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Abstract
Purpose—To demonstrate the feasibility of measuring the temporal dynamics of cerebral lactate
concentration and examine these dynamics in human subjects using MRS during hypoxia.

Methods—A respiratory protocol consisting of 10 min baseline normoxia, 20 min inspiratory
hypoxia and ending with 10 min normoxic recovery was used, throughout which lactate-edited
MRS was performed. This was repeated four times in three subjects. A separate session was
performed to measure blood lactate. Impulse response functions using end-tidal oxygen and blood
lactate as system inputs and cerebral lactate as the system output were examined to describe the
dynamics of the cerebral lactate response to a hypoxic challenge.

Results—The average lactate increase was 20%±15% during the last half of the hypoxic
challenge. Significant changes in cerebral lactate concentration were observed after 400s. The
average relative increase in blood lactate was 188%±95%. The temporal dynamics of cerebral
lactate concentration was reproducibly demonstrated with 200s time bins of MRS data (coefficient
of variation 0.063±0.035 between time bins in normoxia). The across subject coefficient of
variation was 0.333.

Conclusions—The methods for measuring the dynamics of the cerebral lactate response
developed here would be useful to further investigate the brain’s response to hypoxia.
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Introduction
Lactate has a key role in brain energy metabolism. Lactate is produced and used by cells
throughout the body, including healthy brain cells and the understanding of the role lactate
for example as a fuel source and a signalling molecule has increased substantially in recent
years (1). When blood lactate is elevated, the uptake of lactate into the brain increases and
there appears to be a rise in the cerebral metabolism of lactate (2, 3). Studies have used
systemic lactate injections (2, 4) or exercise (3, 4) to increase lactate circulating in the blood.
Often, cerebral lactate uptake is calculated as the difference between arterial and venous
lactate (4) so the metabolic path of cerebral lactate is not directly revealed. However, in
a 13C labelling study, lactate from the blood plasma was incorporated into glutamate and
glutamine as would be expected by catalysis and label scrambling in the Kreb’s cycle
indicating that the lactate is metabolised (3). Similar results have been confirmed in animal
models (1, 5).

The dynamics of cerebral lactate concentration changes during inspiratory hypoxia have not
yet been described in humans. Inspiratory hypoxia is a potentially useful model for
examining the brain’s metabolic response to reduced arterial oxygen concentration. In a
previous study, it was shown that average cerebral lactate increases during a 15 min
inspiratory hypoxic challenge were detectable using edited MRS at 3T (6). This previous
study compared lactate concentration during separate MRS acquisitions, i.e., one acquisition
was performed at rest and a second acquisition was performed after 5 min of hypoxia.
However, an ability to examine the temporal dynamics of cerebral lactate concentration with
the onset and offset of hypoxia should yield richer information and promote further
experimentation aimed at quantifying uptake and metabolism in the human brain. To this
end, we aim to develop a reliable method to dynamically quantify lactate during baseline
normoxia, hypoxia and return to normoxia. We use blood-lactate measurements to
investigate systemic compared to cerebral lactate levels. Additionally, we model the lactate
response with impulse response functions to relate them to end-tidal oxygen and blood
lactate to gain further insight into the temporal profile of lactate changes observed.

Materials and Methods
All protocols were approved by the local institutional ethics committee and the subjects gave
informed consent prior to the studies. All subjects were healthy, non-smokers, with no
history of neurological, respiratory, cardiac or vascular disease. Prior to experimental
sessions, subjects were familiarised with the respiratory circuit and breathing a hypoxic gas
mixture through a facemask. Three subjects (2 males, aged 26 and 37, 1 female aged 30)
each underwent 4 MRS scanning sessions. Each subject participated in an additional session
without MR scanning on a separate day with the same hypoxic protocol for the measurement
of blood lactate.

Respiratory protocol
The protocol consisted of 10 min normoxia (baseline), followed by 20 min inspiratory
hypoxia and ended with 10 min normoxia (recovery). Dynamic end-tidal forcing was used
(7, 8) to control delivered gas concentrations. The partial pressure of end-tidal CO2 (PetCO2)
was kept at the subject’s resting level throughout the protocol, while the partial pressure of
end-tidal O2 (PetO2) was held at the resting level for normoxic periods and during hypoxia
was reduced by 60 mmHg from resting values to a minimum of 50 mmHg PetO2. Resting
values were determined after the subject had acclimatized to the experimental set-up but
prior to the beginning of the MRS protocol. Dynamic end-tidal forcing was performed using
custom software (BreatheDP, Oxford University, UK, written in LabView, National
Instruments, Newbury, Berkshire, UK) that compares the measured end-tidal gases to the
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desired values and then controls the gas delivery to the subjects on a breath-by-breath basis
to achieve and maintain the desired end-tidal partial pressure of each gas (7, 8).

Blood Sampling
In a session separate to the MR acquisitions, the same hypoxic protocol was run for each
subject and blood samples were acquired from the earlobe, representing mixed arterialised-
capillary blood, to examine blood lactate. The blood samples were analysed for lactate
concentration using a metabolite analyzer (Analox, London, UK) at multiple times (between
19 and 23 times) during the 40 min protocol. To compensate for the variability in blood
sampling times, blood lactate data were linearly interpolated to the same time-points for all
subjects to allow for the calculation of average blood lactate and the impulse response
function.

MRS acquisitions
MRS was performed at 3T (HDx MRI system, General Electric, Waukeshwa, USA) using
an 8-channel phased-array receive-only head coil. As described previously (6), a 4×4×6 cm3

voxel (Figure 1) was placed in the left hemisphere minimizing the volume of and
cerebrospinal fluid (CSF). A MEGA-PRESS (9) acquisition was used to edit lactate signal
from stronger signals in the MR spectrum by applying frequency-selective editing pulses at
δ=4.1 ppm to manipulate the evolution of coupling to the methyl-spins at δ=1.33 ppm.
Subtraction of scans without editing and with editing increases the spectral sensitivity to
detect lactate in the presence of underlying macromolecular signals. Additional scanning
parameters were: TR/TE=2000 ms/140 ms, spectral width=5 kHz, 40 min acquisition with
1200 transients. A T1-weighted fast spoiled gradient echo whole brain image (1 mm
isotropic resolution) was acquired to determine the tissue segmentation of the voxel using
FAST (FSL, FMRIB, http://www.fmrib.ox.ac.uk/fsl/).

Data analysis
The 40min acquisition was separated into 12 time periods (each 200 s in length) to analyse
the temporal dynamics of changes in lactate concentration. Lactate quantification was based
on previous methods (6), with modification for dynamic quantification as follows. First, a
lactate model was based on a Gaussian doublet fit to the difference of the temporally
resolved lactate spectra during baseline normoxia (0–600 s) and hypoxia (800–1800 s, the
time between 600 s and 800 s was considered transitional). Secondly, the macromolecular
model was developed using the mean spectrum of all temporal data and the lactate doublet
in combination with Gaussian peaks at 1.24 ppm and 1.43 ppm to account for co-edited
macromolecules in the region of the lactate peak (10). Thirdly, it was assumed that the
macromolecular content does not change over the course of an experiment and the
macromolecular model was fitted to (scaled for) the baseline normoxic period for each
session. Then a linear combination of the lactate and the macromolecular models was then
used to quantify lactate in each time period for each subject. The unsuppressed water signal
was modelled with a Gaussian-Lorentzian lineshape as the reference standard for
quantification. The integral ratio of the fitted lactate signal to the fitted water signal was
used to quantify lactate in institutional units (i.u.). Separate from the lactate analysis, the
NAA peak was modelled with a Lorentzian and the linewidth analysed for any potential T2*
effects.

Impulse Response Function Estimation
Calculation of the impulse response function is a method to fully quantify system dynamics,
specifically, the way that previous inputs affect the present output, similar to the calculation
of a transfer function or transporter kinetic modelling, but without the need to converting
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data to frequency space or constrain the type of system dynamics to compartmental or
parametric models. The impulse response functions of cerebral lactate (output) to PetO2 and
blood lactate (inputs) were calculated using the Laguerre function expansion technique,
which is a system identification method that reduces the number of free parameters. The
application of this approach to model dynamic biological systems has previously been
described (11) and applied to human physiology (c.f., ref(12)). Briefly, the output of a linear

system is given in terms of its input by the convolution sum: , where
x(n) and y(n) are the system input and output, respectively for discrete time n, h(m) is the
system impulse response and M is the system memory, or the length of time an impulse has
an effect. The impulse response describes the system dynamics and may be expressed in

terms of a set of discrete-time Laguerre functions (11);  where cj are the
expansion coefficients and bj(m) is the jth-order Laguerre function. The matrix combination
of the above two equations results in: y=Vc+ε where V is a matrix that contains the
convolution of the input signal with the Laguerre functions, c is the vector of the expansion
coefficients and ε is the error vector. Here, average PetO2 or blood lactate was the input data
and cerebral lactate was the output data. The expansion coefficients were obtained by least-
squares estimation using the experimental measurements, and the impulse response was
obtained from the above equation.

Statistics
Overall changes in lactate based on 10 min time blocks of averaged data: baseline normoxia,
first 10 min hypoxia (“hypoxic transition”), last 10 min hypoxia (“hypoxic hypoxia”) and
normoxic recovery, were compared using ANOVA with Bonferroni corrections for multiple
comparisons. The temporal dynamics of lactate were examined using a general linear model
with subjects, replication and repetition as factors to compare each hypoxic and normoxic
post-hypoxia time point with the average baseline normoxic period. The chosen significance
threshold was p<0.05 throughout. Data are presented as mean ± standard deviation.

Results
The average cerebral lactate during baseline normoxia for each of the 3 subjects was
0.87±0.06 i.u., 1.16±0.55 i.u. and 0.95±0.16 i.u., showing an overall average of 0.99±0.33
i.u.. The average lactate concentrations during subsequent time blocks were: 1.08±0.16 i.u.
during hypoxic transition (experiment time 600s –1200s), 1.17±0.27 i.u during hypoxic
hypoxia (experiment time 1200s – 1800s), and normoxic recovery 1.08±0.14 i.u.
(experiment time 1800s – 2400s). Mean lactate concentration was significantly increased
during the hypoxic (p<0.001) and recovery periods (p=0.001) compared to the baseline
condition, as shown by the ANOVA (based on mean values within each time period), but
there was not a significant difference between hypoxia and the normoxic recovery.

Time-resolved lactate data were acquired with sufficient signal-to-noise such that a spectrum
lactate model could be formed on an individual basis and then used to quantify lactate in
each 200 s time bin (example spectra shown in Figure 2). Figure 3a shows the time course of
cerebral lactate evolution averaged over all subjects and each subject averaged over the 4
sessions (Figure 4a–c), all relative to the baseline normoxic lactate. The majority of the
lactate changes occurred in the first 600 s of hypoxia. The median time of the maximum
cerebral lactate change was at 800 s after the onset of hypoxia (range 600 s to 1400 s after
start of the hypoxic challenge). The general linear model analysis indicated that the lactate
concentration compared to the baseline normoxia period only became significantly different
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at 400 s after the onset of hypoxia. For 400 s after the return to normoxia, lactate remained
significantly different from baseline. End-tidal forcing maintained target PetO2 and PetCO2
values effectively. During the hypoxic period, end-tidal CO2 was well controlled to the
target baseline level (Figure 3b). As expected, the blood oxygen saturation fell during
inspiratory hypoxia and rapidly recovered upon the return to normoxia (Figure 3c). The
blood lactate increased by a greater percentage than the cerebral lactate (Figure 3d). During
hypoxic hypoxia, cerebral lactate (across subjects) increased on average by 20%±15% as
compared to a 188%±95% blood lactate increase. Across all 3 subjects, the baseline blood
lactate concentration was measured as 0.55±0.23 mmol/L, which increased during hypoxia
to an average of 1.55±0.90 mmol/L.

For the cerebral lactate measurements, the mean within-session coefficient of variation (ratio
of the within session-standard deviation across 200s time bins to the within-session mean of
the quantified lactate) was 0.063±0.035 calculated from the baseline normoxic period. The
average across-session, within subject coefficient of variation was 0.21±0.15 and the across-
subject coefficient of variation of the baseline normoxia cerebral lactate measurements was
0.33. During hypoxic hypoxia, the within-session coefficient of variation was 0.065±0.040,
the cross-session within subject coefficient of variation was 0.17±0.11 and the across-
subject coefficient of variation was 0.24. The MRS voxel mostly consisted of white matter
(65%±3%) with the remaining proportions being grey matter 26%±3% and CSF, 8.3%
±2.4%. Once the linewidth of the NAA spectrum was detrended to account for scanner drift,
no differences in linewidth were observed over time.

The impulse response functions characterised the relationship between blood lactate and
cerebral lactate and between PetO2 and cerebral lactate (Figure 5). The impulse response
characterises the memory of the system, such that the past input values that affect the
present output are reflected. The Pet O2-cerebral lactate impulse response function has a
negative, biphasic relationship with cerebral lactate with the maximum instantaneous effect
at 165 s while the blood-cerebral lactate impulse response function was positive and
monophasic.

Discussion
We have demonstrated the successful measurement of dynamic changes in cerebral lactate
concentration in response to an acute inspiratory hypoxic challenge using edited MRS at 3T
(Figures 2, 3a and 4). The detection of lactate is challenging due to its low concentration and
limited chemical shift resolution of the 1H spectrum. The increase in lactate sensitivity
gained from higher field strength (3T), edited MRS and the lactate-specific analysis as
applied here and previously (6) represents a development from other studies (13) that have
not detected changes in lactate during a hypoxic challenge.

During hypoxic hypoxia, the average cerebral lactate was 1.17±0.27 i.u., the variability of
which is comparable to the baseline normoxic measurements (0.99±0.33 i.u.). It is not clear
whether subjects had reached an equilibrium plateau condition by the end of the 1200 s
hypoxic period as a longer protocol may have shown lactate concentrations continuing to
increase. In individual trials, the peak lactate concentration appears as early as 600 s after
the beginning of hypoxia and as late as 1400 s, i.e., after the subject returned to breathing
normal air. The within-session variability is small (coefficient of variation between 200 s
time bins during normoxia and hypoxic hypoxia 0.063±0.035 and 0.065±0.040,
respectively). Sources of experimental variability (i.e., head motion) as well as variability in
the production and clearance of lactate are likely to contribute to the overall variability of
lactate concentration estimates. The linewidth of the NAA peak did not change during the
hypoxia protocol, suggesting that T2* effects which may be expected during hypoxia did not
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cause a bias in the estimation of the lactate concentration. Therefore, we assume that all the
observed changes in lactate are true changes in lactate and not a result of T2* effects due to
increased deoxyhemoglobin.

Normal arterial blood lactate levels are 0.5–1.0 mmol/L (1, 3, 14), consistent with our
measurements during baseline normoxia. Blood lactate would need to increase by ~4mmol/
L for the ~20% lactate increase observed in the MRS voxel to be entirely as a result of
increased lactate in the blood compartment (i.e., no cerebral uptake or production).
However, we observed only an approximate 1 mmol/L increase in blood lactate suggesting
an increase of lactate concentration also occurred in the brain tissue compartment.

Lactate is taken up by cerebral tissue from the blood through passive monocarboxylate
transporters (1, 3, 15). Assuming that the monocarboxylate transporters are not saturated, a
new equilibrium may be reached between lactate transport into the brain from blood and
cerebral lactate metabolism in brain parenchyma or the transporters may be upregulated
(16), although it is not clear if the level of hypoxia employed in the present study would
cause such upregulation. Lactate has been shown not to accumulate in CSF and has been
showen to be metabolised (17), leading to the conclusion that an increased concentration in
blood lactate is associated with an increase in lactate oxidation in the brain (3, 4). Passive
lactate transport into brain tissue and lactate not accumulating in CSF is consistent with
brain uptake of lactate (1, 2) and its use as an energy source in normoxic conditions. The
present study is consistent with this also occurring during mild-moderate inspiratory hypoxia
but from our data alone, the metabolic fate of lactate cannot be explicitly concluded.

Local lactate concentration and the ratio of lactate/pyruvate are both correlated with CBF
(18). During mild to moderate inspiratory hypoxia, cerebral blood flow increases to
compensate for the reduced blood oxygenation, maintaining cerebral oxygen delivery and
metabolic function (19). There has been some evidence of regional differences in the CBF
response to hypoxia (20–22) which may indicate there are also different lactate responses
regionally. Similarly, grey matter is considered more metabolically active and has greater
CBF compared to white matter (19). As such, the lactate increases may not be uniform
across the voxel.

Impulse response functions were used (Figure 5) to quantify the dynamic relationship
between changes in PetO2 or blood lactate and cerebral lactate. The positive impulse values
and monophasic relationship between blood lactate and cerebral lactate supports the
proposition that the increase in cerebral lactate is a result of increased blood lactate. The
decrease in magnitude of the cerebral lactate response over time is consistent with a smaller
diffusion gradient between the blood and cerebral lactate. Caution must be taken when
considering the blood and cerebral lactate measurements, as we did not measure them
simultaneously in the present experiment and the blood lactate measurements show a high
level of variability, likely a function of blood sampling from the ear lobe and natural
variability between subjects. The biphasic nature of the impulse response for PetO2 and brain
lactate is characterised by a maximum effect at ~165 s. This system characteristic may
indicate the effect of intermediate blood lactate or the oxidation of the increased lactate
concentrations. It appears that a new lactate equilibrium concentration is developed (as
opposed to a continuous increase in lactate) during a hypoxic challenge (Figure 5).

The use of dynamic end-tidal forcing permitted the close control of end-tidal gases (CO2 and
O2), thus limiting variability in end-tidal values, associated with variability in the ventilatory
response to hypoxia. The observed hypoxia-induced increases in lactate of ~20% in this
study compared to ~30% in the previous study, that used a simple inspired hypoxia
challenge without CO2 control (6), suggests that CO2 and blood flow may have a substantial

Harris et al. Page 6

J Magn Reson Imaging. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effect on brain lactate uptake. Controlling CO2 prevents hypoxia-induced hypocapnia and
thus is likely to maintain higher blood flow to tissues. Therefore, systemic tissues may have
become less hypoxic and the production of systemic lactate may have been correspondingly
less in the present study compared to the previous study. Controlling CO2 also limits
changes in pH that would occur with changing CO2, thereby limiting confounds of lactate
uptake being altered by pH changes.

Methodological differences between lactate-edited MRS and other non-edited acquisitions
described in the literature (14) complicate comparisons. J-difference editing (employed here)
separates the lactate signal from signals not coupled to spins at 4.1 ppm and yields a visible
lactate signal. However, editing requires a relatively long TE (140 ms was used here),
particularly in comparison to studies using stimulated echo attenuation mode (14). This will
likely result in differences between the lactate compartments that are being interrogated, as
our acquisition is more heavily T2-weighted, favouring signals from extracellular space,
whereas a shorter TE will interrogate the intracellular space better. The relatively long echo
time also means that the contribution of the macromolecular signal is relatively small. As
documented previously (6), we include macromolecular peaks at 1.24 ppm and 1.43 ppm
and then assume the macromolecular content does not change in the course of this
experiment in an effort to more accurately quantify lactate. This approach has been applied
previously, and it can be seen in e.g. Figure 2 of Edden et al. 2010 that the underlying
macromolecular signal is largely unchanged in hypoxic conditions.

In conclusion, this is the first study to measure lactate concentration in a time- resolved
fashion in the human brain using edited MR spectroscopy at 3T during a hypoxic challenge.
We modelled the impulse response functions relating PetO2 and blood lactate to cerebral
lactate during this hypoxic challenge. Cerebral lactate increases with hypoxia and appears to
lag the increase of blood lactate. Our data, while not conclusive, are consistent with the
notion that much of the increase in brain lactate results from transfer of lactate from blood
into the brain where it may be oxidised.
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Figure 1.
Example of voxel placement for an MRS acquisition
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Figure 2.
Two edited-spectra obtained during one session in one volunteer, with the location of the
lactate peak indicated (1.33 ppm). No apodization has been applied but the spectra have
been realigned at the NAA peak to account for scanner drift. The different line styles
indicate different phases of the protocol, the solid line was acquired from the baseline
normoxia phase and the dashed line was acquired during hypoxia. Each spectrum arises
from 200 s worth of data and consists of 100 transients.
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Figure 3.
Average time-resolved physiological measurements. Lactate concentration change during
the hypoxic challenge relative to the baseline mean, is averaged across all subjects in (a)
where * indicates lactate concentration is significantly different from baseline according to
the general linear model analysis. Plots of end-tidal CO2 (solid line) and O2 (dashed line) in
(b) and oxygen saturation (c) averaged across all experiments. In a separate session, blood
lactate was measured to assess systemic lactate during hypoxia (d).
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Figure 4.
Time-resolved lactate concentration changes for each individual. Average lactate
concentration across the four sessions for each subject. Error bars are standard deviation
across the four sessions, shaded area indicates hypoxia.
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Figure 5.
Hypoxia impulse response function for cerebral lactate. (a) End-tidal O2 was used as the
system input and the impulse response function (b) was calculated. The impulse response is
used to predict the lactate response (c, solid line) modelled from the experimental data (c,
dashed line). Similarly, (d) blood lactate was used as the system input and the impulse
response function (e) calculated. The blood lactate response function is also used to predict
the cerebral lactate response (f, solid line) modelled from the experimental data (f, dashed
line). The slight differences in appearance of the experimental lactate data is a result of
different levels of interpolation required to generate the impulse response function as PetO2
and blood lactate sampling rates were different.
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