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Abstract
Modern neurocritical care relies on ancillary diagnostic testing in the form of multimodal monitoring to address acute changes in
the neurological homeostasis. Much of our armamentarium rests upon physiological and biochemical surrogates of organ or
regional level metabolic activity, of which a great deal is invested at the metabolic–hemodynamic–hydrodynamic interface to
rectify the traditional intermediaries of glucose consumption. Despite best efforts to detect cellular neuroenergetics, current
modalities cannot appreciate the intricate coupling between astrocytes and neurons. Invasive monitoring is not without surgical
complication, and noninvasive strategies do not provide an adequate spatial or temporal resolution. Without knowledge of the
brain’s versatile behavior in specific metabolic states (glycolytic vs oxidative), clinical practice would lag behind laboratory
empiricism. Noninvasive metabolic imaging represents a new hope in delineating cellular, nigh molecular level energy exchange
to guide targeted management in a diverse array of neuropathology.
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Introduction

Brain energy requirements approach 20% of the body’s re-
quirements [1]. The nonlinear expansion of the neocortex
and higher cognition imparted a genetic framework necessary

for energy metabolism to address this need [2]. For example,
adult brain aerobic glycolysis localizes to and accounts for
approximately 25% of glucose utilization in the dorsolateral
prefrontal cortex, the superior and medial frontal gyrus, or the
precuneus and posterior cingulate cortex [3, 4]. Separate lines
of inquiry into brain neuroenergetics suggest differential
astrocyte–neuron interactions, recruitment of subcellular ele-
ments, production of metabolic intermediaries, and a subse-
quent task-dependent allocation [5].

Roy and Sherrington’s hypothesis of a coupling mecha-
nism between the local vascular supply, functional activity,
and the “chemical products” continues to influence [6–12]
surrogate markers of neuronal activity from blood flow and
metabolism to inform positron emission tomography (PET)
and fMRI approaches [13–15]. PET estimates distribution of
tracers labeled with positron-emitting isotopes (18F or 15O) to
yield measurements of cerebral blood flow (CBF) using
H2

15O or oxygen consumption from 15O2 and glucose utiliza-
tion with 18F-labeled 2-deoxyglucose (FDG), respectively.
fMRI reflects the endogenous changes in oxy- and
deoxyhemoglobin ratios following activity-dependent pro-
cesses related to changes in CBF and cerebral blood volume
[1, 16]. Although fMRI and PET can detect energy delivery
and use signals of neuronal activity, additional insights at the
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cellular neuroenergetics (especially oligodendrocytes and mi-
croglia) are necessary to guide diagnostics of metabolic states
and neurotherapeutic targets.

For instance, whole-brain steady-state arterial–venous gra-
dients indicate that glucose is almost entirely oxidized to CO2

and H2O. PET, autoradiographic 2-DG method, and magnetic
resonance imaging (MRI)-mediated analyses of local/regional
glucose utilization, O2 consumption, and CBF, however, point
toward an uncoupling between glucose uptake and oxygen
consumption over activated cortical areas. An increase in
CBF and in glucose utilization is not matched by an equivalent
increase in oxygen consumption, thereby raising the possibil-
ity that, during the early stages of activation, increased energy
demand is met by glycolysis rather than by oxidative phos-
phorylation [17–21]. This has triggered the development of
additional imaging substrates with faithful spatial and tempo-
ral resolution of neuroenergetics (Fig. 1).

Consequently, more advanced techniques have emerged to
inform intraparenchymal targets at the regional, cellular, and
molecular levels. For example, magnetic resonance spectros-
copy (MRS) quantifies metabolic fluxes in vivo using stable
isotopes such as 13C and 1H [23, 24]. Ongoing nuclear mag-
netic resonance (NMR) work on 31P focuses on directly mea-
suring ATP synthesis [25–27]. Elsewhere, homogeneous
preparations of neurons and astrocytes, i.e., primary cultures

or single-cell analyses [28–30] as well as nanosensors/
fluorescent analogs [31–33] targeting specific metabolites,
aim to disentangle the relative contributions of each cell type
to the metabolic processes scrutinized by PET, fMRI, and
MRS.

Cellular level methods only characterize a small portion
of the brain, and whole-brain neuroimaging techniques do
not possess adequate specificity for neural pathways or
signaling components [34]. Albeit lucrative, fMRI is also
limited with significant room for false positives and nega-
tives [35–38]. Molecular imaging, therefore, has a future in
the important clinical goals of 1) early detection of disease,
2) optimization of therapy for specific molecular targets, 3)
predicting and monitoring response to therapy, 4) monitor-
ing for disease recurrence, and finally, 5) augmentation of
drug discovery and validation processes. Specifically, mo-
lecular probe fMRI could enhance brain-wide neurochem-
ical maps to provide fundamental insights into the relation-
ships between neurotransmitter release, cognitive phenom-
ena, affective states, and diseases, at the individual cell
level.

This review probes the place of neuroimaging at different
levels of central nervous system (CNS) organization and her-
alds the MRI in estimation of cerebral metabolism, especially
its potential role in precision neurocritical care.

Fig. 1 Resolution and
invasiveness among brain
metabolic measurement
techniques. Comparisons of
spatial resolution, temporal
resolution, and invasiveness
among various techniques used to
measure brain metabolism.
Modified from Hyder and
Rothman [22] (Advances in
imaging brain metabolism, Annu
Rev Biomed Eng 19:485-515.
Copyright (2017), with
permission from Annual
Reviews)
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Surrogate Markers of CNS Metabolism

Organ-Level Hemodynamic Indices

In the modern neurocritical care unit, invasive monitoring has
remained the mainstay of optimization andmanagement of the
critically ill patient. The standard of care still rests on the
prevention of secondary insults via an acute maintenance of
the hemodynamic milieu [39, 40]. Instrumentation usually
involves arterial line placement for continuous blood pressure
monitoring, central venous access for the measuring of central
pressures, and external ventricular drain placement to calibrate
the CNS hydrodynamics.

Longitudinal profiling of neurophysiological parameters
(multimodal monitoring) evades widespread acceptance across
the neurocritical care spectrum as they await reproducible im-
provement in outcomes [41]. For instance, we routinely esti-
mate oxygen delivery to the CNS, which in turn is influenced
by cardiac output/index, CBF, and oxygen serum content (Fig.
2). Although there is limited evidence surrounding direct cardi-
ac output estimation such as pulmonary artery catheter, similar
yet less invasive indirect methodologies (e.g., PiCCO (Pulsion
Medical Systems, Munich, Germany) monitoring) are slowly
becoming the mainstay of volume status optimization [42].
Besides, with the addition of serum hemoglobin and PaO2

values, calculations of serum oxygen content may also be pur-
sued (Fig. 2). Transcranial Doppler monitoring, although rou-
tinely used to estimate CBF in stroke and subarachnoid hemor-
rhage (SAH) noninvasively [43], is limited given oxygen dif-
fusion across the blood–brain barrier (BBB) and its consump-
tion counterpart (VO2, oxygen extraction ratio or fraction
(OEF); Fig. 2) connote tissue-level consumption [44].

Besides classic contributions from partial pressure of oxy-
gen, diffusion surface area, and BBB permeability, the local
metabolic demand [45–48] is satisfied through cerebral auto-
regulation and changes in hemoglobin affinity for oxygen
driven by the Bohr effect [49–53]. Eventually, to maintain
the cortical PtO2 physiological range at 20 to 25 mmHg at rest
(up to 48 mmHg during intense exercise), we require more
robust explanations beyond hemodynamic parameters to in-
form tissue-level perfusion and oxygenation [54, 55].

Tissue-Level Metabolic Markers

Preservation of the delicate relationships between the pres-
sures of individual intracranial compartments governed by
the Monroe Kellie principle has remained incumbent upon
intracranial pressure (ICP) monitoring in neurocritically ill
patients for over 50 years. Monitoring at intraparenchymal
and intraventricular levels has superseded frequently inaccu-
rate epidural measurements, but subdural monitors are some-
times preferred given the latter’s perceived ease of placement
and lower risk of complications [41, 56–58].

In its natural progression, invasive intracranial monitoring
of regional as well as tissue-level activity allows continuous
measurements and the ability to titrate therapy for elevated
ICP, decreased brain tissue oxygenation (PbtO2), andmetabol-
ic derangements [59]. Nevertheless, this approach is limited
by its inherent local nature and surgical complications.

Brain tissue oxygenation (PbtO2) pursues optimization of
brain oxygenation in the setting of tissue ischemia [60] when
coupled with ICP monitoring and perfusion monitoring and
may also be useful in the prevention of secondary injury [61].
Current PbtO2 monitors share important limitations of their
invasive insertion, calibration requirements, caducity, and ne-
cessity for precise placement given the limited area of tissue
sampled (i.e., 14-24 mm2 with Licox (Integra LifeSciences,
Plainsboro, NJ) and Neurovent (Raumedic AG + CO,
Raumedic, Germany) probes). Contemporary evidence has
also examined the utility of intraparenchymal monitors
through extrapolation of global CBF from regional CBF by
CT perfusion imaging [62]. Although promising, this may not
fully characterize regional microvascular alterations and

Fig. 2 Laws governing oxygen transaction to the brain. Equation 1:
(CaO2) = Arterial oxygen content. Hb = Hemoglobin concentration.
SaO2 = Arterial oxygen saturation. PaO2 = Arterial oxygen partial
pressure; 0.0031 represents the solubility coefficient of oxygen. Each
gram of hemoglobin is capable of carrying 1.34 ml of oxygen.
Equation2: VO2 = Oxygen consumption. CO = Cardiac output. CaO2 =
Arterial oxygen content. CvO2 = Venous O2 content. Q = blood flow.
(O2)in = the oxygen content of the afferent blood (analogous to CaO2

globally). (O2)out = the oxygen content of the efferent blood
(analogous to CvO2 globally). Equation 3: VO2I = Oxygen
consumption index. CI = Cardiac index. CaO2 = Arterial oxygen
content. CvO2 = Venous O2 content. Equation 4: O2ER = Oxygen
extraction ratio, which is the proportion of arterial oxygen that is
removed from the blood as it passes through the microcirculation. CaO2

= Arterial oxygen content. CvO2 = Venous O2 content. Equation 5: O2ER
= Oxygen extraction ratio. (O2)in = the oxygen content of the afferent
blood (analogous to CaO2 globally). (O2)out = the oxygen content of the
efferent blood (analogous to CvO2 globally). Equation 6: OEF = Oxygen
extraction fraction. CMRO2 = Cerebral metabolic rate of oxygen. CaO2 =
Arterial oxygen content. CBF = Cerebral blood flow
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subsequent oxygen extraction or utilization, thereby current
consensus endorses the use of PbtO2 monitoring in
neurocritical care patients at risk of hypoxia [41].

Current attempts to quantify tissue-level behavior of glu-
cose and its metabolic intermediaries, amino acids, enzymes,
ions, proteins, and signaling molecules etc. through microdi-
alysis assays lack temporal and spatial resolution (Fig. 3) [63].
Spatial resolution is limited by the probe length of 1 to 4 mm,
whereas temporal resolution may be restricted to 20 min per
sample or more [64]. Relevant advancements in “minimally
invasive” microfabricated probe technology could improve
spatial resolution and encourage comprehensive inquiry of
the interstitial space [65–67].

Noninvasive Monitoring Adjuncts

Prima facie, noninvasive strategies such as optical imaging
tools in tandem with electrophysiological measurements have
emerged to detect dynamic changes in brain metabolism and
neurochemistry after brain injury. Near infrared spectroscopy
or diffuse correlation spectroscopy estimates regional
deoxyhemoglobin and oxyhemoglobin concentration [68]
and cerebral blood flow [69]. However, it cannot provide in-
sight on the overall brain activity or at deep structure level.
Other noninvasive methods include measurements of the di-
ameters of the ophthalmic artery, intracranial vessels, and op-
tic nerve sheath diameter [70–72]. In summary, noninvasive
ICP evaluations require serial examinations performed with
minimal variability.

Given the strict correlation of summative postsynaptic po-
tentials with neurovascular energy units, continuous electroen-
cephalography (EEG) as well as somatosensory-evoked poten-
tials (SSEP) may reflect pathological energy states involving
post-arrest, severe traumatic brain injury (TBI), as well as SAH
populations. The presence or absence of low voltage or isoelec-
tric EEG, as well as the presence or absence of SSEPs, may
reliably predict poor neurological outcomes in patients follow-
ing cardiac arrest [73]. Low voltage or isoelectric EEG is 40%
sensitive and 100% specific, whereas the absence of SSEPs
carries 24% sensitivity and 100% specificity, respectively [73].

Cellular Level Metabolic Targets

The brain effectively generates energy through aerobic
glycolysis, where lactate (Fig. 3) is consumed distinctly upon
regional specialization, rendering discrete cellular metabolic
signatures for the neuron and astrocyte (Fig. 4) [74, 75].
Astrocytes are unique in glycogen storage yet possess mito-
chondria (same as neurons), populate the gray matter (proto-
plasmic), invest the BBB, and are intimately linked with the
neuron [76]. Adult aerobic glycolysis and lactate production
are metabolic features of astrocytes, yet marginally expressed
in neurons, which retain their oxidative identity (Figs. 3 and 4)

[5]. The majority of neuronal energy expenditure is devoted to
synaptic level signaling [77].

Glucose is processed mainly through the oxidative branch,
rather than glycolysis, which suggests an antioxidant role in
neurons rather than a bioenergy source [1]. This and other
arguments in forthcoming section(s) will consolidate the case
to revisit the neuron-centric and energy favorite model of glu-
cose metabolism in the neurocritical care unit.

Altogether, there exists a complementary relationship be-
tween neurons and astrocytes to process glucose. Lactate, con-
ventionally an anaerobic metabolite, is now hailed as an end
product of either glycolytic pathway, derived via pyruvate
when oxygen tension is low [78, 79]. Under physiological
circumstances, only 10% of glucose entering the brain from
the arterial side yields lactate via aerobic glycolysis, whereas
the rest enters the expected oxidative route (Fig. 3) [79].
Neurons, however, uncouple glycolysis and the TCA cycle
(i.e., in the presence of both glucose and lactate, neurons pref-
erentially use lactate as their main oxidative substrate) [80,
81]. Accordingly, aerobic glycolysis levels may represent lac-
tate efflux from glycolysis, or a glycogen shunt, to rapidly
supply ATP to areas with enhanced demands (e.g., bursting
synapses [82] or shape synaptic connections during develop-
ment [83]). Astrocytes shuttle lactate and pyruvate to neurons
sparing the remaining glucose from oxidative phosphorylation
and preserving it toward anabolic pathways for synaptic
creation/turnover [79, 84]. In its terminal fate then, lactate is
being utilized under aerobic conditions, but is prone to cyto-
solic accumulation with an anaerobic milieu.

This versatility of the CNS metabolic machinery to differ-
entially invoke lactate during physiological states or in the
setting of regionally increased metabolic demand spares the
neuron from oxidative stress but could not be delineated with
an adequate resolution via whole-brain studies (Fig. 4) [1, 85].
Even though fMRI [13] signals coincide spatially with EEG
local field potentials (electrical markers of synaptic activity),
in vitro and in vivo biochemical and imaging evidence suggest
1) the major neuroenergetic burden is synaptic, 2) molecular
mechanisms couple synaptic activity to local energy delivery
with astrocytes as a facilitator, and 3) cell-specific expression
and activity profiles allow for a limited aerobic glycolysis but
a robust TCA cycle and oxidative phosphorylation in neurons.
Conversely, astrocytes are favorable toward glycolysis which
can be upregulated, whereas pyruvate processing in the TCA
cycle is limited under normal oxygen tension (Fig. 5) [86, 87].

Brain activity mapping beyond neurovascular coupling
cannot obtain single-cell resolution. This is secondary to fun-
damental neurovascular distances and the multicentric origin
of functional imaging signals (Fig. 6). Any combination of
excitation, inhibition, or neuromodulation can generate
blood-oxygen level-dependent (BOLD) responses. But, we
cannot estimate the contribution of each, scale input–output
relationships among activated areas or extrapolate the
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amplitude and duration of neural processes from hemodynam-
ic changes in real time [88, 89].

Metabolic Imaging Markers

Penumbral Markers

Ischemic penumbra, beyond its initial description by Astrup in
1981, represents perfused brain tissue with residual subcellu-
lar integrity but impaired electrical function [90] and the po-
tential to recover if perfusion is improved. A cerebral blood
vessel once occluded triggers a cascade of pathophysiological
events dispersed in time and space. As blood flow falls below
16 to 18 ml/100 g/min (the “higher” threshold) [91, 92], an
instantaneous cessation of electrical activity occurs. Local
blood flow must fall below 10 ml/100 g/min (the “lower”
threshold) to perturb the otherwise steady energy state and
ion homeostasis [93]. Even diminutive supportive blood flow
by collaterals protects the penumbra surrounding the ischemic
core from a critical energy imbalance associated with neuronal
death if blood supply can be restored soon [94, 95]. Patterns
that predict a good response to thrombolytic therapy have
small volumes of core and large volumes of penumbra.

Computed Tomography

Parenchymal hypoattenuation on noncontrast computed to-
mography has been associated with a predilection for infarc-
tion on PET and with an “infarct core” on CT perfusion im-
aging. Conversely, sulcal effacement without hypoattenuation
secondary to an elevated cerebral blood volume signifies
“penumbral” perfusion. However, noncontrast computed to-
mography in isolation is extremely limited for penumbral
evaluation in the acute or hyperacute setting [96].

Next, despite its logistical appeal, CT perfusion imaging is
hindered by poor cardiac output, atrial fibrillation, severe
proximal arterial stenosis, or poor placement of arterial and
venous density regions of interest [97]. Thus, it may underes-
timate the CBF, overestimate the MTT, and yield inaccurate
perfusion maps. Additionally, the focus on basal ganglia and
supraganglionic elements ignores the posterior fossa and su-
perior cerebral hemispheres. Low spatial resolution excludes
lacunar infarcts, whereas a relative hyperemia of an ictal re-
gion can introduce a false positive infarct of the contralateral
hemisphere [98].

Magnetic Resonance Imaging

Mutatis mutandi, MRI represents exciting avenues for preci-
sion medicine tailored to a diverse array of disease states. It
heralds a new era of subcellular and potentially molecular
level neuroenergetics in combination with other technologies.

Despite MRI’s inherent temporal resolution limitation, its
noninvasive nature precludes risks such as misplacement, in-
fection (with its associated costs), decalibration, and hemor-
rhage. Moreover, among noninvasive approaches, it is nonra-
dioactive, and it allows for regional resolution. Depending on
the sequence, both extraparenchymal and parenchymal level
metabolic assessments are available. Perturbations of oxygen
consumption at the neurovascular unit are paramount to-
ward understanding neurological disease processes
[99–104]. Likewise, stroke remains the flagship model
for applying neuroimaging toward a biochemical basis of
energy metabolism [105].

Fundamentally, the penumbra and ischemic core are de-
fined by metabolic parameters such as the CBF, OEF, arterial
oxygen content and their derivatives such as cerebral metabol-
ic rate of oxygen (CMRO2), and the recent oxygen metabolic
index (OMI). With reduced CBF, OEF can increase to main-
tain normal oxygen metabolism. At maximal oxygen extrac-
tion, further reduction in CBF leads to a decrease in CMRO2.
Severe reduction in CMRO2 will lead to cell death. Therefore,
imaging methods that can quantify CBF, OEF, OMI, and
CMRO2 may allow the differentiation of the penumbra and
infarct core [106].

The imaging techniques undergoing the most rigorous as-
sessment are perfusion- and diffusion-weighted MRI, i.e.,
PWI and DWI. Although PWI is effective in identifying re-
gions with perfusion deficits, DWI is sensitive to cytotoxic
edema. DWI lesions often represent infarct core, and regions
with a PWI deficit yet normal DWI are regarded as the sal-
vageable penumbra (perfusion–diffusion mismatch).
However, clinical trials that relied on perfusion–diffusionmis-
match failed to show benefits of MRI-based patient selection
for thrombolysis [107]. Further, a combined MRI and PET
study on acute stroke found considerable variability in the
extent of CMRO2 reduction in regions with abnormal DWI,

Fig. 3 Metabolic targets in microdialysis monitoring. CMD cerebral
microdialysis, CSD cortical spreading depressions, EBI early brain
injury, L/P lactate/pyruvate, NAA, n-acetyl aspartate. Reprinted from
Carteron (Neurointensive Care Therapy: An Update of Recent Clinical
Data. Front Neurol. 2017;8:601. Copyright (2017). Creative Commons
license 4.0 (CC BY 4.0)
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indicating that DWI lesions may not always represent irrevers-
ibly damaged tissue [108]. This observation is supported by
the reversal of diffusion abnormalities via thrombolysis within
6 h of symptom onset [109]. Such findings question the as-
sumed equivalence of a DWI lesion to ischemic core.

Perfusion–diffusion mismatch aims to identify 2 different
metabolic regions, i.e., regions with electrical failure, but pre-
served energy state (penumbra) versus regions with
compounded electrical and energy failure (infarct core).
However, it does not address cellular neuroenergetics beyond
the oxidative fate of glucose (oxygen consumption rate or
CBF) in the neuron [90] and cannot account for the
neurovascular coupling mediated by astrocytes, i.e., glycoly-
sis (Fig. 3). More importantly, PWI imaging is a snapshot
which does not reflect the dynamic nature of the penumbra.
Furthermore, the use of a single threshold in determining the
mismatch cannot account for the metabolic and physiological
heterogeneity of brain tissue. In view of such limitations, in-
terest lies evermore in developing metabolic imaging tech-
niques which better quantitate the penumbra [96].

Nevertheless, patients with acute ischemic stroke (AIS)
within 6 to 24 h of last known well and large vessel occlusion
in the anterior circulation are now frequently selected for me-
chanical thrombectomy through CTP or DW-MRI, with or
without MRI perfusion [110]. Moreover, the 2019 update to
ASA/AHA stroke guidelines endorses MRI to identify
diffusion-positive FLAIR-negative lesions (DWI-FLAIR
mismatch) for IVtPA administration within 4.5 h of stroke
symptom recognition in or AIS patients who awake with
stroke symptoms or have unclear time of onset > 4.5 h from
last known well or at baseline state [111].

An Appraisal of Oxygen as a Metabolic Marker

Oxygen-15 Positron Emission Tomography of Oxygen
Metabolism

Quantification of regional changes in cerebral hemodynamics
and metabolism was made possible by PET using oxygen-15
(15O) and carbon-11 (11C) radiotracers [112]. These

Fig. 4 General depiction of brain metabolism. Diagram of glucose
metabolism. Glucose can be processed through 3 main metabolic
pathways. The first metabolic pathway is glycolysis (i), which gives
rise to 2 molecules of pyruvate as well as one molecule of ATP and
NADH each. Then, this pyruvate enters the mitochondria, where it is
metabolized through the tricarboxylic acid cycle and oxidative
phosphorylation, producing ATP and CO2 using oxygen as electron
acceptor (iv). Lactate dehydrogenase, during hypoxia or depending on
the cellular metabolic profile, reduces pyruvate to lactate, which can be
liberated to extracellular by monocarboxylate transporter. Compared to
glycolysis (2 ATPs), the complete oxidation of glucose produces larger

amounts of energy in the form of ATP in the mitochondria (30–36 ATPs).
Alternatively, the pentose phosphate pathway (PPP) can process the
glucose-6P (ii), leading to the production of reducing equivalents in the
form of NADPH, which is important for defense against oxidative stress.
Then, the glutathione reductase uses NADPH as an electron donor to
recycle back the oxidized glutathione (GSSG) formed to glutathione. In
astrocytes, glucose-6P can also be used to store glucosyl units as
glycogen (iii). Reprinted from Magistretti and Allaman [1] (A cellular
perspective on brain energy metabolism and functional imaging.
Neuron 86:883-901. Copyright (2015), with permission from Elsevier)
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techniques allowed for the first time novel measurements of
regional CBF (rCBF) using 15O-water or 15O-carbon dioxide
and regional cerebral blood volume using 15O-carbon monox-
ide [113]. More importantly, regional OEF and CMRO2

(rCMRO2) measures have been obtained by estimating the
conversion of inhaled 15O-oxygen gas to 15O-water, the last
step in oxidative metabolism [114]. Early 15O-PET studies on
acute stroke [115, 116] provided operational criteria for ische-
mic penumbra identification as characterized by a reduced
CBF but preserved CMRO2 and elevated OEF [117]. Lenzi
et al. [116] demonstrated that a diminutive rCMRO2 in the
core of an acute stroke in general correlated well with the
general outcome at a later stage. Patients with a poor clinical
outcome had an rCMRO2 lower than 1.25 ml O2/100 ml/min
at the acute stage (Fig. 7) [116]. PET earned validation though
its ability to outline clinically small infarct cores (i.e., cellular
level necrosis) and large volumes of penumbra as the favored
pattern for reperfusion in patients with stroke [118, 119].
These observations further support tissue-level metabolism
as the missing link between reduced blood supply and tissue
viability [115, 120–122].

However, 15O-PET requires an expensive on-site cyclotron
to generate the short-lived 15O isotope (~2 min half-life).
When performing inhalation studies using 15O gas, radioac-
tivity from 15O-labeled substrate (15O-oxygen gas) and prod-
uct (15O-water) will be detected without distinction. As such,
quantification of metabolic parameters (CMRO2 and OEF)
from PET measurements of radioactivity requires a compart-
ment model to account for tracer delivery and the washout of
15O-water generated from oxidative metabolism. For accurate
quantification of CMRO2 and OEF, arterial blood sampling is
frequently performed to provide input data for the tracer ki-
netic model. These factors limit the use of 15O-PET as a clin-
ical tool for metabolic evaluation of ischemic stroke.

Oxygen-17 Magnetic Resonance Imaging of Oxygen
Metabolism

Inspired by 15O-PET, in vivo 17O-MRI underwent inspection
for assessing cerebral metabolism in the late 1980s [123–125].
17O’s stable isotope property allows H2

17O’s utility as a non-
toxic, nonradioactive tracer that can accurately measure water

Fig. 5 Differential cellular metabolic signatures. Main different features
in metabolic profiles between neurons and astrocytes. Astrocytes are the
only cells in the brain that store glycogen, which can be seen by the high
levels of expression and activity of Pfkfb3 in astrocytes. On the other
hand, the reduced expression and activity of Pfkfb3 in neurons
demonstrates that neurons do not store any glycogen. Cell-specific
differential splicing of pyruvate kinase results in the expression of the
PKM1 isoform in neurons and the expression of the PKM2 isoform in
astrocytes. Additionally, due to pyruvate dehydrogenase’s high degree of
phosphorylation in neurons, it has more activity in neurons than in
astrocytes. These cell-specific expression and activity profiles result in

opposing effects in neurons and in astrocytes. In neurons, there is a
limited capacity glycolysis and an active TCA cycle as well as
oxidative phosphorylation in neurons. On the other hand, in astrocytes,
there is a more active glycolysis, which can be upregulated, and a TCA
cycle that is limited in capacity due to the nature of its pyruvate
processing. Furthermore, in astrocytes, the expression and activity of
the glyoxalase system, which can detoxify cells of methylglyoxal, are
considerably higher. Reprinted from Magistretti and Allaman [1] (A
cellular perspective on brain energy metabolism and functional
imaging. Neuron 86:883-901. Copyright (2015), with permission from
Elsevier)
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movement [126, 127] for extended imaging times. These
unique advantages and the wide availability of MRI scanners
have led to a growing interest in 17O-based translational re-
search [128–135].

Unlike 15O-PET that detects radioactivity from all 15O-la-
beled species, 17O-MRI measures metabolically generated
17O-water only. This property dramatically simplifies signal
modeling to provide direct measurement of CMRO2 and CBF.
In addition, CBF can also be quantified from the washout
kinetics of 17O-water [130, 136]. Subsequently, OEF can be
calculated as Eq. (6) (Fig. 2).

A middle-cerebral artery occlusion (MCAO) mouse model
studied with 17O-MRI showed (Fig. 8) a decrease of mean
CMRO2 from 2.44 ± 0.29 in the contralateral region to 1.66
± 0.29 μmol/g/min in the MCAO-affected region [130].
Accompanying this decrease in CMRO2, OEF increased from

0.35 ± 0.07 to 0.49 ± 0.19. This study provided compelling
evidence that 17O-MRI can yield similar measurements of
metabolic parameters as 15O-PET [122]. Yet, 17O-MRI suffers
from the low sensitivity of 17O in detection of H2

17O, because
of the low gyromagnetic ratio and the extremely short T2

relaxation time (< 5 ms) [137]. Even with a large number of
signal averages to gain adequate signal-to-noise ratio, current
17O-MRI spatial resolution is insufficient to furnish adequate
temporal resolution to capture H2

17O generation and washout
kinetics, thereby a necessity of ultrahigh field scanners (11.7
and 16.4 T) to image cerebral metabolism in mouse brain with
a sufficient resolution has delayed [130, 133, 138] the routine
availability and application of 17O-MRI.

More sophisticated image reconstruction methods that
combine proton (1H) MRI with 17O-MRI have been devel-
oped to improve the image quality and have shown feasibility

Fig. 6 Neural and vascular contents of a voxel. The left panel displays the
relative density of vessels in the visual cortex of monkeys. The tissue is
perfused with barium sulfate and imaged with synchrotron-based X-ray
microtomography in order to display the dense vascular mesh (courtesy
of B. Weber, MPI for Biological Cybernetics). At the top, the cortical
surface without pial vessels is shown, and at the bottom, the white matter
(wm) is shown. On the left side of the panel, a Nissl slice displaying the
neural density from layers II through the wm is shown. The vessels seem
to be high in density in this three-dimensional representation; however, in
actuality, the density is less than 3% as displayed on the right by the white
spots that represent the cross-sections of the vessels. The average distance
between the small vessels is about 50 mm, which is approximately the

distance that oxygen molecules travel by diffusion within the limited
transit time of the blood. A dense population of neurons, synapses, and
glial cells occupy the intervascular space. A hypothetical distribution of
these vascular and neural elements is depicted in the image at the top right
by the small section in the red rectangle. The images above the rectangle
display some of the typical neuronal types and their processes. For
example, the large pyramidal cell is exhibited by the red, the inhibitory
basket cells by the dark blue, the chandelier inhibitory neurons by the
light blue, and stellate cells by the gray. Reprinted by permission from
Nikos [37] (What we can do and what we cannot do with fMRI. Nature
453:869-878. Logothetis, Copyright (2008))
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of performing 17O-MRI studies for quantifying CMRO2 at 3 T
[139, 140]. However, their spatial resolution may not be ade-
quate to differentiate penumbra from infarct core. Another
limitation for 17O-MRI is the relatively high cost of 17O-oxy-
gen gas comparable to cyclotron-generated 15O-oxygen gas
[137]. However, this limitation is largely market driven. As
important 17O-MRI applications continue to emerge, the cost
of 17O-oxygen gas can be significantly reduced when
manufacturing volume rises to meet increased demand.

Proton-Based MRI of Oxygen Metabolism

Several proton (1H)-based MRI methods have been developed
for evaluating oxygenmetabolism. These methods take advan-
tage of a phenomenon widely known as the BOLD contrast
[16], which states that the T2 and T2

* relaxation is modulated
by the deoxyhemoglobin concentration such that an increase in
deoxyhemoglobin concentration leads to T2 and T2

* shorten-
ing. The T2-based methods such as T2-relaxation-under-spin-
taggingwere developed to directly quantify blood oxygenation
in MR-visible vessels [141, 142]. Global OEF can be calculat-
ed from the difference of arterial and venous blood oxygena-
tion in carotid artery and jugular vein [143–145]. Similarly,

susceptometry-based oximetry (SBO) methods measure blood
oxygenation from the phase shift caused by susceptibility
changes induced by deoxyhemoglobin. By combining T2-
based or SBO methods with flow quantification, global
CMRO2 can be calculated [146–150]. However, because these
methods can only provide blood oxygenationmeasures inMRI
visible vessels, they too are unable to provide blood oxygena-
tion at a tissue level, essential for measuring regional changes
in oxygen metabolism in post-stroke patients [151]. In contrast
to T2-based and SBO methods, T2

*- and T2′-based methods
such as quantitative BOLD and the asymmetric spin-echo
methods are capable of quantifying blood oxygenation at a
regional tissue level [152]. Compared to 17O-MRI, 1H-based
MRI methods allow the quantification of metabolic activity in
the brain with high spatial resolution. These methods calculate
tissue oxygenation from measured T2

* or T2′ changes, assum-
ing that intracranial vessels are randomly oriented with respect
to the mail magnetic field. Although the assumption needs
further examination and other factors that may impact suscep-
tibility changes need to be fully characterized, these 1H-based
methods can provide high spatial resolution even at a low field
strength. Further, they do not require additional hardware of an
X-nuclei channel that is needed in 17O-MRI. Hence, these

Fig. 7 rCMRO2 of the infarcted area. Absolute (A) and relative (B)
rCMRO2 at the center of the infarcted area. Relative rCMRO2 was
calculated as a percent of the value in the symmetrical regions of
interest in the contralateral cerebral hemispheres. The x-axis indicates
the time of the PET scan in relation to the onset of stroke symptoms.
Patients were divided into “good” (open circles) and “poor” (filled
circles) outcome groups according to their clinical evolution. The
shaded area in (A) indicates the mean rCMRO2 for the normal elderly
population ± 1 SD. The lines in (B) interconnecting different studies

indicate individual patients who had follow-up PET scans. In the first
days after a stroke, 6 of the 9 patients with a poor clinical outcome had
an rCMRO2 below 1.25ml O2/100ml/min (A). (B) All the patients with a
poor final outcome have an rCMRO2 that does not attain 50% of the value
in the contralateral mirror locus. Lenzi et al. [116] (Cerebral oxygen
metabolism and blood flow in human cerebral ischemic infarction. J
Cereb Blood Flow Metab 2:321-335. Copyright 1982, by Sage
Publications. Reprinted with permission from Sage Publications, Ltd)
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techniques are readily translatable to large-scale clinical
investigations.

Allied Molecular Probes as Metabolic Markers

MRI with its incisive resolution (~100 μm) in high field scan-
ners has made possible the use of functional dyes coupled with
neuronal activity through technology surrounding metal ions,

pH, and neurotransmitter(s), as well as gene and protein ex-
pression [36].

Calcium-dependentMRI has witnessed the development of
several relaxation-based contrast agents (Gd, manganese, and
superparamagnetic iron oxide) undergoing scrutiny for an
ease of delivery and preclinical application [153–156].
Similarly, 13C-labeled pyruvate and its kinetics during metab-
olism to lactate and alanine were found to be traceable but
represent several hurdles (e.g., rapid decay and continuous

Fig. 8 CMRO2 and CBF measurements in MCAO mouse. Comparison
of CMRO2 and CBF measurements between the 17O-MRI voxels located
in the MCAO-affected region (red circles) and the voxels located in the
contralateral hemisphere of the same mouse brain (blue circles). (A, B)
The anatomic images, selected voxels, and their corresponding dynamic
17O signal changes before, during, and after a 2.5-min inhalation of 17O-
oxygen gas from 2 image slices in the same MCAO mouse. In the
MCAO-affected region, the slope of the 17O signal increase during the

inhalation phase was substantially smaller and the rate of signal decay in
the post-inhalation phase was also significantly reduced, indicating a
large decrease in both CMRO2 and CBF. (C) Similar results from a dif-
ferent mouse brain. Reprinted from Zhu et al. [130] (Simultaneous and
noninvasive imaging of cerebral oxygen metabolic rate, blood flow and
oxygen extraction fraction in stroke mice. Neuroimage 64:437-447.
Copyright (2013), with permission from Elsevier)
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supply) before realistic functional imaging value can be
achieved [157]. A noteworthy development includes the de-
tection of glutamate as a biomarker with chemical exchange
saturation transfer MRI as opposed to traditional 1HMRS [23,
158, 159]. Likewise, in vivo MRS monitoring of 2H-labeled
substrates (glucose and H2O) as well as metabolic intermedi-
aries (glutamate, glutamine, or lactate) offers the opportunity
to study the uncoupling of glycolysis and TCA cycle in com-
plex pathophysiological states with improved spatiotemporal
resolutions [160–162].

Otherwise, transition ions of zinc and copper undergo de-
tectable alterations of their homeostasis during neuronal activ-
ity similar to calcium. Their T1 relaxation changes in vitro
could potentially yield reliable ion-dependent MRI signal
changes beyond cells incubated with the agent [163–165].
Also, iterations of Na-MRI though nascent hold promise to
distinguish intracellular sodium maps in vivo between healthy
and diseased brains. [166, 167]. And although pH-sensitive
probes are capable to exploit the acidification of the extracel-
lular space from neuronal activity in vivo over a broad T2

relaxation [168–171], their clinical utility awaits optimization
for a sensitivity of pH 7.2 to 7.4 [172].

Of great interest are genetic contrast agents (metalloproteins)
such as ferritin which once transfected into target cells through
a vector is made superparamagnetic via endogenous iron se-
questration [173–175]. Using a reporter gene that encodes a
lysine-rich protein might distinguish viable from nonviable
cells and enable a constant endogenous level of expression
[176].

These modalities can be detected in multiple tissue types
with zero potential adverse effects, can be switched on and off
selectively at the exchangeable proton resonance frequency,
and possess numerous biomedical applications, such as visu-
alizing preclinical therapeutic gene delivery [176, 177].

Neurotherapeutic Perspective

The acutely injured brain is particularly sensitive to episodes
of glycemic fluctuations. Clinical manifestations ranging from
confusion to seizure correlate with regional differences in
brain glucose metabolism [178]. Spreading depression in
stroke, SAH, and TBI is known to perturb cortical glucose
metabolism, which in turn is associated with axonal degener-
ation. CNS axonopathy and peripheral neuropathy are linked
to disrupted lactate transportation and oxidative phosphoryla-
tion, respectively [179]. Likewise, MS and anti-NMDAR en-
cephalitis exhibit characteristic [18F] FDG-PETabnormalities
[179]. Similar associations portend worse prognosis after TBI
or perhaps other states of elevated ICP [180–184].
Conversely, a normalization in cerebral energetics accom-
panies recovery [179]. Lactate is recognized as the preferred
fuel in CNSmetabolism. Consequently, hypertonic lactate has

emerged as a potential therapeutic target to re-establish a fa-
vorable cerebral metabolic state following TBI [180].
Differential therapeutic targeting of monocarboxyate trans-
porter isoforms in malignant CNS tumors is another promis-
ing approach [185].

The availability of lactate is also neuroprotective in the
reoxygenation phase after cerebral stroke [186]. Elsewhere,
downregulation of monocarboxyate transporter at the BBB
and preferential cytosolic accumulation of lactate suggest a
protective mechanism against treatment-resistant epilepsy
[186]. Of special mention is the landmark paper by Malkov
et al. [187] which purports the exploitation of the N-methyl-D-
aspartate and nicotinamide adenine dinucleotide phosphate
oxidase interaction in the quest to address treatment refractory
epilepsy.

Similar supplementation of ketones such as β-
hydroxybutyrate is another lucrative target for modulation of
brain metabolism in acute injury [188–191]. Metabolic imag-
ing then becomes ideal to investigate the putative benefits of
the aforesaid approaches and vehicles such as dimethyl sulf-
oxide which facilitate drug delivery across the BBB, but also
possess potentially far-reaching metabolic properties [187,
192]. Finally, our struggle tomeasure neuronal reorganization
and recovery in brain injury can be addressed by the BOLD
signal paving way for a proreparative, neuronal supportive
phenotype of the astrocyte [193–195].

Conclusion

The introduction of metabolic imaging allows readily translat-
able neuroscience and ushers an exciting new era of precision
medicine. This approach promises the resolution at anatomic
(spatial) as well as temporal (pathophysiological) levels of
disease organization. Its application to cellular, subcellular,
molecular, and functional (synaptic) neuroenergetics will en-
able the development of novel therapeutic targets and specify
outcome measures [188–195].

Metabolic MRI satisfies desirable clinical and economic
characteristics for diagnostic tests, i.e., noninvasive, nonradio-
active, with the least possible deleterious effects, with high
positive and negative predictive value, and amenable to
upscaling (eventual low cost and readily generalizable).
Beyond slowly progressive neurodegenerative, neurobehav-
ioral, and neuro-oncological states, MRI now stands to inform
the acute management of TBI, tumor (edema and resection),
ischemia, and epilepsy.

Although satisfactory in the previously suggested criteria,
metabolic MRI’s true potential remains to be fulfilled. Its tem-
poral resolution requires repeated sampling throughout time
and demands supplementation with technologies such as con-
tinuous EEGmonitoring and the fabled but ever quintessential
serial bedside neurological examination. In addition,
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enhanced spatial resolution demands further development of
sampling strategies yet ensure the clinical feasibility of 3-T
magnetic fields. Above detractions notwithstanding, rapid
technological improvements render reasonable expectation
for immediate translation to human work (e.g., 17O)
[196–198].

Continued insights regarding the metabolic processes at the
cellular CNS level argue for the development and implemen-
tation of diagnostic technology which observes the spatial and
temporal heterogeneity of neuroenergetics. Current limitations
pertaining the assessment of inherent fundamental
neurovascular coupling mechanisms prohibit an accurate de-
lineation of cell-specific processes. Ongoing approaches
through glucose, amino acids (glutamate, GABA, glycine),
nucleosides, neurotransmitters (VIP or NA), and intracellular
signaling moieties (calcium, sodium, cyclic adenosine
monophosphate, and inositol triphosphate), which require
carrier-mediated transport through the BBB [199], represent
lucrative substrates for mapping via structurally analog report-
er molecules, e.g., PET (FDG for glucose) [200, 201].
Conversely, reporter probes capable of targeting signature re-
ceptors, enzymes, and cytokines present a new frontier to
study specific molecular and cellular events of metabolism
[202]. Ideal diagnostic and therapeutic targets would express
at optimal levels in the biological process of interest and
would bind with a complementary ligand (e.g., receptor ago-
nists, antibodies, or peptides) to allow detection. A need for
molecular target sensitiveMR contrast agent would then exist.
Already proven for glutamate-based chemical exchange satu-
ration transferMRI and cytosolic calcium, otherMRImethods
for assessing metabolic activity could involve hyperpolarized
C13, P31 chemical shift imaging and OEF by susceptibility
imaging. Additional impetus for functional imaging would
come in the form of contrast agents derived from transition
metal ions and pH, as well as gene and protein expression
[36].

In summary, we share the general optimism that metabolic
imaging lends to biochemical, biologic, diagnostic, or thera-
peutic applications in neurocritical care. MR imaging offers a
more faithful estimation of cellular level neuroenergetic com-
promise. Its visibility for metabolic end products such as H2O
and ATP anticipates the estimation of a true penumbra from
detailed maps such as CMRO2. Such molecular level penum-
bral detection currently evades CTP-mediated perfusion
maps. Similarly, for the logistically cumbersome PET, if in-
quiry is to shift from purely oxidative metabolism to cell- and
expression-specific metabolic targets, there would also exist a
need for novel radiotracers. Finally, as important new tracers
(e.g., 17O, 31P, 23Na) for MRI applications emerge, their im-
plementation would achieve economic viability when supply
meets demand. Noninvasive MRI-based metabolic imaging is
approaching the temporal and spatial resolution that comple-
ments basic scientific and clinical studies [8, 26]. Although

most promising, future directions shall confirm current pre-
clinical data on their sensitivity and specificity before transla-
tion to neurocritical care [196–198].
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