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Abstract

The aging brain is associated with atrophy along with functional and metabolic changes. In this study, we examined age-
related changes in resting brain functions and the vulnerability of brain physiology to hypoxic exposure in humans in vivo.
Brain functions were examined in 81 healthy humans (aged 18-62 years) by acquisitions of gray and white matter
volumes, cerebral blood flow, cerebral oxygen consumption, and concentrations of lactate, N-acetylaspartate, and
glutamate+-glutamine using magnetic resonance imaging and spectroscopy. We observed impaired cerebral blood flow
reactivity in response to inhalation of hypoxic air (p =0.029) with advancing age along with decreased cerebral oxygen
consumption (p =0.036), and increased lactate concentration (p = 0.009), indicating tissue hypoxia and impaired metab-
olism. Diminished resilience to hypoxia and consequently increased vulnerability to metabolic stress could be a key part
of declining brain health with age. Furthermore, we observed increased resting cerebral lactate concentration with

advancing age (p =0.007), which might reflect inhibited brain clearance of waste products.
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Introduction

Aging is associated with structural, functional, and
metabolic changes in the brain and characterized by
atrophy,' reduced cerebral blood flow (CBF),> and
altered oxygen metabolism.” Age is also the predomin-
ant risk factor for several brain diseases, particularly
the neurodegenerative diseases such as mild cognitive
impairment (MCI), Alzheimer’s disease, vascular
dementia, and other types of dementia.* The precise
causality between these diseases and age-related physio-
logical changes in the brain is currently unknown; how-
ever, a hypoxic environment in brain cells likely plays a
role in the development of these diseases.” The disease
trajectory, ultimately ending with dementia, starts dec-
ades before disease manifestation.® As an example,
subtle cognitive decline and abnormal accumulation
of B-amyloid is observed years before overt disease
manifestation appears in patients with Alzheimer’s dis-
ease.’ Therefore, predictors of healthy versus unhealthy
brain aging leading to neurodegenerative diseases are
highly relevant. Much focus has been on changes in

brain metabolism with advanced age. Particular atten-
tion has been paid to the tendency of oxidative metab-
olism to produce harmful reactive oxygen species
(ROS), such as superoxide and hydrogen peroxide,
which damage the vascular endothelium and trigger
mitophagy and eventual apoptosis of the cell if encoun-
tered at high concentrations in mitochondria.® !
The amelioration of ROS production is governed by
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the activity of the so-called uncoupling proteins (UCP)
found in the inner mitochondrial membrane, which
uncouple electron flow from the production of ATP
in the electron transport chain. The ability of UCP to
reduce ROS production is inhibited with age, rendering
the brain more susceptible to oxidative stress, degener-
ation, and atrophy.'?

Hypoxia also affects oxidative metabolism and ROS
generation, with studies showing, paradoxically, that a
hypoxic environment in the mitochondria accelerates
ROS generation.'*!* In addition to inducing ROS pro-
duction, hypoxia initiates other potentially harmful
pathways that may lead to neuron loss and neurode-
generative disease. Hypoxia inhibits mitochondrial
function by impairing calcium homeostasis, diminish-
ing Na™/KT-ATPase activity, and declining membrane
resting potential, leading to inhibited energy produc-
tion.'"'* Hypoxia may also accelerate B-amyloid
production'"'* and impair B-amyloid clearance due to
dysfunction of the blood—brain barrier (BBB) from vas-
cular damage."!

Hypoxic exposure also invokes adaptive mechanisms
that affect metabolism, primarily increasing glycolysis
by enhancing the catalytic effect of phosphofructoki-
nase-1 and pyruvate kinase, thereby increasing the
lactate concentration. Prolonged hypoxia stimulates
hypoxia-inducible factors (HIF), which alters gene
expression, inactivates anabolism, and inhibits mito-
chondrial aerobic metabolism by inhibiting pyruvate
dehydrogenase, resulting in lactate production.
Consequently, lactate accumulation is a manifestation
of the loss of metabolic homeostasis during hypoxic
exposure.

Using magnetic resonance spectroscopy (MRS) and
magnetic resonance imaging (MRI), we previously
demonstrated a large increase (~50%—-80%) in lactate
concentration in the visual cortex during hypoxic con-
ditions in young, healthy human subjects, indicating the
upregulation of glycolysis.'®!” Lactate production also
occurs in the normally functioning normoxic brain.
Aerobic glycolysis (AG), roughly defined as the conver-
sion of glucose to lactate, even in the presence of
normal levels of oxygen (known as the Warburg effect
in cancer cells), is constantly occurring in the normal
functioning brain.'® AG is readily observed during
neural activation related to the energy demand of the
membrane pump Na®/K*-ATPase in astrocytes'® and
seems also to be associated with biosynthesis of glyco-
gen, protein, and nucleic acids.”® AG activity is highest
in childhood and young adulthood and is most preva-
lent in brain areas with a high level of synaptic growth
and remodeling.” The actual brain lactate concentra-
tion also depends on the clearance of lactate. Surplus
lactate is cleared from the brain through the blood
stream and cerebrospinal fluid (CSF). Animal studies

have demonstrated that during sleep, the brain tissue is
cleared of metabolites (including lactate) by flow of
CSF into the perivascular space, often called the glym-
phatic system, and that the suppression of this function
by acetazolamide or aquaporin-4 deletions decrease
lactate clearance during sleep.”’ A study has also
reported that the function of the glymphatic system
declines with age in rats.*> In summary, aging seems
to affect both the production and clearance of lactate
in otherwise normal functioning brain.

The present study aimed to provide a thorough
understanding of how normal aging from young adult-
hood to late mid-life affects cerebral metabolism with
regard to resting and hypoxia-induced lactate concen-
tration and its correlation with cerebral perfusion
and oxygen consumption in vivo in healthy humans.
Such information could enable the use of lactate as a
biomarker of healthy versus unhealthy brain aging,
paving the way for possible metabolic intervention
and treatment. In 81 healthy subjects with a large age
range (18-62 years), we measured the global CBF,
global cerebral metabolic rate of oxygen (CMRO,)
and cerebral lactate concentration using functional
MRI and MRS techniques. In addition, we measured
N-acetylaspartate (NAA) and glutamate + glutamine
(glx) concentrations by MRS as markers of neuronal
function. Total brain volume, gray matter volume, and
white matter volume were acquired from anatomical
MRI. By acquiring not only resting parameters but
also parameters during hypoxic exposure, we examine
resilience to metabolic stress, which will provide a much
better understanding of possible malfunction of the
cerebral metabolic system.

Methods

Data reported in this study were obtained from healthy
control subjects in multiple studies on the effect of inhal-
ation of hypoxic air as follows: patients with obstruct-
ive sleep apnea (study A),” patients with migraine
(study B),***" healthy subjects treated with erythropoi-
etin (study C),'”?® freedivers (study D),'® and a pilot
study on healthy subjects (study E). By combining data
from multiple studies, we obtained sufficient power of
the statistics to examine the subtle effects from normal
aging. Exclusion criteria for all participants were any
severe somatic or psychiatric disease, any daily medica-
tion (apart from oral contraceptives), and regular or
recent exposure to hypoxia, including mountaineering
and freediving. All studies used similar project proto-
cols, MR-scanner setup, and MR-sequences. The final
cohort for the resting data included 81 participants (22
females) with a large age range (18-62 years). Among
these, 68 went on to a hypoxic challenge after the acqui-
sition of baseline data (subjects from pilot study E did
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not undergo a hypoxic challenge). Anatomical images,
CBF, and MRS were acquired in all studies. In study C,
MRS during hypoxic exposure was acquired during
simultaneous visual stimulation; therefore, these meas-
urements were not included in this analysis. Identical
techniques were used to acquire CMRO» data in studies
A and D, and these measurements are included in this
analysis. In study C, CMRO, data were acquired using
a different MRI sequence and post-processing and
therefore are not included in this study. The resulting
number of acquisitions used in the final analysis for
each parameter is summarized in Figure 1. All partici-
pants provided written informed consents to participate
in this study after detailed oral and written information
before the study. The studies were approved by the
Danish National Committee on Health Research
Ethics (H-4-2012-167, H-15003589, H-4-2012-182,
H-15008282) and were conducted according to the
Declaration of Helsinki.

Healthy volunteers
aged 18 to 62 years.
n=81
Resting measurements Hypoxic challenge
Inhalation of atmospheric air —>»|  Inhalation of 10% FiO, air

n=81 n=68

I

Brain volume

n=31

I
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I |
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| |
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| [

Lactate Lactate

n=72 n=33

|
Glx
n=72

Figure 1. Flowchart of the acquired cerebral physiology par-
ameters. Overall, 81 healthy subjects were included in the study
and underwent the acquisition of resting values in a normoxic
environment. In subsets of participants, CBF and CMRO, were
acquired using MRI. NAA, lactate, and glx concentrations were
acquired using MRS. Hereafter, 68 of the 81 subjects underwent a
hypoxic challenge by inhalation of air with approximately 10% O,.
In subsets of participants, the measurements of CBF, CMRO,,
NAA, lactate, and glx were reacquired during the hypoxic
challenge.

CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of
oxygen; NAA: N-acetylaspartate; glx: glutamate + glutamine.

Procedure

The data were acquired during a single MRI session.
Brain physiology was assessed through the measure-
ments of global CBF and global CMRO, using
phase-contrast MRI techniques and cerebral NAA,
glx, and lactate concentrations by MR spectroscopy.
Brain volumes (gray matter, white matter, and CSF)
were determined by anatomical MRI.

The participants were initially examined during nor-
moxia by inhalation of air from the surrounding environ-
ment. Thereafter, participants were scanned while inhaling
hypoxic air with approximately 10% O,. The participants
inhaled hypoxic air for approximately 25min to obtain
stable oxygen saturation before the MRI parameters
were reacquired. Fourteen participants (subjects in study
B) inhaled hypoxic air for approximately 120 min before
the parameters were reacquired.

All scans were performed on a Philips 3 Tesla
Achieva MRI scanner (Philips Medical Systems, Best,
The Netherlands) using a 32-channel phase array head
coil. Hypoxic air was delivered to the participants while
lying in the scanner through a mouthpiece or a face-
mask connected to a 7-m tube and a one-way valve to
prohibit rebreathing and dead space. The hypoxic air
was delivered either by a gas-bottle or an AltiTrainer
oxygen mixing system (SMTEC, Nyon, Switzerland).
Mean arterial blood pressure (MAP) was acquired
before scanning and during the hypoxic challenge in a
subset of 53 subjects to assess the effect of hypoxia on
MAP. Arterial oxygen saturation and heart rate were
continually measured through the entire scan using a
Veris Monitor system (MEDRAD, Pittsburgh,
Pennsylvania, USA). In a subset of 23 subjects, a
total of 92 arterial blood samples were drawn at nor-
moxia and during hypoxia to calibrate the pulse oxim-
etry equipment to ensure correct measurements during
the hypoxic challenge. In the same subset of partici-
pants, arterial CO, pressure was acquired from the
blood samples; in the remaining subjects, end-tidal
CO, was continually acquired as a surrogate for arterial
CO, pressure using the Veris Monitor system.

All MRI data were processed using Matlab
(Mathworks, Natick, MA, USA) scripts developed in
house. Before each scan, a blood sample was drawn to
determine the hematocrit and hemoglobin concentra-
tion. The arterial oxygen concentration (CaO,) was cal-
culated as the hemoglobin concentration multiplied by
the arterial saturation.

MRI
Structural imaging

Anatomical images were acquired by a 3D T1-weighted
turbo field echo sequence (field of view (FOV),
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241 x 180 x 165mm?>; voxel size, 1.1 x 1.1 x 1.1 mm?>;
echo time (TE), 2.78 ms; repetition time (TR), 6.9
ms; flip angle, 9°). Gray matter, white matter, and
whole brain mask, including hemispheres, brainstem,
and the cerebellum and excluding the CSF were
segmented from the anatomical MRI scans using
the FSL-functions BET and FAST (FMRIB Software
Library, Oxford University, Oxford, UK).?” Examples
of white and gray matter segmentation from anatom-
ical images are displayed in Figure 2(a). Age-related
atrophy of brain matter volume is demonstrated
in Figure 3.

CBF

The mean global CBF was acquired by measuring the
blood velocity in the cerebral feeding arteries using
phase-contrast mapping (PCM) MRI.*® Blood velocity
maps were acquired with a turbo field echo sequence
(1 slice, FOV, 240 x 240 mm?; voxel size, 0.75 x 0.75 x
§mm>; TE, 7.33 ms; TR, 27.63 ms; flip angle, 10°; vel-
ocity encoding, 100cm/s, without cardiac gating).
Examples of the imaging plane perpendicular to the
carotid and vertebral arteries and the related velocity
map are demonstrated in Figure 2(c) and (d). The total
blood flow to the brain was calculated by multiplying

b
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Figure 2. Example of magnetic resonance imaging and spectroscopy techniques used in the study. (a) Axial and sagittal slice of a high-
resolution T |-weighted anatomical MRI-image with segmentation of white and gray matter visualized. The location of the MR
spectroscopy voxel (30 x 35 x 30 mm?) covering the calcarine fissure in the occipital lobe is also demonstrated. (b) Example of an
acquired spectrum to determine the concentrations of NAA, lactate, and gIx. (c) Coronal and sagittal view of MRI angiogram
highlighting the cerebral carotids and vertebral arteries with the imaging plane perpendicular to the arteries to acquire velocity maps
by phase-contrast mapping. (d) Example of velocity maps acquired from phase-contrast mapping perpendicular to the carotid and
vertebral arteries. () Sagittal and coronal view of MRI angiogram highlighting the sagittal sinus with the imaging plane for susceptibility-
based oximetry. (f) Example of susceptibility-weighted MR-image used in susceptibility-based oximetry. The susceptibility difference
between the venous blood in the sagittal sinus and surrounding tissue, which is related to oxygen saturation, is clearly visible.
MRS: magnetic resonance spectroscopy; NAA: N-acetylaspartate; glx: glutamate+glutamine.
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Figure 3. Age-related decline in total brain (a), gray matter (b), and white matter volume (c). The dark gray line demonstrates the
correlation from a linear regression. The regression slopes (8), R%-coefficients, and p-values from the regressions are noted in each panel.

the mean blood velocity by the cross-sectional area of
the cerebral feeding arteries in the region of interests
(ROIs) on the velocity maps. ROIs were drawn on the
magnitude images and transferred to the velocity maps.
CBF was calculated by normalizing the total blood flow
to the brain weight as determined from the brain
volume estimated from anatomical MRI images and
assuming a brain density of 1.05g/ml.** The cerebral
delivery of oxygen (CDO,) was calculated by multiply-
ing the CBF by CaO,.

CMRO,

CMRO, was calculated using the Fick principle (equa-
tion (1))

CMRO, = [Hgb] - (BF) - (Sa05 — SvO,) (1)

where BF is the blood flow in the sagittal sinus in
ml/min scaled to the global CBF, Sa0,, and SvO, are
the arterial and venous oxygen saturation, respectively,
and [Hgb] is the oxygen-carrying hemoglobin concen-
tration (mmol/l) at full saturation. SaO, was measured
using pulse oximetry or arterial blood samples. SvO,
and blood flow in the sagittal sinus were measured sim-
ultaneously using an MRI sequence combining PCM
for acquisition of blood flow and
susceptibility-based oximetry (SBO) for acquisition of
oxygen saturation. SBO uses the principle that differ-
ence in magnetic susceptibility between deoxyhemoglo-
bin in venous blood and the surrounding tissue can
be related to oxygen saturation.’®*! The susceptibility
difference between venous blood and the surrounding
tissue was obtained by acquiring susceptibility-
weighted maps using a dual-echo gradient-echo
sequence (1 slice, FOV, 220 x 190 mm?; voxel size,
0.5 x 0.5 x 8mm?; echo time 1, 10.89 ms; echo time 2,
24.16 ms; flip angle, 30°; 5 repeated measures, total
duration = 1 min 30 S; SENSE-factor, 2).

Susceptibility-weighted maps were computed by
subtracting phase-value maps from the two images gen-
erated with the short and long echo times. Examples
of the imaging plane perpendicular to the sagittal
sinus and the acquired susceptibility-weighted image
are demonstrated in Figure 2(e) and (f). Any aliased
phase values in the sagittal sinus and immediately sur-
rounding tissue were corrected manually on each map.
The difference in susceptibility between venous blood
and tissue was calculated by drawing two ROI — one
covering the sagittal sinus and one covering the imme-
diately surrounding tissue.

Acquisition of each map was repeated with phase-
contrast velocity encoding for simultaneous measure-
ment of blood flow in the sagittal sinus. The blood
flow in the sagittal sinus was calculated by multiplying
the cross-sectional area and blood velocity similar to
the processing of global CBF values described earlier.
The acquired blood flow in the sagittal sinus was scaled
to the global CBF measured at baseline in each partici-
pant to normalize CMRO; to individual global brain
values. The global arteriovenous oxygen saturation dif-
ference (A-V O,) was also calculated as SaO,—SvO,.
A more in-depth discussion of the methods and data
processing was reported previously.'®33

MRS

MRS was used to measure the NAA, lactate, and glx
concentrations in the occipital lobe using a water-sup-
pressed point-resolved spectroscopy pulse sequence
(TR, 3000 or 5000 ms; TE, 36 ms; voxel size,
30 x 35 x 30mm°®). Example of placement of MRS
voxel is demonstrated in Figure 2(a). Post-processing
and quantification of the spectra were performed
using LCModel (LCModel [Version 6.3-1F], Toronto,
Canada). Example of an acquired spectrum is shown in
Figure 2(b). A blinded investigator excluded spectra of
poor quality, wherein metabolite quantification was
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erroneous. Because in vivo 3 Tesla MRS in humans
cannot differentiate between glutamate and glutamine
concentrations, only the combined concentration (glx)
is reported. The water peak acquired in the spectrum
was used to quantify the measured metabolites. The
water concentration in the spectroscopy voxel was esti-
mated from the content of gray matter, white matter,
and CSF within the voxel from the segmentation of the
high-resolution anatomical images. Age-related atro-
phy causes differences in the gray matter volume in
the voxel; therefore, it is important to correct for
these differences, as the water concentration directly
affects the quantification. The metabolite concentra-
tions are presented in Figure 4(a). As the measured
metabolites are predominately present in gray matter,
we also calculated the concentrations normalized to
only gray matter volume (Figure 4(b)).

Statistics

The post-processing of data was blinded regarding
subject and measurement (hypoxic challenge vs.
baseline measurement). Values are presented as the
mean +standard deviation. p-Values less than 0.05
were considered significant.

The significance of the correlations between the
measured parameters was assessed by univariate
linear regression analysis. The regression slopes (B),
p-values, and R? correlation coefficients from the
linear regressions can be seen in Figure 4 in each
panel. The histograms of the measured parameters are
also presented in Figure 4. To address the likelihood of
false positives in Figure 4(a) arising from multiple com-
parisons (21 comparisons), the false discovery rate
method with a g-value of 0.05 was applied to calculate
adjusted p-values (pag;j)-

During the hypoxic challenge, the participants’ ven-
tilatory rates and consequently desaturation and pCO,
will vary. We therefore calculated the response to hyp-
oxia as the change of the parameter normalized to the
change in arterial saturation (equation (2)).

Parameter _ Parameterpypoxia — Parameternormoxia
S'dOz

SaOZ,Normoxia - SaOZ,Hypoxia
(2

To examine the significance of age on the calculated
response to hypoxia, we used linear regression analysis
(equation (3)) with age and decrease in pCO,
(pCO2 = pCOZ,hypoxia - pCOZ,normoxia) as  Tregressors.
Arterial CO, will vary between subjects during the hyp-
oxic challenge due to differences in ventilation. CO, has
known effects on brain physiology, and thus we have
to correct for this variation by including the change in
pCO, between baseline and hypoxia as a regressor in

the linear model.

AParameter
ot B A .
ASa0, Bi - Age + B, - pCO, 3)

Scatterplots showing the responses to hypoxia
with the correlations with age (8;) with corresponding
p-values and RZ-coefficients are shown in Figure 5.
A small number of the participants hyperventilated
excessively during the hypoxic exposure, causing hypo-
capnia and only a slight desaturation. Due to hypocap-
nia-induced vasoconstriction, the CBF response would
differ greatly from that of the other subjects; thus, the
data collected during excessive hyperventilation were
excluded from analysis. Saturation above 87% during
hypoxic exposure was set as the threshold as hypoxia-
induced increase in CBF starts at approximately this
limit.*>* The effects of hypoxia on heart rate and MAP
were assessed by paired Student’s t-test.

Results
Resting physiology

The total brain volume, gray matter volume, and
white matter volume decreased (p<10""; p<10~7;
and p<1073, respectively) with age (Figure 3).
Resting CBF decreased (p=0.009; p,qj=0.030) with
age, but CMRO, was unaffected (p=10.89; p,qj=0.94)
(Figure 4(a)). CBF correlated with hemoglobin concen-
tration (p < 10~*) and pCO, (p=0.003), but CMRO,
was unaffected by hemoglobin (p=0.49) or pCO,
(p=0.80) (Figure 4(c)).

NAA decreased with age (p=0.016; p,qj=0.047)
and correlated with Dbrain volume (p=0.004;
Padj=0.027). Lactate concentration increased with age
(p=0.007; paqj=0.029). Glx concentration correlated
positively with CBF (p=0.005; p,q;=0.028) and
NAA concentration (p < 10™% Padj < 10~?) and demon-
strated a near-significant decrease with age (p =0.077;
Padj = 019)

Normalization of the MRS metabolites to gray mat-
ter volume in the MRS-voxel eliminated the decrease in
NAA with age (p=0.24), but the increase in lactate
with age was augmented (p < 107°) (Figure 4(b)).

Hypoxic challenge

During hypoxic exposure, 11 CBF measurements, 2
CMRO, measurements, and 1 MRS measurement
were excluded from statistical analysis due to excessive
hyperventilation (SaO, >87% O,). In the remaining
subjects, the saturation decreased on average from
97.4+1.0% at normoxia to 72.6 =7.3%, 72.8 +£7.1%,
and 73.14+6.9% at the time of acquisition of CBF,
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Figure 4. Correlations between age, CBF, CMRO,, NAA concentration, glx concentration, lactate concentration, hemoglobin,
pCO,, and brain volume in the resting brain. (a) The panels demonstrate scatterplots of the measured parameters. The dark gray lines
demonstrate the linear correlations. The regression slopes (), R?-coefficients, and p-values for the regression are noted in each panel.
The histogram of the measured parameters is shown in the diagonal of the panel matrix. CBF, NAA concentration, and brain volume
correlated negatively with age. CMRO, was unaffected by age. NAA concentration correlated with glx concentration, lactate con-
centration, and brain volume. (b) The panels demonstrate the correlations between age and the concentration of NAA, glx, and lactate
when the concentrations are normalized to only gray matter. (c) The panels demonstrate the correlations between pCO, and
hemoglobin and CBF, CMRO,, and age. Variations in hemoglobin and pCO, partly explain the variation in CBFE. CMRO, and age were
not affected by hemoglobin concentration.
CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen; NAA: N-acetylaspartate; glx: glutamate + glutamine.

CMRO,, and MRS, respectively. The pCO, decreased
on average from 5.1+0.6kPa at
4.1+0.8kPa, 3.9+0.8kPa, and 4.1+£0.7kPa at the
time of acquisition of CBF, CMRO,, and MRS,
respectively. Heart rate increased on average from
61.8+9.5 bpm during normoxia to 75.4+11.6 bpm

normoxia

to

during the hypoxic challenge (p<10~7). MAP was
unchanged from 90.6+ 12.3 mmHg during normoxia
to 91.4£13.9 mmHg during hypoxia (p=0.77).

The cerebrovascular reactivity (CVR) to inhal-
ation of hypoxic air decreased with age (p=0.029)
(Figure 5(a)), as evidenced by a decrease in the
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Figure 5. Correlations between changes in CBF (a), CDO, (b), A-V O, (c), CMRO, (d), lactate (e), and NAA (f) from desaturation
during hypoxic challenge and age. The responses of the measured parameters to hypoxia are calculated as differences in value between
baseline and hypoxia divided by the change in arterial oxygen saturation. The dark gray lines demonstrate the correlations from the
linear regressions. The regression slopes, R? coefficients, and p-values from the regressions are noted in each panel. The CBF reactivity
and CMRO, during the hypoxic challenge decline significantly with age. The lactate concentration increases during the hypoxic

challenge for all ages and with a significantly higher increase with age. NAA concentration was unaffected by the hypoxic challenge and

did not correlate with age.

CBF: cerebral blood flow; CMRO,: cerebral metabolic rate of oxygen; NAA: N-acetylaspartate; glx: glutamate + glutamine.

magnitude of the hypoxia-stimulated increase in
CBF. During the hypoxic challenge, the CMRO, was
maintained in younger subjects; however, CMRO,
decreased with age (Figure 5(d)). The effect of age
was significant (p =0.036). The A-V O, during the hyp-
oxic challenge demonstrated a tendency to decrease
with age (p=0.073) (Figure 5(c)). Lactate concentra-
tion increased during inhalation of hypoxic air for all
ages, and this increase was significantly augmented with
age (p=0.009) (Figure 5(e)). NAA concentration was
unaffected by the inhalation of hypoxic air, with no
effect of age (Figure 5(f)).

Discussion

The main finding of this study is that the human
brain demonstrates increased metabolic vulnerability
to hypoxic exposure with advancing age from young
adulthood to early 60s, as evidenced by decreased
CVR and CMRO, and increased lactate concentration
as indicators of tissue hypoxia. We further observed
an age-related increase in resting cerebral lactate con-
centration along with the expected atrophy and declin-
ing CBF.

During a hypoxic challenge in young healthy
humans, the CVR is activated and CBF increases to

compensate for arterial desaturation, and the CMRO,
is maintained or increased slightly '6:17:23:24.34.35
Interestingly, acute short-term hypoxic exposure also
causes a large increase in cerebral lactate concentration
(but without significant increase in blood lactate if
the subjects remain inactive), despite maintained
oxygen consumption.'®!” In the present analysis,
we found that advancing age caused significant alter-
ations in the response to hypoxia. With advancing age,
the CVR decreased, oxygen consumption decreased,
and lactate concentration increased during the hypoxic
challenge, demonstrating increased vulnerability of the
brain to metabolic stress and consequent tissue hyp-
oxia. Tissue hypoxia can have a number of harmful
consequences, including increased ROS production;
vascular damage causing impaired BBB and mitochon-
drial dysfunction, leading to mitophagy, neurodegen-
eration, and accelerated aging of the brain, and may
be a precursor for the development of Alzheimer’s
disease.'t13 13

Impaired CVR (from hypercapnic or acetazolamide
challenge) has been observed in a number of age-related
diseases associated with stroke and cognitive decline;
conversely, a high CVR is positively associated with
cognitive abilities in elderly adults.’® Patients with
metabolic syndrome and related diseases, such as type
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2 diabetes and obstructive sleep apnea (OSA), have
reduced baseline CBF and CVR,*”*® and decreased
CVR may correlate with the development of
Alzheimer’s disease.*® Our hypoxic challenge data dem-
onstrate a possible causality, as the age-related decrease
in CVR is associated with decreased oxygen consump-
tion and increased lactate production, indicating tissue
hypoxia and neurometabolic uncoupling.

Concurrent with the decreased CVR, we observed
a tendency of the A-V O, during the hypoxic challenge
to decrease with age; however, the difference was
only near-significant. Uneven distribution of capillary
perfusion due to vascular insults and disease in the
small vessels has been proposed to inhibit the extraction
of oxygen with increased blood flow.***! This phenom-
enon could cause age-related impairment of oxygen
extraction during hyperperfusion from the hypoxic
challenge, manifesting as decreased A-V 0O, and
decreased CMRO,. This observation further suggests
that normal CVR in older subjects does not necessarily
result in normal oxygen usage, as the increased flow
causes further uneven perfusion distribution.*'
Interestingly, patients with Alzheimer’s disease, despite
having impaired CVR, demonstrate intact cerebral
autoregulation in response to change in blood pressure
from orthostatic challenge, which similarly suggest def-
icits in the small vessels.*’ In summary, the age-related
decrease in CVR and oxygen consumption, increase in
lactate concentration, and tendency toward decreased
oxygen extraction demonstrated increased frailty and
vulnerability of the brain to metabolic stress and con-
sequent tissue hypoxia.

Our data further demonstrated an age-related
decrease in resting CBF, as noted in previous
studies.>** Decreased CBF may be a sign of impaired
cerebrovascular function and correlates with overall
mortality in aging subjects that may be related to insuf-
ficient maintenance of homeostasis.** Interestingly,
cerebral oxygen consumption, when correcting for atro-
phy, is maintained or even slightly increased with age,
suggesting that the remaining neurons rely more on
oxygen with age.*’

We also observed an age-related increase in
resting cerebral lactate concentration that was further
augmented by normalization to gray matter volume.
The interpretation of resting lactate concentration is
not clear and should be approached carefully. The
measurement of each individual lactate flux in vivo in
humans is not possible; only the net resulting lactate
concentration is measureable. Lactate is continuously
produced, cleared, and used by brain cells.** During a
resting state, lactate is produced primarily in astrocytes,
and neurons may be prone to use lactate in oxidative
phosphorylation. The production of lactate is further
amplified during activation.*’

With advancing age, cerebral metabolism shifts
toward more oxidative phosphorylation in proportion
to glycolysis, causing the ratio of oxygen to glucose con-
sumption (OGl-ratio) to increase with age toward the
theoretical upper limit of six.®> In children and young
adults, the proportionally greater glucose consumption
results in lactate production. The larger net lactate con-
centration we observed with advanced age is therefore
unlikely to have resulted from higher production.
Instead, this increase could be the buildup of lactate
resulting from decreased clearance or less usage.
Surplus lactate is cleared from the brain through the
bloodstream and CSF. Recent studies on rats show
that during sleep, brain tissue is drained of metabolites
(including lactate) by the flow of CSF in the perivascular
space,”’! known as the glymphatic system, and
that glymphatic system function declines with age.”
This observed increase in lactate could therefore result
from the diminished function of the glymphatic system
or from age-related decreases in perfusion. In addition,
the lactate concentration did not correlate with CMRO,,
glx, or NAA concentrations, further indicating that the
increase in lactate does not arise from a change in metab-
olism but rather from decreased clearance or usage.

Inhibited clearance of waste products in the brain
has been discussed as a major contributor to declining
brain health and the development of neurodegenerative
diseases.?>* Thus, cerebral lactate concentration could
be used as a marker of brain clearance function. Studies
of resting lactate in humans are very limited. To our
knowledge, no studies have examined the effect of age
on resting lactate in humans. The one study conducted
on rats reports an increase in resting cerebral lactate,
as observed in our study, and attributes this increase
to a shift in lactate dehydrogenase equilibrium toward
lactate.* We cannot exclude that the increase in lactate
we observed in humans is from altered lactate dehydro-
genase equilibrium; however, this hypothesis cannot be
examined in a non-invasive manner in the human brain.

We further found that the NAA concentration
decreased with age and correlated with a decrease in
brain volume, as found in previous studies. NAA is
abundant in the CNS and is predominantly synthesized
in neurons.>® NAA is typically associated with neuronal
integrity and mitochondrial function, and decreased
NAA concentration correlates with the clinical severity
of atrophic brain diseases.’’ The NAA concentration
declines in brain areas affected by stroke and correlates
with neuron loss.”® Decreased NAA concentration has
also been shown to correlate with decreased axonal
density in patients with multiple sclerosis (MS).>* This
observation has led to the use of NAA concentration as
a marker of neuronal integrity. However, the decrease
in NAA concentration has also been shown to be
reversible in patients with traumatic brain injury and
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to closely follow reversal of impaired metabolism.>

Furthermore, NAA increases in patients with MS
after treatment,>* indicating that the NAA concentra-
tion more likely reflects mitochondrial activity and
only correlates secondarily with neuron loss.®
The age-related decrease in NAA observed here could
therefore indicate declining metabolic function in the
brain. However, with normalization to gray matter
volume, the NAA concentration remains unchanged
with age, indicating that the metabolic function is
intact in the neurons remaining after correction for
atrophy. Similarly, we observed a slight and near-sig-
nificant decrease in glx with age that did not remain
after normalization to gray matter volume.

Alzheimer’s disease and other geriatric neurodegen-
erative diseases often appear later in life than the oldest
subjects included in this study. However, the track to
develop Alzheimer’s disease starts years or even dec-
ades before manifestation of clinical symptoms,® and
therefore the deficits observed in this study could be
part of the prior non-symptomatic declining brain
health. Patients with Alzheimer’s disease also have
alterations of resting cerebral metabolism such as
decreased glucose consumption,® deficits in several
steps in the glycolytic pathway, tricarboxylic acid
cycle and oxidative phosphorylation,®® as well as alter-
ation of the phosphocreatine—creatine kinase system.’®
How these metabolic deficits and the development of
neurodegenerative diseases relate to the impairment we
demonstrated in this study would be highly relevant to
examine in future longitudinal studies.

The main strength of this study is that we acquired in
vivo MRI data during acute hypoxic exposure in a rela-
tively large human cohort. A further strength is that we
measured multiple parameters in the same subjects
in the same session (approximately 45min for all par-
ameters) and can correlate these parameters. We used
non-invasive, rapid techniques, which enabled us to
measure all parameters in the same experiment session
during both resting and the hypoxic challenge.
Furthermore, we take into account confounding factors
such as hemoglobin and blood gases, which is missing
in many studies. To our knowledge, we are the first to
examine the effect of aging on the resilience of the
human brain against cerebral hypoxia with respect to
oxygen metabolism and lactate production.

This study also has some limitations. We only
acquired global values for CBF and CMRO,, making
it impossible to examine potential regional variations in
the brain. Furthermore, the MRS was only acquired in
the occipital lope, and we did not investigate the levels
of NAA, glx, and lactate in other areas of the brain.

We used SBO MRI technique to measure the venous
saturation in the sagittal sinus to calculate CMRO,.
Direct measurements from blood samples from the

jugular veins would have been preferred; however,
this is an invasive maneuver that is difficult to carry
out in the MRI scanner setting, and using the SBO
MRI technique was therefore opted as the best solu-
tion. Also, as we applied the same methods in all sub-
jects, possible biases in the MRI techniques would not
affect the conclusions on the effects from aging.

The quantitative values of CBF and CMRO, have
large normal variations, both in this study and in pre-
vious published results.’’ The variation in CBF is
explained by many factors where hemoglobin, blood
pCO,, and innate intra-subject differences are likely
the most important factors, demonstrating the import-
ance of obtaining hemoglobin and pCO, when studying
brain perfusion to draw the correct conclusions.”” We
found that hemoglobin and pCO, partly explained
the variation in CBF; however, hemoglobin and pCO,
were unaffected by age, precluding that the age-related
decline in CBF is caused by increased hemoglobin con-
centration or differences in pCO,. Importantly, we also
found that hemoglobin and pCO, did not affect
CMRO5; possible alterations in CMRO, are therefore
likely caused by actual brain energy demand and con-
sumption and not by changes in the perfusion state.

We also observed some confounding factors that may
influence the age-related effects we observed. Body mass
index (BMI) and MAP increased with age (Figure 6(a)
and (b)); such changes are known to contribute to declin-
ing health with advanced age and might also affect cere-
bral physiology. The observed increase in BMI and MAP
reflects that of the general Danish population®™ from
which our subjects were recruited; therefore, we chose
not to correct for these parameters in the study.

A further confounding factor is that cerebral metab-
olism and perfusion may undergo a circadian rhythm
and variation throughout the day, although the exact
effect is not well described. Cerebral lactate decreases
during sleep and may steadily accumulate throughout
the day. In general, the older volunteers in this study
were scanned in the morning (Figure 6(c)), when lactate
should be lower according to circadian rhythms. Thus,
circadian rhythms are not the cause of the observed
age-related increase in lactate.

Lastly, 14 subjects (those who participated in study
C) inhaled hypoxic air for a longer time than the other
subjects (120 min vs. 25 min, respectively). This differ-
ence might introduce errors if the response to hypoxia
is time dependent in this time range. However, a com-
parison of the two groups revealed no significant dif-
ference in saturation or measured MRI parameters;
thus, any time-dependent effect is likely minimal and
without significance. These subjects were therefore
included in the study to increase the power of the stat-
istics. With exclusion of these subjects, we still observed
a significant decrease in CMRO, and significant
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Figure 6. Demonstration of possible confounding factors to age. The panels demonstrate the associations between age and BMI (a),

MAP (b), and scan time (c) for the study participant.
MAP: mean arterial blood pressure; BMI: body mass index.

increase in lactate with advanced age during hypoxic
exposure; however, the reduced CVR became insignifi-
cant (p=0.12).

In conclusion, this study demonstrated an increase in
the metabolic vulnerability of the human brain to hyp-
oxic exposure with advancing age from young adult-
hood to early 60s. During the inhalation of hypoxic
air, we found an age-related decrease in CVR and
CMRO; and increase in cerebral lactate concentration,
indicating tissue hypoxia. These results provide a pos-
sible causality between declining brain health and
aging. With advanced age, the brain cannot withstand
metabolic stress in the same way as young, healthy indi-
viduals, which causes episodes of tissue hypoxia that
can initiate a number of harmful pathways, e.g.
higher ROS production, vascular insults, mitochondrial
damage, and mitophagy.

This study also demonstrated the importance of
maintaining a well-functioning cerebrovascular mech-
anism that can oppose metabolic stress and counteract
declining brain health caused by aging. We further
observed a higher resting cerebral lactate concentration
with advanced age. Increased lactate concentrations
might result from diminished clearance of waste prod-
ucts from the brain and is a potential biomarker for
evaluating brain clearance function.
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