5 times higher at a PaO, of
less than 25 mm Hg versus a normoxic Pa0, [2]. Fur-
thermore, at high altitudes, climbers with PaCO, lev-
els as low as 7-8 mm Hg and averaging 13.3 mm Hg
have shown unimpaired cognition, confirming suf-
ficient cerebral blood flow [3, 4]. These results shed
light on the possibility of implementing new rescue
manoeuvres for the management of acute severely
hypoxaemic patients. However, there are concerns
regarding neuronal excitation triggered by severe
hypoxic-hypoxia and tachypnoea. Seizures have
been reported in climbers, especially in those with
a previous history of seizures [2, 13].

We hypothesized that mimicking the physiologi-
cal hyperventilation necessary to survive extreme
hypoxic conditions, such as those observed at high
altitudes, minimizes the haemodynamic and serum
chemistry derangements caused by profound acute
hypoxia. To test this hypothesis, our primary aim
was to evaluate the impact of artificially induced
hyperventilation on haemodynamic status, serum
lactate and glucose levels, and arterial blood gases
in a deeply anaesthetized terminal rat model of pro-
found acute hypoxic hypoxia.

METHODS
Experimental design

After receiving approval by the Institutional Ani-
mal Care and Use Committee of the University of
Texas MD Anderson Cancer Center, we conducted
a terminal rat model of acute hypoxic hypoxia using
24 male Sprague-Dawley spontaneously breathing
rats (329-419 g) aged 8-12 weeks. The rodents were
deeply anaesthetized and mechanically ventilated

for 3 hours; no muscle relaxants were used in any
of the study groups. Additional analgesics were un-
necessary because the animals were under total in-
travenous anaesthesia using pentobarbital. All the
rats were euthanized with pentobarbital according
to institutional protocols at the termination of the
experiment. We administered equal ventilation to all
the study animals with a target PaCO, of 40 mm Hg
and an FiO, of 1 for the first hour of the experiment,
to achieve steady-state conditions. For the rest of
the experiment, the rats were randomly allocated
to 3 different groups. The control group comprised
5 rats mechanically ventilated at FiO, = 1.0.
The hypoxic spontaneously-hyperventilating (HSH)
group comprised 10 rats that were mechanically
ventilated at FiO, = 0.08, and the hypoxic artifi-
cially induced hyperventilation (HAIH) group com-
prised 9 rats that were mechanically ventilated at
an FiO, = 0.08 with a respiratory rate targeting
a PaCO, =10 mm Hg.

FiO, = 0.08 was chosen for the HSH and HAIH
groups to mimic a partial pressure of inspired oxy-
gen (PIO,) of 57 mm Hg, similar to that encountered
at an altitude of approximately 7100 m. In previous
studies of high-altitude medicine, the PaCO, level
ranged between single digit mm Hg to the low
teens; therefore, a level of 10 mm Hg was selected as
a target for our experiment [3, 14]. The target PaCO,
was achieved in the HAIH group by hyperventilating
the animals to mimic the acclimatization response.

Instrumentation

Animals were cared for and managed under
strict Institutional Animal Care and Use Committee
standards throughout the study. On the day of the
experiment, animals were taken to the anaesthesia
room and weighed using a microbalance. Each rat
was injected with pentobarbital (50 mg kg'intra-
peritoneally) in preparation for the procedure. Ante-
rior neck and right groin incision sites were shaved
using electric clippers to avoid skin trauma. The rats
were then transported to the procedure room in-
side a covered animal cage. In the procedure room,
after adequate anaesthesia was verified, they were
placed over a warming pad set at a temperature
of 36°C. A rectal temperature probe was secured
in place, and the temperature was adjusted using
both heating lamps and a heating pad to keep
the rectal temperature at 36°C. Animals were ad-
equately ventilated and monitored for a period of
approximately 20 minutes. During this period, we
monitored the haemodynamic state of the animals
through skin colour, respiratory rate, and end tidal
CO, (ETCO,). The animals were expected to achieve
a deep enough level of anaesthesia to proceed with
the experiment without causing them harm or un-
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due stress. Before skin incisions were performed,
2 mL of Plasma-Lyte (Baxter International Inc., Deer-
field, USA) solution, a balanced salt solution with
a pH of 7.4, was injected intravenously via the tail
vein via 21-gauge needle to ensure adequate hy-
dration. Once the bolus was injected, pressure was
held over the venipuncture site to ensure haemo-
stasis. Plasma-Lyte solution was infused at a set rate
throughout the experiment to avoid intravascular
volume depletion.

Tracheostomies were performed using both
sharp and blunt dissection via a 1-cm horizontal
neck skin incision. The trachea was surrounded with
two 2-0 silk sutures to gain adequate control of the
airway during the tracheal incision. Immediately
prior to incision, the ventilator (Harvard Apparatus,
Holliston, USA) was turned on and set to the correct
tidal volume and respiratory rate according to the
animal’s weight. The oxygen flowmeter connected
to the ventilator was set at 2 L min™. The trachea
was then incised. A 16-gauge IV catheter Angio-
cath (Becton, Dickinson and Company, Franklin
Lakes, USA) was inserted into the tracheal lumen
and advanced proximally. The Angiocath was se-
cured to avoid tube migration into the right or left
main bronchus. The Angiocath, working as an en-
dotracheal tube, was connected to the ventilator
breathing circuit. ETCO, was immediately verified
using a 5440 Anesthesia Monitor Capnograph (Ohio
Medical, Gurnee, USA). The average peak pressure
was also monitored to ensure the correct placement
of the tracheostomy tube. An oximeter was used to
verify that the correct FiO, was delivered. Once oxy-
genation and ventilation were verified, a 2 cm right
groin incision was performed to gain access to the
right femoral vessels. Central venous access and ar-
terial line access were obtained via the right femoral
vessels using appropriate size catheters with mini-
mal blood loss. The central venous line was con-
nected to the pump which was pre-programmed to
infuse pentobarbital at 20 mg kg™ h'intravenously
to establish maintenance total intravenous anaes-
thesia. The arterial line and its pressure transducer
were connected to a Propaq 202 EL Encore anaes-
thesia monitor (Welch Allyn, Skaneateles, USA).
The arterial waveform was verified, and the arterial
line was zeroed in preparation for the acquisition of
baseline haemodynamic readings. Systolic, diastolic,
and mean arterial blood pressures were recorded.
The arterial line allowed baseline as well as mainte-
nance blood sampling.

Blood loss was measured by weighing all 4 x 4
gauze pads employed to recover any blood extrava-
sated during the surgical procedure. All blood sam-
ples obtained for chemistry determinations were
also accounted for in our process. A baseline hae-

moglobin level was obtained at the beginning of
the procedure as well as during the experiment to
rule out anaemia, which if present would affect the
data analysis. Individual blood samples for analysis,
obtained via the femoral arterial line, amounted to
0.2 mL each. An iSTAT (Abbott Laboratories, Chica-
go, USA) point-of-care device was employed for all
chemistry analyses.

Measurements

Laboratory measurements, including arterial
oxygen saturation (Sa0,), PaO,, PaCO,, arterial O,
content (Ca0,), arterial pH, and serum levels of lac-
tate and glucose, were recorded at 60-, 120-, and
180-minute time points. The mean arterial pressure
(MAP) was recorded at 5-minute intervals through-
out the intervention.

Statistical analysis

Sample sizes were estimated based on previous
similar studies. Blinding methods were not used
when assessing results. Alterations in haemody-
namics and serum blood chemistry were examined,
with the rat as the unit of analysis. Summary statis-
tics such as the number of missing observations,
mean, median, standard deviation, minimum, and
maximum were determined for continuous data.
The Wilcoxon rank-sum test was used to compare
the distributions of measurements between the
HSH and HAIH groups. The Kruskal-Wallis test was
used to compare the distributions of measurements
among the control, HSH, and HAIH groups. Mean
and standard error bar graphs over time points
for each metric were generated by the treatment
group. All tests were 2-sided, and P-values less than
0.01 were considered statistically significant. Outli-
ers were not evaluated, and no data were excluded
from statistical analysis. All analyses were conduct-
ed using SAS (v9.1, Cary, North Carolina, USA) and
GraphPad Prism 8 (V8, La Jolla, California, USA).

RESULTS

During the experiment, 2 rats (2/10) in the HSH
group died within the first hour of receiving oxygen
at FiO, = 0.08, and their data was excluded from
data analysis (Figure 1A). One rat (1/9) in the HAIH
group did not complete the study due to technical
issues with the calibration of the FiO,, and its data
was excluded from data analysis.

The HAIH group maintained significantly higher
blood pressure levels compared to the HSH group,
which suffered severe deterioration of their hae-
modynamic status (Figure 1B). At 120 minutes and
180 minutes, the HAIH group had a significantly
higher MAP (P = 0.0048) than the HSH group. Ani-
mals in the HAIH group had significantly higher lev-
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FIGURE 1. Artificially induced hyperventilation in hypoxic rats. A) Flowchart of the
studied groups. Studied rats were deeply anaesthetized and mechanically ventilated
for 3 hours. No muscle relaxants were used in any of the study groups. During the first
hour of the experiment, all the rats were ventilated at an FiO2 of 1to achieve steady
state. Then the rats were randomly allocated to 3 different groups. The control group
(n= 5, green) that was mechanically ventilated at an Fi0, of 1, the hypoxic sponta-
neously hyperventilating group (HSH, n = 10, blue) that was mechanically ventilated
atan Fi0, of 0.08, and the hypoxic artificially induced hyperventilation group (HAIH,
n =29, red) that was mechanically ventilated at an Fi0, of 0.08 with a respiratory
rate targeting a PaC0, of 10 mm Hg. B) Mean arterial pressure (MAP) in the studied
groups at different time points. MAP for each group is presented at 10-minute inter-
vals throughout the 3-hour experiment period. The data is represented as mean, and
the standard error is shown at 120 and 180 minutes. Differences among the HAIH and
HSH groups were calculated with the Wilcoxon rank-sum test. Statistical significance
was accepted as P < 0.01. During the first hour of the study there were no differences
in MAP among the 3 groups. At the end of the steady-state period, the MAP of the
HSH and HAIH groups rapidly fell. However, after the acclimatization process driven
by the hyperventilation, the HAIH group increased the MAP. At 120 and 180 minutes,
the HAIH group had a significantly higher MAP (P < 0.005) than the HSH group

els of Sa0, and Ca0, at 120 minutes and 180 min-
utes (P = 0.005), of PaO, at 120 minutes (P = 0.007),
and of glucose at 180 minutes (P = 0.007) than ani-
mals in the HSH group (Figure 2A and Figure 3A-C).
Furthermore, the mean pH of the HAIH group was
higher than those of the control and HSH groups at
120 and 180 minutes (P = 0.005) (Figure 2B). Animals
in the HAIH group had significantly lower PaCO,
(P=0.005, P =0.005) and lower lactate (P = 0.021,
P =0.039) measurements at 120 minutes and 180
minutes than animals in the HSH group (Figure 2C
and Figure 3D). Means, medians, standard devia-
tions, and ranges of all laboratories performed are
presented in Table 1.
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Regarding ventilator parameters, the average
peak pressure, tidal volume, respiratory rate, and
minute ventilation were higher in the HAIH group of
rats than in the HSH group at 120 and 180 minutes
(P=0.011) (Table 2).

DISCUSSION

The results of this study confirm our hypothesis
that artificially induced hyperventilation significant-
ly reduced the negative impact of hypoxic-hypoxia
on haemodynamic status and serum chemistry
parameters. Additionally, the HAIH group demon-
strated adequate oxygenation and proper aerobic
metabolism leading to normal serum glucose and
lower serum lactate levels during the period of ex-
treme hypoxia as compared to the HSH group. De-
spite the higher peak airway pressure of the HAIH
rats, which had a tendency towards statistical signifi-
cance compared to the HSH group, we observed an
increased MAP accompanied by an improved bio-
chemical profile, possibly due to the more adequate
oxygenation. The HAIH group exposed to 8% oxy-
gen had a Ca0, similar to that of the control group
exposed to 100% oxygen (Figure 3B). The HAIH and
HSH study groups displayed a MAP decrease after
the initiation of the experiment (Figure 1B). This cir-
culatory crisis is probably due to a state of heart fail-
ure secondary to the depressant effect of hypoxia on
the myocardium [15]. If these findings are successful-
ly translated to the clinical setting, they may change
the way we manage acute, severe hypoxaemia.

To understand how hyperventilation protects
against hypoxia through acclimatization, both re-
spiratory and metabolic mechanisms must be con-
sidered. These have been studied extensively in the
field of high-altitude medicine and physiology [16].
At high altitudes, the most important factor of pul-
monary gas exchange is the increased alveolar ven-
tilation, which is inversely proportional to PaCO, [14].
As barometric pressure decreases, the Pa0, is re-
duced. Alveolar partial pressure of CO, (PACO,) with-
in a normal range would further decrease the PaO,.
The PAQ, level could be dangerously low and cause
a situation that would be incompatible with life [2].
Consequently, tachypnoea sustained by climbers
exposed to extreme conditions can dramatically
reduce their PaCO, and allow them to survive at
high altitudes with PIO, as low as 43.1 mm Hg, rep-
resenting less than a third of the PIO, observed at
sea level [3]. In an effort to imitate climbers’survival
mechanisms under hypoxic conditions in the artifi-
cially induced hyperventilation group, we induced
hyperventilation targeting a PaCO, of 10 mm Hg to
mimic high-altitude acclimatization.

The impact of hypocapnia on the oxygen affin-
ity of haemoglobin must be considered, because
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FIGURE 2. Arterial blood gas results in rat groups at different time points. Arterial blood gases were measured at 60 minutes, 120 minutes, and 180 minutes
during the experimental period in all rats. The data is presented in box-and-whisker plots. Whiskers depict the minimum and maximum values. The green

boxes represent control rats, which were consistently ventilated throughout the experiment at an Fi0

2

of 1. The red boxes represent the hypoxic artificially

induced hyperventilation (HAIH) group, which were ventilated during the first 60 minutes at an Fi0, of 1 and after that at an Fi0, of 0.08, with a respiratory
rate titrated targeting a PaC0, of 10 mm Hg. The blue boxes represent the hypoxic spontaneously hyperventilating group (HSH) group, which were ventilated
during the first 60 minutes at an Fi0, of 1and after that at an Fi0, of 0.08 without modification in respiratory rate. Differences among the HAIH and HSH groups
were calculated with the Wilcoxon rank-sum test. Statistical significance was accepted as P < 0.01. A) The partial pressure of arterial oxygen was significantly
higher for the HAIH at 120 minutes and had a tendency towards significance at 180 minutes (P=0.013). B) The pH was significantly higher in the HAIH rats at

120 and 180 minutes (P = 0.005, P = 0.005). C) The partial pressure of arterial carbon dioxide was lower in the HAIH group (P = 0.005, P = 0.005)

increased oxygen affinity caused by low PaCO, can
be ascribed to the increase in the pH [2]. Earlier
studies examining the oxygen dissociation curve in
the presence of limited oxygen diffusion across the
blood-gas barrier found that a leftward shift of the
curve resulted in a higher pressure of mixed venous
blood oxygen, an index of tissue oxygenation [2, 17].
This suggests that in the presence of limited oxygen
diffusion, increased haemoglobin affinity enhancing
oxygen loading in the alveoli outweighs the nega-
tive impact on oxygen unloading in tissues [17-19].
At extreme altitudes, hyperventilation allows climb-
ers to increase their oxygen affinity through respira-
tory alkalosis, reaching a Ca0, adequate for tissue
oxygenation [20]. This observation was replicated in
the HAIH group, which sustained a very low mean
Pa0,, while its mean Ca0, approximated that of the
control group.

Although the concern for cerebral vasoconstric-
tion secondary to hypocapnia is valid in normoxic

conditions, studies have shown that this risk does
not apply to hypoxia [9, 10]. In hypoxia, the vasocon-
striction generated by hyperventilation is counter-
acted by compensatory arterial vasodilation [11, 12],
allowing adequate brain oxygenation. Moreover, it
has been documented that at altitude, global cere-
bral blood flow increases through acclimatization to
maintain cerebral oxygen delivery [21, 22].

In order to achieve acclimatization by hyperven-
tilation, respiratory muscle integrity is essential. The
striated muscle of the respiratory apparatus has the
capacity to sustain considerable tachypnoea. The ex-
traordinary capacity of this muscle to avoid fatigue
is driven by its oxygen-conforming nature, which al-
lows the matching of oxygen consumption (VO,) to
oxygen delivery (DO,) [23, 24], but for this to take
place a constant source of energy must be secured.

During hypoxia, metabolic changes activate
anaerobic pathways. In anaerobiosis, glycogen
is quickly depleted, and serum lactate levels rise
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FIGURE 3. Selected laboratory results in rat groups at different time points. Laboratory data were measured at 60, 120, and 180 minutes. The data are
presented in box-and-whisker plots. Whiskers depict the minimum and maximum values. The green boxes represent the values of the control rats, which
were consistently ventilated throughout the experiment at an Fi0, of 1. The red boxes represent the values of the hypoxic artificially induced hyperventilation
(HAIH) rats, which were ventilated during the first 60 minutes at an Fi0, of 1and then at an Fi0, of 0.08, with a respiratory rate titrated targeting a PaC0, of
10 mm Hg. The blue boxes represent the values of the hypoxic spontaneously hyperventilating (HSH) rats, which were ventilated during the first 60 minutes
atan Fi0, of 1 and after that at an Fi0, of 0.08 with no modification in respiratory rate. Differences among the HAIH and HSH groups were calculated with
the Wilcoxon rank-sum test. Statistical significance was accepted as P < 0.01. A) Arterial oxygen saturation (Sa0,) was significantly higher in the HAIH group
at 120 and 180 minutes (P =0.005, P = 0.005). B) Arterial oxygen concentration (Ca0,) was significantly higher in the HAIH group at 120 and 180 minutes
(P=10.005, P=0.005). C) Serum glucose levels (mg dL) was significantly higher in the HAIH group at 180 minutes (P = 0.007). D) Serum lactate was lower
in the HAIH group at 120 and 180 minutes, but not statistically significant (P = 0.021, P =0.039)

steeply [25]. Lactate becomes an essential source
of energy in hypoxic-hypoxia and is utilized directly
by a variety of tissues [24, 26]. In the heart, lactate
is consumed via anaplerosis, replenishing inter-
mediaries of the Krebs cycle, and has even been
shown to be haemodynamically protective [27-29].
However, if the striated muscle is fatigued and not
able to compensate for the oxygen depletion, the
endpoint will be severe deterioration of the hae-
modynamic status, as observed in the HSH rats. The
HAIH group withstood the hypoxic conditions while
maintaining adequate MAP and tissue oxygenation,
indirectly shown by signs of aerobic metabolism,
with a lower mean lactate level (2.8 mmol L") and
high levels of glucose at 180 minutes (Figure 3).
Lastly, we observed that the PaCO, in the HSH
group of rats also decreased in comparison with
the control group. This was expected because no
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muscle relaxants were used, allowing them to put
into motion their physiological compensatory
mechanisms as a survival response. This brought
increased work of breathing and increased serum
lactate. While lactate was increased compared to
the control group, the pH was similar, which may
be explained by respiratory alkalosis responding
to an acute effect caused by the washout of PaCO,
by hyperventilation. During acute hypoxic-hypoxia,
the physiological response in the HSH rats differed
from that in HAIH. HSH rats demonstrated a de-
crease in PaCO, product of normal compensatory
tachypnoea. Nevertheless, the pH remained in the
normal range, possibly due to the elevated lactic
acid. In contrast, the induction of HAIH significantly
raised the serum median pH to 7.88, with the as-
sociated haemodynamic and biochemical beneficial
responses seen during acclimatization.
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TABLE 2. Ventilation parameters
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C— control group, HAIH — hypoxic artificially induced hyperventilation group, HSH — hypoxic spontaneously hyperventilating group. *Minute ventilation in the HSH group is not accurate given that it only takes into consideration the ventilator settings. Rats in this group were not paralyzed and therefore were left to regulate their

own respiratory rate

Our study had a number of limitations. First,
we were unable to determine the amount of time
HAIH can be sustained without causing deleterious
effects, as well as the severe complications derived
from the prolonged exposure to severe alkalosis,
particularly within the central nervous system. Sec-
ond, we did not measure cardiac output and cen-
tral venous saturation (SvO,), which could provide
useful information about DO,/VO, ranges. Third,
the animals’respiratory rate and minute ventilation
of the HSH group are not accurate, given that the
respiratory rate reported was obtained from the
ventilator and did not include the spontaneous
breaths of the hypoxic animals, because the tachy-
pnoea generated by hypoxia made it challenging
to monitor their true respiratory rate. This is a cru-
cial clarification, because no muscle relaxants were
used on any of the study animals, and the observed
hyperventilation on the non-hyperventilated rats
was secondary to the acclimatization response to
hypoxia. Lastly, we used a hyperoxic control group
of animals ventilated with an FiO, of 1. Investigators
aiming to replicate this study should consider add-
ing an additional group of normoxic animals that
could exclude the effect of hyperoxia.

CONCLUSIONS

Artificially induced hyperventilation using me-
chanical ventilation in an acute hypoxic-hypoxia
animal model led to the correction of severe serum
chemistry derangements, haemodynamic stability,
and arterial oxygen content. This may represent
a novel rescue manoeuvre during acute hypoxic-
hypoxia by stabilizing a rapidly deteriorating situ-
ation buying time we may not otherwise have, and
serve as a bridge to a more permanent form of sup-
port. These experimental findings should be further
studied and validated before being translated to the
clinical setting.

ACKNOWLEDGMENTS

1. Assistance with the article: We appreciate the lo-
gistical support provided by Dr. Ming Yang and
Dr. Abdulla K Salahudeen in the laboratory facili-
ties of The University of Texas MD Anderson Can-
cer Center. We also thank the writing assistance of
Mrs. Mary Ann Oler, education program coordina-
tor of the Department of Critical Care and Respira-
tory Care at The University of Texas MD Anderson
Cancer Center, and Mrs. Kathryn Hale of the office
of Scientific Publications at The University of Texas
MD Anderson Cancer Center for her valuable edi-
torial contributions.

2. Financial support and sponsorship: This study
was supported by The University of Texas MD An-
derson Cancer Center Critical Care Department



Artificial hyperventilation normalizes haemodynamics and arterial oxygen content in hypoxic rats

research funds. The University of Texas MD An-
derson Cancer Center is supported in part by the
National Institutes of Health (NIH) through Cancer
Center Support Grant P30CA016672.

. Conflicts of interest: Dr. Gutstein received support

for article research from the National Institutes of
Health (NIH). Dr. Guindani’s institution received
funding from NIH Cancer Center Grant. Dr. Dong
disclosed work for hire. Dr. Price received fund-
ing from Springer Nature Publishing Company.
The remaining authors have disclosed that they
do not have any potential conflicts of interest
Presentation: A preliminary results abstract was
presented in the 49™ Annual Critical Care Congress
of the Society of Critical Care Medicine, 16-19t
February 2020.

REFERENCES

—_

[

w

Ee

v

=

N

o

10.

1

—_

12.

13.

14.

15.

16.

. Grocott M, Montgomery H, Vercueil A. High-altitude physiology

and pathophysiology: implications and relevance for intensive care
medicine. Crit Care 2007; 11: 203. doi: 10.1186/cc5142.

. West JB, Shoene RB, Luks AM, Milledge JS. High Altitude Medicine

and Physiology. 5th ed. Boca Raton: CRC Press; 2013.

. Grocott MPW, Martin DS, Levett DZH, et al. Arterial blood gases and

oxygen content in climbers on Mount Everest. N Engl ] Med 2009;
360: 140-149. doi: 10.1056/NEJM0a0801581.

West JB, Boyer SJ, Graber DJ, et al. Maximal exercise at extreme alti-
tudes on Mount Everest. ] Appl Physiol Respir Environ Exerc Physiol
1983; 55: 688-698. doi: 10.1152/jappl.1983.55.3.688.

. Fliick D, Siebenmann C, Keiser S, Cathomen A, Lundby C. Cere-

brovascular reactivity is increased with acclimatization to 3,454 m
altitude. ] Cereb Blood Flow Metab 2015; 35: 1323-1330. doi: 10.1038/
jcbfm.2015.51.

Semenza GL. Expression of hypoxia-inducible factor 1: mechanisms
and consequences. Biochem Pharmacol 2000; 59: 47-53. doi: 10.1016/
$0006-2952(99)00292-0.

Wilson DE Roy A, Lahiri S. Inmediate and long-term responses of
the carotid body to high altitude. High Alt Med Biol Summer 2005;
6: 97-111. doi: 10.1089/ham.2005.6.97.

. Powell FL, Fu Z. HIF-1 and ventilatory acclimatization to chronic

hypoxia. Respir Physiol Neurobiol 2008; 164: 282-287. doi: 10.1016/j.
resp.2008.07.017.

. Ito H, Kanno I, Ibaraki M, Hatazawa J, Miura S. Changes in human

cerebral blood flow and cerebral blood volume during hypercap-
nia and hypocapnia measured by positron emission tomography.
] Cereb Blood Flow Metab 2003; 23: 665-670. doi: 10.1097/01.
‘WCB.0000067721.64998.F5.

Griine E Kazmaier S, Stolker RJ, Visser GH, Weyland A. Carbon dioxide
induced changes in cerebral blood flow and flow velocity: role of cere-
brovascular resistance and effective cerebral perfusion pressure. ] Cereb
Blood Flow Metab 2015; 35: 1470-1477. doi: 10.1038/jcbfm.2015.63.

. Brugniaux JV, Hodges ANH, Hanly PJ, Poulin MJ. Cerebrovascular

responses to altitude. Respir Physiol Neurobiol 2007; 158: 212-223.
doi: 10.1016/j.resp.2007.04.008.

Curtelin D, Morales-Alamo D, Torres-Peralta R, et al. Cerebral
blood flow, frontal lobe oxygenation and intra-arterial blood pres-
sure during sprint exercise in normoxia and severe acute hypoxia
in humans. J Cereb Blood Flow Metab 2018; 38: 136-150. doi:
10.1177/0271678X17691986.

Daleau P, Morgado DC, Iriarte CA, Desbiens R. New epilepsy seizure
at high altitude without signs of acute mountain sickness or high alti-
tude cerebral edema. High Alt Med Biol 2006; 7: 81-83. doi: 10.1089/
ham.2006.7.81.

West JB. Human responses to extreme altitudes. Integr Comp Biol
2006; 46: 25-34. doi: 10.1093/icb/icj005.

Taegtmeyer H. Energy metabolism of the heart: From basic concepts
to clinical applications applications. Curr Probl Cardiol 1994; 19: 59-
113. doi: 10.1016/0146-2806(94)90008-6.

Taylor AT. High-altitude illnesses: physiology, risk factors, preven-
tion, and treatment. Rambam Maimonides Med J 2011; 2: e0022. doi:
10.5041/RMM]J.10022.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

Bencowitz HZ, Wagner PD, West JB. Effect of change in P50 on ex-
ercise tolerance at high altitude: a theoretical study. ] Appl Physiol
Respir Environ Exerc Physiol 1982; 53: 1487-1495. doi: 10.1152/
jappl.1982.53.6.1487.

Turek Z, Kreuzer F, Hoofd L]. Advantage or disadvantage of a de-
crease of blood oxygen affinity for tissue oxygen supply at hypoxia.
A theoretical study comparing man and rat. Pflugers Arch 1973; 342:
185-197.

Storz JE. Hemoglobin-oxygen affinity in high-altitude vertebrates: is
there evidence for an adaptive trend? ] Exp Biol 2016; 219 (Pt 20):
3190-3203. doi: 10.1242/jeb.127134.

Storz JE, Moriyama H. Mechanisms of hemoglobin adaptation to high
altitude hypoxia. High Alt Med Biol Summer 2008; 9: 148-157. doi:
10.1089/ham.2007.1079.

. Smith KJ, MacLeod D, Willie CK, et al. Influence of high altitude on

cerebral blood flow and fuel utilization during exercise and recovery.
J Physiol 2014; 592: 5507-5527. doi: 10.1113/jphysiol.2014.281212.
Ainslie PN, Subudhi AW. Cerebral blood flow at high altitude. High
Alt Med Biol 2014; 15: 133-140. doi: 10.1089/ham.2013.1138.
Hochachka P. Biochemical Adaptation. 1st ed. Princton, NJ: Prince-
ton University Press; 1989.

Hochachka P. Living Without Oxygen. 1st ed. Cambridge, MA: Har-
vard University Press; 1980.

Mizock BA. Alterations in fuel metabolism in critical illness: hyper-
glycaemia. Best Pract Res Clin Endocrinol Metab 2001; 15: 533-551.
doi: 10.1053/beem.2001.0168.

Brooks GA. Energy Flux, Lactate Shuttling, Mitochondrial Dynamics,
and Hypoxia. Springer, Boston, MA; 2016. p. 439-455.

Metabolic support for the postischaemic heart. Lancet 1995; 345:
1552-1555.

Svedjeholm R, Vidlund M, Vanhanen I, Hiékanson E. A metabolic
protective strategy could improve long-term survival in patients with
LV-dysfunction undergoing CABG. Scand Cardiovasc J 2010; 44: 45-
58. doi: 10.3109/14017430903531008.

Doenst T, Amorim PA. Editorial: Metabolic therapy in cardiac sur-
gery - “Optimizing the engine’s fuel supply and more..” Scand Car-
diovasc J 2010; 44: 4-8. doi: 10.3109/14017430903469928.

231



