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Abstract

Exposure to moderate hypoxia in humans leads to cerebral lactate production, which occurs even when the cerebral
metabolic rate of oxygen (CMRO2) is unaffected. We searched for the mechanism of this lactate production by testing the
hypothesis of upregulation of cerebral glycolysis mediated by hypoxic sensing. Describing the pathways counteracting brain
hypoxia could help us understand brain diseases associated with hypoxia. A total of 65 subjects participated in this study:
30 subjects were exposed to poikilocapnic hypoxia, 14 were exposed to isocapnic hypoxia, and 21 were exposed to carbon
monoxide (CO). Using this setup, we examined whether lactate production reacts to an overall reduction in arterial oxygen
concentration or solely to reduced arterial oxygen partial pressure. We measured cerebral blood flow (CBF), CMRO2, and
lactate concentrations by magnetic resonance imaging and spectroscopy. CBF increased (P < 10−4), whereas the CMRO2

remained unaffected (P > 0.076) in all groups, as expected. Lactate increased in groups inhaling hypoxic air (poikilocapnic
hypoxia: 0.0136 mmol/L

�SaO2
, P < 10−6; isocapnic hypoxia: 0.0142 mmol/L

�SaO2
, P = 0.003) but was unaffected by CO (P = 0.36). Lactate

production was not associated with reduced CMRO2. These results point toward a mechanism of lactate production by
upregulation of glycolysis mediated by sensing a reduced arterial oxygen pressure. The released lactate may act as a
signaling molecule engaged in vasodilation.

Key words: cerebral blood flow, cerebral hemodynamics, cerebral metabolism, hypoxia, lactate

Introduction
Acute brain hypoxia causes a decline in cognitive function in
mild cases, but in severe cases leads to neuronal dysfunction,
unconsciousness, and cell death. Short intermittent episodes of
moderate hypoxia cause cell apoptosis, which over time leads

to substantial brain atrophy (Greijer and Van Der Wall 2004; Xu
et al. 2004; Sendoel and Hengartner 2014) and may be part of the
pathophysiology of neurodegenerative diseases, most notably
Alzheimer’s disease (Zhang and Le 2010). Protection against
brain hypoxia and ensuring oxygen and metabolic substrate
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availability is therefore vital to the maintenance of a healthy
brain.

A major protective mechanism active against brain hypoxia
is the cerebrovascular reactivity (CVR), which increases cere-
bral blood flow (CBF) and thereby the oxygen supply to the
brain. In addition, detection of a reduced oxygen pressure in
cells initiates multiple compensatory mechanisms mediated by
the transcription factor hypoxia-inducible factor (HIF), which
upregulates gene expression related to glycolysis, glucose trans-
port across membranes, and vascularization (Semenza 2012;
Prabhakar and Semenza 2015).

Exposure to moderate poikilocapnic hypoxic air, in addition
to an increase in CBF, robustly promotes cerebral lactate pro-
duction in the human brain (Overgaard et al. 2012; Vafaee et al.
2012; Harris et al. 2013; Vestergaard et al. 2016, 2020). Lactate
production is also observed when the cerebral metabolic rate
of oxygen (CMRO2) is maintained and, therefore, is likely not to
arise from insufficient oxidative metabolism. Here, the increase
did not follow increased systemic blood lactate levels, as the
subjects remained immobile during the exposure (Vestergaard
et al. 2016; Jensen et al. 2018).

We hypothesized that the upregulation of glycolysis and
consequent lactate production in healthy humans is a protec-
tive mechanism activated by sensing hypoxia. The discovery
of molecules and pathways involved in the activation of these
defensive mechanisms will help achieve a better understanding
of the protective mechanism, potentially leading to the identifi-
cation of therapeutic targets against adverse brain hypoxia.

We examined three groups of human volunteers inhaling
hypoxic air with freely fluctuating blood CO2 pressure (poikilo-
capnic hypoxia), hypoxic air with added CO2 (isocapnic hypoxia),
or atmospheric air after saturating part of the blood with carbon
monoxide (CO). The addition of CO2 to hypoxic air eliminates the
tissue alkalosis induced by hyperventilation, leading to a state of
isocapnic hypoxia. Exposure to CO causes CO molecules to bind
to hemoglobin, effectively lowering the oxygen concentration of
the arterial blood (CaO2). However, exposure to CO does not lead
to hyperventilation and hypocapnia or affect the arterial oxygen
partial pressure (PaO2), in contrast to inhalation of hypoxic air
(Paulson et al. 1973; Ghanizada et al. 2018). By examining these
three groups, we distinguished between lactate production from
overall reduced CaO2, which will be present in all groups, and
lactate production only in the presence of a reduced PaO2. In
addition, by comparing the results of the groups exposed to
poikilocapnic and isocapnic hypoxia, we established whether
tissue alkalosis was involved in lactate production. High pH
levels are known to stimulate the key glycolytic enzyme phos-
phofructokinase (PFK), resulting in upregulation of glycolysis
and increased lactate production (Trivedi and Danforth 1966).

We reasoned that if we observed lactate production in the
presence of a maintained CMRO2, the cause of elevated lactate
would not be impaired oxidative metabolism or tissue alkalosis.
Rather, elevated lactate production is more likely the result of
an upregulation of glycolysis mediated by the effects of hypoxia.
The upregulation of glycolysis with lactate as the end-product
could then be part of a mechanism protecting against brain
hypoxia.

To test the hypothesis in these three groups, we acquired
measurements of CBF and CMRO2 with phase-contrast magnetic
resonance imaging (MRI) techniques and measurements of cere-
bral lactate, N-acetylaspartate (NAA), and combined creatine
and phosphocreatine (Cr + PCr) concentrations with magnetic
resonance spectroscopy (MRS).

Materials and Methods
In total, 65 subjects were enrolled in this study. In the group
exposed to poikilocapnic hypoxia, 30 subjects participated (11
women, mean age = 26.8 years, range = 20.0–39.7 years); in the
group exposed to isocapnic hypoxia, 14 subjects participated
(three women, mean age = 24.4 years, range = 20.6–33.0 years);
and in the group exposed to CO, 21 subjects participated (11
women, mean age = 23.1 years, range = 18.7–30.2 years). The
participants had no known heart, lung, or neurological diseases.
This study was approved by the Capital Region of Denmark’s
Committee on Health Research Ethics (H-15003589 and H-
17016387) and was conducted according to the Declaration of
Helsinki. All subjects gave written informed consent before
participation. Data from a subset of the group inhaling hypoxic
air have previously been published as control data in a study
examining the cerebrovascular physiology of experienced
freedivers (Vestergaard and Larsson 2019) and as part of a
study on the effect of healthy aging on cerebral physiology
(Vestergaard et al. 2020). An analysis and exploration of the
development of headache in the group exposed to CO enrolled
in the present study will be published elsewhere.

Experimental Design

All MRI scans were performed on a Philips 3 T dSTREAM Achieva
MRI scanner (Philips Medical Systems) using a 32-channel
phased array head coil. The experiment consisted of one MRI
session including anatomical scans and the acquisition of
global CBF using phase-contrast mapping (PCM), global CMRO2

using susceptibility-based oximetry (SBO) (Jain et al. 2010), and
cerebral lactate concentration using MRS. Global CBF, CMRO2,
and lactate were initially acquired during normoxia, and the
acquisitions were repeated during the inhalation of hypoxic air
or after the inhalation of CO. All measurements were performed
in the hypoxia studies. In the CO inhalation studies, CBF was
measured in all subjects, but CMRO2 and lactate concentrations
were measured in only a subset of 14 of the 21 subjects. The
timing of the acquisitions of the MRI sequences is shown in
Figure 1.

During normoxia measurements, the subjects inhaled atmo-
spheric air from the surrounding environment. In the two groups
inhaling hypoxic air (10–14% fractional oxygen), the subjects
were fitted with a face mask covering the mouth and nose
while lying in the scanner. The mask was connected by a tube
and a one-way valve to an AltiTrainer system (SMTEC) that
provided hypoxic air. A one-way valve in the mask ensured that
no rebreathing was possible. End-tidal O2 pressure (PetO2) and
end-tidal CO2 pressure (PetCO2) were measured from a tube con-
nected to the mask by a Veris Monitor system (MEDRAD). Heart
rate and arterial oxygen saturation were measured continuously
throughout the scan by fingertip pulse oximetry, also using the
Veris Monitor. Before the scan, a venous blood sample was drawn
and analyzed immediately for hemoglobin and hematocrit using
a Radiometer ABL800 Flex (Radiometer).

In the group exposed to isocapnic hypoxia, CO2 was added
to the inhaled hypoxic air to maintain a normal end-tidal CO2

pressure. CO2 was gradually added to each subject’s air to main-
tain individual CO2 levels. On average, 1.3 kPa CO2 was added to
the inhaled air (Fig. 1B).

The group exposed to CO was first scanned during normoxia.
The subjects were then taken from the scanner and brought to
an adjacent room where they were fitted with a full-face mask
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Figure 1. Timing of the acquired MRI sequences. In total, 65 subjects participated in the study. A total of 30 subjects were included in the group exposed to poikilocapnic
hypoxia (A), 14 subjects were included in the group exposed to isocapnic hypoxia (B), and 21 subjects were included in the group exposed to CO (C). Initially, surveys
and anatomical scans were obtained. Hereafter, global CBF, combined oxygen saturation and blood flow in the sagittal sinus for the calculation of CMRO2, and MR
spectroscopy for lactate concentration were acquired at baseline and during inhalation of hypoxic air or after exposure to carbon monoxide.

connected to a tube through which CO was provided from a
gas bottle (99.997% purity, Strandmoellen). The subjects were
instructed to take deep breaths and exhale slowly while CO
was added to the tube. In total, each participant inhaled air
with added CO three times. At baseline and after an initial
inhalation of 200 mL CO, a capillary blood sample was taken
and analyzed on site to determine the carboxyhemoglobin con-
centration (COHb). The volume of CO necessary to increase the
COHb to ∼22% was then calculated and given as a second and
third inhalation with a regular COHb measurement in between.
A mean volume of 363 ± 64 mL of CO was administered, and the
participants reached a mean COHb of 21.9 ± 1.2%.

MRI Sequences

Structural Imaging
Structural images were acquired using a 3D T1-weighted turbo
field echo sequence [field of view (FOV) = 241 × 180 × 165 mm3;
voxel size = 1.1 × 1.1 × 1.1 mm3; echo time (TE) = 2.78 ms; repe-
tition time (TR) = 6.9 ms; flip angle = 9◦]. The structural images
were segmented for gray matter, white matter, and cerebrospinal
fluid (CSF) using the FSL-functions BET and FAST (FMRIB Soft-
ware Library, Oxford University) (Jenkinson et al. 2012). A whole-
brain mask covering the cerebrum, cerebellum, and brainstem
was created to obtain the total brain volume. An example of
brain segmentation is shown in Figure 2E.

Cerebral Blood Flow
The mean global CBF was obtained using velocity-sensitive PCM
MRI (Bakker et al. 1996; Vestergaard et al. 2017). Blood velocity
contrast maps were acquired with a turbo field echo sequence
(one slice, FOV = 240 × 240 mm2; voxel size = 0.75 × 0.75 × 8 mm3;
TE = 7.33 ms; TR = 27.63 ms; flip angle = 10◦; velocity encod-
ing = 100 cm/s, without cardiac gating). Two measurements
were obtained: one with the imaging plane perpendicular to
the carotid arteries and one perpendicular to the basilar artery.
An example of the planning and an acquired velocity-encoding
map can be seen in Figure 2A and B.

The blood flows in each of the cerebral feeding arteries
(both internal carotids and the basilar artery) were calculated
by multiplying the mean blood velocity by the cross-sectional
area from regions of interest (ROIs) defining each vessel. The
global mean CBF was calculated by normalizing the total blood
flow from each artery to the total brain weight. Brain weight was
estimated from the segmentation of the structural MRI images
assuming a brain density of 1.05 g/mL (Torack et al. 1976).

The cerebral delivery of oxygen (CDO2) was calculated by
multiplying CBF by the arterial oxygen concentration, calcu-
lated as arterial oxyhemoglobin saturation (SaO2) multiplied by
hemoglobin concentration.

Cerebral Metabolic Rate of Oxygen
The mean global CMRO2 was obtained by acquiring the flow
(BFss) and venous oxyhemoglobin saturation (SvO2) of the blood
leaving the brain in the sagittal sinus using the Fick principle:

CMRO2 = [Hgb] • (BFss) • (SaO2 − SvO2) (1)

The hemoglobin concentration (Hgb) is the oxygen-carrying
concentration (in mmol/L) measured from venous blood
samples drawn immediately before the MRI scan. The blood
flow and oxygen saturation in the sagittal sinus were acquired
using a dual-echo gradient-echo sequence (one slice, FOV = 220 ×
190 mm2; voxel size = 0.5 × 0.5 × 8 mm3; TE1 = 10.89 ms; TE2 =
24.16 ms; flip angle = 30◦; five repeated measures, velocity
encoding = 100 cm/s, total duration = 1 min 30 s; SENSE-
factor = 2) and combining PCM and SBO techniques. The imaging
plane was located perpendicular to the sagittal sinus. BFss

was calculated similarly to the processing of global CBF values
described earlier by calculating a velocity-encoded image and
drawing an ROI covering the vessel. The acquired blood flow in
the sagittal sinus was scaled to the ratio between the global
CBF and BFss measured at baseline in each participant to
normalize the CMRO2 to the individual global brain values. The
oxygen saturation was calculated using SBO techniques, which
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Figure 2. Examples of the magnetic resonance imaging and spectroscopy techniques used in the present study. (A) Demonstration of the imaging planes perpendicular
to the carotid arteries (blue lines) and the basilar artery (red lines) for acquiring blood flow by velocity-encoding phase-contrast mapping. (B) Demonstration of an

acquired velocity map with the blood velocity in the carotid arteries clearly visible. (C) Demonstration of the imaging plane perpendicular to the sagittal sinus in the
coronal and sagittal projection for obtaining the blood flow and oxygen saturation by sequence combining phase-contrast mapping and susceptibility-based oximetry.
(D) Susceptibility-based maps demonstrating the difference in phase values from the short and long echo times. The difference in the magnetic susceptibility of the
desaturated blood in the sagittal sinus and the surrounding tissue is clearly visible. (E) Sagittal view of the high-resolution anatomical scan with the segmentation

of gray and white matter. The location of the MR spectroscopy voxel used in the study is visualized. (F) Example of an acquired spectrum after postprocessing using
LCModel.
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utilize the fact that the difference in magnetic susceptibility
between deoxyhemoglobin in venous blood and the surrounding
tissue can be related to oxygen saturation (Jain et al. 2010,
2011). Susceptibility-weighted maps were calculated as the
differences in phase-value maps between the first and second
echoes. Aliased phase values in the sagittal sinus and the
immediately surrounding tissue were manually corrected. An
in-depth discussion of the sequence and postprocessing has
been reported previously (Rodgers et al. 2016; Vestergaard and
Larsson 2019). The method has been validated using blood
sampling from the jugular vein (Miao et al. 2019). An example
of the planning and an acquired susceptibility-weighted map is
presented in Figure 2C and D.

MR Spectroscopy
Lactate, Cr + PCr, and NAA concentrations were obtained by MRS
using a water-suppressed point-resolved spectroscopy pulse
sequence (TR = 3000 ms; TE = 36 ms; voxel size = 30 × 35 × 30 mm3).
The MRS voxel was placed in the occipital lobe. Postprocessing
and quantification of the metabolite concentrations were
performed using LCModel (LCModel, Version 6.3-1F). The
concentrations of lactate, Cr + PCr, and NAA were quantified
by comparing the area under the curve of each metabolite peak
in the spectrum to the area under the curve of the measured
water peak (Christiansen et al. 1993). The concentration of water
was estimated from the ratio of gray matter, white matter,
and CSF in the MRS voxel acquired from the segmentation of
the anatomical images, and assuming water concentrations of
43.3, 35.88, and 55.556 M in gray matter, white matter, and CSF,
respectively (Quadrelli et al. 2016). An investigator blinded to the
group assignments excluded spectra of poor quality wherein the
quantification of lactate was erroneous.

An example of the location of the MRS voxel, the segmen-
tation of gray and white matter, and an acquired spectrum is
shown in Figure 2E and F.

Statistical Analysis

The postprocessing of the data was blinded to the subject’s
group assignment and measurement (baseline measurement
or gas challenge measurement). Values are presented as the
mean ± standard deviation. P-values <0.05 were considered sig-
nificant.

The differences in the average values of the measured
parameters between baseline and during exposure to hypoxia
were tested by paired Student’s t-tests (Table 1). The effects on
the measurements of CBF, CDO2, CMRO2, NAA, Cr + PCr, and
lactate concentration from the gas challenge (poikilocapnic
hypoxia, isocapnic hypoxia, or CO exposure) were additionally
assessed by a linear mixed model with the acquired parameter
as the response variable (Y), arterial oxyhemoglobin saturation
(SaO2) as the fixed effect, and subject as the random effect (u). To
test whether the responses were different for the three groups,
a categorical fixed effect (G) indicating group (poikilocapnic
hypoxia, isocapnic hypoxia, or CO exposure) and the interaction
between SaO2 and group indication were added to the model
(eq. 2). The significance of the interaction term (β3) indicates
whether poikilocapnic hypoxia, isocapnic hypoxia, or CO state
had different effects on the acquired parameters with regard to
oxygen desaturation (Gujarati 1970).

Yt = β0 + β1· SaO2 + β2· G + β3· SaO2· G + u (2) Ta
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Results
One subject in the group inhaling hypoxic air and one subject in
the group exposed to CO had inaccurate lactate measurements
due to excessive signal from lipids originating from the scalp
and soft tissue outside the brain contaminating the lactate peak.
These two measurements were excluded from the analysis.
Two volunteers in the isocapnic group had unacceptably wide
peaks in the spectrum during inhalation of hypoxic air due to
inaccurate shimming of the magnetic field for MRS acquisition.
MRS data from these measurements were excluded from further
analysis. Two subjects inhaling hypoxic air had bifurcations of
the sagittal sinus, making the measurement of oxygen satu-
ration unreliable, as bifurcations introduce inaccuracies into
the technique (Li et al. 2012). These two measurements were
excluded from further analysis.

SaO2, PetO2, PetCO2, and heart rate during the inhalation of
hypoxic air and arterial oxyhemoglobin saturation after expo-
sure to CO are shown in Figure 3. The correlations between oxy-
hemoglobin saturation and the cerebral physiology measures for
the three groups are shown in Figure 4. The mean values are
presented in Table 1.

“SaO2” declined in the poikilocapnic hypoxia group to
76.1 ± 7.2%, and in the isocapnic group, it declined to 82.5 ± 3.6%
at the time of MRS acquisition. After exposure to CO, the
oxyhemoglobin saturation decreased to 79.4 ± 1.9% at the time
of the acquisition of the MRI parameters.

“PetCO2” decreased from 4.9 ± 0.5 kPa in normoxia to
3.7 ± 0.7 kPa in the poikilocapnic hypoxia group and was
unchanged in the isocapnic hypoxia group at the time of the
acquisition of MRI parameters.

“CBF” increased in all groups (Fig. 4A). CO induced a sig-
nificantly higher CBF response than hypoxic air (poikilocapnic
hypoxia: P < 10−6, isocapnic hypoxia: P < 10−3).

“CDO2” decreased in the poikilocapnic hypoxia group
(P < 10−3), was unchanged in the isocapnic hypoxia group
(P = 0.15), and increased in the group exposed to CO (P < 10−3)
(Fig. 4B). The higher CDO2 response in the CO group was
significantly different from those of the hypoxic air groups
(poikilocapnic hypoxia: P < 10−5, isocapnic hypoxia: P < 10−3).

“CMRO2” was unaffected in all groups
(Fig. 4C).

The “cerebral lactate” increased significantly in the poikilo-
capnic group (β = 0.0136 mmol/L

�SaO2
, P < 10−6) and in the isocap-

nic hypoxia group (β = 0.0142 mmol/L
�SaO2

, P = 0.003) but remained
unchanged (P = 0.36) after exposure to CO (Fig. 4D). The increase
in lactate from exposure to hypoxic air was significantly differ-
ent from the increase by CO exposure (poikilocapnic hypoxia:
P = 10−3, isocapnic hypoxia: P = 0.017). There was no significant
difference between the increases in lactate between the poikilo-
capnic and isocapnic hypoxia groups (P = 0.95).

Measures of NAA and Cr + PCr were unaffected in all groups
(Fig. 4E and F).

For the subgroup of subjects with SaO2 above 70% during
the inhalation of hypoxic air (n = 21), SaO2 averaged 79.1 ± 5.0%,
which is very similar to the saturations of the isocapnic hypoxia
(82.5 ± 3.6%) and CO (79.4 ± 1.9%) groups. In the subgroup, we
still observed a highly significant (P < 10−4) increase in lactate
of 0.0108 mmol/L

�SaO2
and a significant difference compared with

exposure to CO (P = 0.010). We also still observed significantly
higher CBF (P < 10−6) and CDO2 (P < 10−6) responses in the CO
group than in this subgroup.

Discussion
The major outcome of the present study was the finding of a
robust increase in lactate concentration in the brain induced by
inhalation of hypoxic air that was independent of changes in the
rate of oxidative metabolism. Lactate production was observed
both in the poikilocapnic and isocapnic hypoxia group, indicat-
ing a mechanism not related to hypocapnia. An upregulation of
glycolysis with lactate as the end-product is therefore likely to be
the effect of a mechanism that senses hypoxia and mediates the
upregulation of glycolysis. This upregulation would then consti-
tute a mechanism that protects against looming severe cerebral
hypoxia. The released lactate would further work as a signaling
molecule, potentially acting as an agent of vasodilatation, as
discussed in the following.

The cause of this increase in lactate concentration is not
readily apparent. Reduced oxygen metabolism will lead to a
build-up of pyruvate in equilibrium with lactate as an end-
product of glycolysis. However, as the CMRO2 was unaffected,
reduced oxygen metabolism is unlikely to be the cause of
the elevated production. The group exposed to poikilocapnic
hypoxic air had a small net decrease in CDO2 (−10.5%). A
decrease in CDO2 of this magnitude is common and does not
reduce cerebral oxygen consumption, for example, a cup of
coffee causes caffeine-induced cerebral vasoconstriction and a
decline in CDO2 by 25–30% (Cameron et al. 1990; Gjedde et al.
2005).

Systemic lactate production and delivery to the brain can-
not explain our findings, as previous studies have definitively
demonstrated that acute short-term exposure to hypoxia does
not significantly increase the systemic blood lactate when sub-
jects remain inactive in an MRI scanner (Vestergaard et al.
2016; Jensen et al. 2018). Another potential cause of elevated
lactate production could be the higher intracellular pH resulting
from hyperventilation-induced tissue alkalosis. High pH levels
stimulate the key glycolytic enzyme phosphofructokinase (PFK),
resulting in upregulation of lactate production (Trivedi and Dan-
forth 1966). Prior studies have also demonstrated increase in
cerebral lactate concentration in response to hyperventilation
but without hypoxia (Posse et al. 1997; Grüne et al. 2014). This
possibility was tested by including a group exposed to isocapnic
hypoxia by adding CO2 to the inhaled hypoxic air to counter-
act hyperventilation-induced tissue alkalosis. In this isocapnic
hypoxia group, we still observed a robust lactate production,
demonstrating that a main mechanism involving increasing
pH as the cause of lactate production is unlikely. Nevertheless,
during poikilocapnic hypoxia, we would still expect an additive
effect from hypocapnia causing further lactate production. How-
ever, we did not observe significant difference in the lactate
production between the poikilocapnic and isocapnic hypoxia
group, demonstrating that the additive effect from hypocapnia
is minor compared with the hypoxia-induced production.

As lactate was produced without concomitant reduced oxy-
gen metabolism and as we can preclude a main mechanism
from alkalosis, the data suggest a mediated and fast upreg-
ulation of glycolysis as the cause for the lactate production.
As exposure to CO did not result in an increase in lactate,
a mechanism related to the difference in these two forms of
insufficient oxygen delivery to the brain could be responsible for
lactate production. The two main differences are that exposure
to CO leads to a higher CBF response than inhalation of hypoxic
air and that PaO2 is normal after CO exposure but reduced with
hypoxic air. The oxygen pressure in the tissue can be moderately
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Figure 3. Arterial oxyhemoglobin saturation (SaO2), oxygen (PetO2), and CO2 (PetCO2) end-tidal partial pressure and heart rate during poikilocapnic hypoxia (A)
and isocapnic hypoxia (B). Oxyhemoglobin saturation after carbon monoxide exposure (C). Inhalation of hypoxic air was initiated at time point zero. Sequences

for measuring CBF and CMRO2 were acquired in the interval spanning 20–30 min after the start of the inhalation of hypoxic air or after CO exposure, and MRS
measurements for lactate acquisition were recorded in the interval spanning ∼30–40 min after start of exposures.

reduced in the cytosol of brain cells without affecting the CMRO2

(Gjedde et al. 2005).
The main adaptive mechanism of cells to protect against

hypoxia is regulated by HIF in the brain (Semenza and Wang
1992; Weidemann and Johnson 2008; Prabhakar and Semenza
2015). HIF accumulates in the cell when the intracellular oxygen
pressure is reduced, and in response, HIF upregulates the expres-
sion of numerous genes related to metabolic adaptation to
hypoxia, including increased angiogenesis, glucose transporters,
erythropoietin expression, and glycolytic enzymes (Huang et al.
2012; Luo et al. 2012; Mergenthaler et al. 2012). The effects of

higher gene expression are observed after several hours or days
of hypoxic exposure. Whether a faster HIF-mediated pathway
for upregulation of glycolysis within minutes exists, correspond-
ing to the short-term hypoxic exposure seen in our study, is not
known. Instead, the upregulation of glycolysis and lactate pro-
duction could be mediated by reduced PaO2, as observed during
inhalation of hypoxic air but not after CO exposure. Decreased
PaO2 pressure is sensed at oxygen-chemosensitive sites of cells
throughout the brain and mediates sympathetic stimulation
(Gonzalez et al. 1994; Acker and Acker 2004; Neubauer and
Sunderram 2004; López-Barneo et al. 2016; Marina et al. 2018).
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Figure 4. (A) Change in cerebral blood flow (CBF), (B) cerebral delivery of oxygen (CDO2), (C) cerebral metabolic rate of oxygen (CMRO2), (D) cerebral lactate concentration,
(E) N-acetylaspartate (NAA) concentration, and (F) creatine + phosphocreatine (Cr + PCr) concentration after exposure to poikilocapnic hypoxia, isocapnic hypoxia, or
carbon monoxide. The panels present correlations between desaturation and the cerebral physiology measures with the results from the linear mixed models. The
regression coefficients (β) and P-values from the regressions are noted in each panel. The results of the model testing whether the regression coefficients were

significantly different among the three groups are presented in the table (G). CBF increased in all groups but with a significantly higher response to CO exposure
(poikilocapnic hypoxia: P < 10−6, isocapnic hypoxia: P < 10−3). CDO2 decreased in the poikilocapnic hypoxia group (P < 10−3), was unchanged after isocapnic hypoxia
(P = 0.15), and increased after CO exposure (P < 10−3). The lactate concentration increased in the two groups inhaling hypoxic air (poikilocapnic hypoxia: P < 10−4,
isocapnic hypoxia: P = 0.003) but not from CO exposure (P = 0.36). The CMRO2, NAA concentration, and Cr + PCr concentration were unchanged in all groups.
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Sympathetic stimulation of the central nervous system initi-
ates multiple compensatory mechanisms, including increased
ventilation and heart rate, but also affects cells by increasing
brain glucose uptake and oxygen usage (Whipp and Wasserman
1980; Dienel and Cruz 2016; Joyner et al. 2018). Similar activation
may not be seen from CO exposure; for example, carotid or
aortic chemoreceptors are not engaged by moderate CO stim-
ulation (Duke et al. 1952; Lahiri et al. 1981). In addition, exposure
to CO resulted in a net increase in cerebral oxygen delivery
(7.8%), which would ensure normal oxygen pressure in the cells,
which may explain the missing chemoreceptor stimulation from
hypoxia in the CO group.

Hypoxic upregulation of glycolysis with lactate production
could constitute a protective mechanism by rapidly providing
adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (NADH) - type to be utilized if the hypoxia
becomes more severe. In addition, the resulting lactate could
serve as a signaling molecule. The hypothesis of lactate as a
signaling molecule and as a regulator of multiple metabolic
pathways in the brain has recently gained traction (Bergersen
and Gjedde 2012; Bergersen 2015; Mosienko et al. 2015;
Magistretti and Allaman 2018). It was recently discovered that
lactate-activated hydroxycarboxylic acid receptor 1 (HCAR1)
(also called the G-protein-coupled lactate receptor GPR81)
is present throughout the brain, including in neurons, glial
cells, and cerebral blood vessels (Lauritzen et al. 2014). In
addition, monocarboxylate transporters are widely distributed
in the brain, enabling the transport of lactate along its
concentration gradients from sites of production to neighboring
cells.

The signaling roles of lactate in the brain remain to be fully
described, and multiple pathways may exist. A possible role for
lactate is regulation of cell redox and NADH to NAD+ balances
when pyruvate is converted to lactate by lactate dehydrogenase
(Yang et al. 2014; Jourdain et al. 2016), as also observed in
skeletal muscle cells (Brooks 2009). An increase in NADH by
the conversion of lactate to pyruvate potentiates N-methyl-D-
aspartate (NMDA)-type glutamate receptor activity, which has
downstream cascade effects, promoting the expression of plas-
ticity genes (Yang et al. 2014). Lactate may also protect against
excitotoxicity, where lactate transported into neurons opens
K+-ATP channels through activation of the phosphatidylinositol
3′-kinase cascade pathways that lead to hyperpolarization of the
cell (Jourdain et al. 2016). In experimental cell studies, lactate
has been found to regulate the excitability and activation of
neurons by a receptor-mediated mechanism in both excitatory
(Tang et al. 2014) and inhibitory directions (Bozzo et al. 2013).
Lactate also appears to have a long-term regulatory effect by
activating the expression of the brain-derived neurotropic factor
and N-muc downstream regulated gene3 (NDRG3) proteins that
stimulate pathways to increase angiogenesis, neurogenesis, and
cell growth (Lee et al. 2015; El Hayek et al. 2019). In addition,
activation of HCAR1 attenuates cyclic adenosinemonophos-
phate (cAMP) levels, where reduced cAMP inhibits glycolysis and
provides negative feedback for the regulation of lactate produc-
tion (Lauritzen et al. 2014), as is commonly seen for regulatory
molecules.

In the present study, the most important short-term
signaling role of lactate could be as a vasodilating agent. Lactate
is an important mediator of vasodilation, which is part of the
neurovascular coupling during neuronal activation (Gordon
et al. 2008; Attwell et al. 2010). Neuronal activation initiates
rapid lactate formation from both neurons and astrocytes.

The released lactate regulates the prostaglandin vasomotor
effect of the arterioles, promoting vasodilation (Mintun et al.
2004; Gordon et al. 2008). Cell studies on retinal samples have
similarly demonstrated vasodilation from extracellular lactate
(Hein et al. 2006; Yamanishi et al. 2006). In these studies, the pH
levels were maintained when lactate was added, demonstrating
a vasodilation effect independent of pH changes.

If lactate production, and the consequent regulation of
vasodilation, is a part of the protective cerebrovascular response
to hypoxia, then a reduced capability for lactate production
could be harmful to the brain. We previously demonstrated
that patients with obstructive sleep apnea (OSA) have both
reduced CBF and lactate responses to hypoxic exposure
(Jensen et al. 2018). Reduced protection by lactate could be the
cause of the attenuated CBF response seen in these patients.
Patients with OSA have a severely increased risk of stroke and
future neurodegenerative disease, compatible with reduced
cerebrovascular function. Whether reduced lactate production
from moderate hypoxic stimuli also correlates with reduced CVR
function in neurodegenerative disease or other brain diseases
remains to be examined.

We observed the largest CBF response in the CO group,
showing that lactate is not invariably involved in the facilitation
of vasodilation. Rather, the large CBF increase seen in this
group could be cerebral vasodilation promoted by CO by a
separate pathway, independent of the pathway activated after
exposure to hypoxic air. We consider such a mechanism
to be more significant than the centerwards shift of the
oxyhemoglobin dissociation curve seen after CO exposure
(Paulson 1973). Thus, it appears that CO has a direct vasodilatory
effect on vascular smooth muscle cells, independent of tissue
hypoxia or metabolism (Furchgott and Jothianandan 1991;
Wang et al. 1997). CO-induced vasodilation could work by
activating calcium-gated potassium channels (KCa channels)
or the cyclic guanosine monophosphate (GMP) pathway in
smooth muscle cells, similar to the effect of nitrogen oxide (NO)
(Wang et al. 1997).

The combined Cr + PCr concentrations were unaffected in
all groups. Cr + PCr in the brain can work as energy reserves
with ATP rapidly produced from creatine kinase. Animal
models have shown that ATP reduction from severe hypoxia
is associated with reduced phosphocreatine concentrations
(Tsuji et al. 1995). The unaffected combined Cr + PCr concen-
trations further demonstrated that energy metabolism and
ATP availability were not reduced by the moderately hypoxic
stimuli used in the present study, equivalent to the maintained
CMRO2.

Strengths and Limitations

To the best of our knowledge, the present study is the first
to directly compare cerebral lactate production in response
to multiple hypoxic stimuli in humans. By acquiring cerebral
lactate concentrations, we recorded a compound that is both
a biomarker of glycolysis and a potential signaling molecule
related to vasodilation. By acquiring near-simultaneous metrics
for CBF and CMRO2, we obtained the necessary results that
allowed us to hypothesize about the origin of lactate production,
which was not evident from prior studies.

A drawback of this study is the unpaired experimental
setup with three separate groups. By using a paired setup, the
statistical power of the experiment would increase. However,
as we observed highly statistically significant results using
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appropriate unpaired statistics, the study was not underpow-
ered, and a paired setup would be expected to yield similar
results. We therefore do not consider the unpaired setup to be a
major limitation.

Global CBF acquired by PCM has been validated in pigs and
animals against 15O-water positron emmision tomography (PET)
imaging as the accepted gold standard reference (Vestergaard
et al. 2017; Ssali et al. 2018; Puig et al. 2019). Measurements of
oxygen saturation in the sagittal sinus for CMRO2 calculation
by the SBO MRI technique have been validated against blood
samples acquired by catheter from the jugular vein during MRI
scanning (Miao et al. 2019). Validation was performed both at
rest and during hypoxic and hypercapnic conditions (Miao et al.
2019).

Absolute quantification of brain metabolites using MRS has
potentially confounding factors related to the scanner sequence,
magnetic field homogeneity, and function of the MRI scanner
(Jansen et al. 2006). Hypoxemia of brain circulation will change
the magnetic properties of the arterial blood and potentially
could affect the magnetic field in the scanner, confounding
the acquired spectra and biasing the hypoxia measurement.
However, the unaffected NAA concentrations suggest that there
were no systematic errors caused by changes in the magnetic
field, as NAA would not physiologically be affected by short
periods of exposure to hypoxia, although it is sensitive to the
effects of confounding changes in the magnetic field. In addi-
tion, as we performed a paired comparison of the same subject
in two situations, the problems of absolute concentrations were
mitigated.

We note that carboxyhemoglobin has magnetic properties
similar to those of oxyhemoglobin (Pauling and Coryell 1936),
and CO exposure therefore has no unknown effects on the
acquired MRI signals.

Oxygen and CO2 blood gas pressures were not acquired by
arterial blood sampling, and instead, we used end-tidal mea-
surements as surrogates in the group inhaling hypoxic air. End-
tidal O2 and CO2 pressures were not acquired in the CO group,
but prior studies, with identical delivery of CO, have demon-
strated that PetO2, PetCO2, and respiration frequency were unaf-
fected by moderate CO exposure (Arngrim et al. 2018; Ghanizada
et al. 2018).

In conclusion, we demonstrated that lactate production in
response to moderate hypoxia in healthy humans is not the
result of impaired oxidative metabolism or hyperventilation-
induced alkalosis. Instead, a more likely main cause of lac-
tate production is the upregulation of glycolysis due to the
effects of hypoxia. Upregulation of glycolysis with lactate as the
end-product could constitute a protective mechanism initiated
before the advent of cell-threatening hypoxia. The released lac-
tate works as a signaling molecule, perhaps regulating vasodi-
latation.
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