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ABSTRACT 
The sequence of the enzymatic reactions of glycolysis, the first biochemical 

pathway to be elucidated, was revealed in 1940. Today, eighty-five 

years later, this pathway is still displayed in textbooks, academic courses 

and online platforms unchanged from its original representation, despite 

major discoveries that question its accuracy. The dogmatic division of the 

pathway into aerobic and anaerobic glycolysis, each producing a 

different end-product, pyruvate or lactate, respectively, a concept that has 

been debunked, is continuing to be taught and used unchanged. As a result, 

the term “aerobic glycolysis” continues to imply an inefficient energy 

production that ends with lactate, despite the presence of oxygen. 

Therefore, the reliance of modern imaging techniques, such as BOLD fMRI, 

on the original schematics of the glycolytic pathway for both diagnostic 

purposes and in studying the metabolic basis of neural activity, could lead 

to skewed or misinterpreted signals. Scientists, physicians, teachers and 

students alike are encouraged to consider the paradigm shift from the 

original concept of glycolysis, based on the discoveries of the past four 

decades. A few published studies that employed imaging techniques were 

reexamined here, while relying on the proposed shift, indicating that their 

original results were misinterpreted. Consequently, it is recommended that 

for a better understanding of brain function and disfunction both physicians 

and brain research scientists should consider glycolytic paradigm shift when 

employing brain imaging techniques and interpreting their signals. 

Keywords: BOLD fMRI, cerebral metabolic rate, glucose, glycolysis, 

lactate, oxygen, paradigm shift  
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Introduction 
Although the glycolytic pathway’s sequence of enzymatic 
reactions, their substrates, products, and coenzymes are 
still being taught unchanged from its original description 
back in 1940, some important details of this original 
description have been challenged over the past four 
decades. The most significant challenge originated back 
in the 1980s, when two studies, published independently, 
questioned the dogma that lactate, the end-product of 
anaerobic glycolysis, is a useless waste product that 
tissues must rid themselves of.1,2 These two studies 
revealed that lactate can be oxidatively metabolized by 
both slow twitch skeletal muscle fibers and neural tissue, 
respectively, a discovery that was received with great 
skepticism. Almost half a century of holding an erroneous 
view of lactate by scientists, physicians, teachers, and 
athletic coaches, has proved to be a tall hurdle for many 
to overcome, prolonging the debate over the obvious 
necessity for a paradigm shift.3-8 Nevertheless, most 
textbooks and biology courses, both in classrooms and 
online, continue to overlook the advancements made in 
the field of energy metabolism and the role of glycolysis 
and its end-product, lactate. Acceptance of the new 
paradigm should open new avenues for better 
understanding of both brain functions and central nervous 
system (CNS) disorders. By 1940, the glycolytic pathway, 
also known as the Embden–Meyerhof–Parnas (EMP) 
pathway, after years of intense research, mainly in 
muscle tissue, was presented as the first metabolic 
pathway to be explicated (Fig. 1a, 1b). That 
presentation established the division of the pathway into 
two types: Aerobic and anaerobic glycolysis i.e., in the 
presence or absence of oxygen, respectively. Aerobic 
glycolysis was described as a series of 10 enzymatic 
reactions, with pyruvate as its end-product (Fig. 1a), 
while anaerobic glycolysis was described as a series of 
11 enzymatic reactions, with lactate as its end-product. 
The 11th reaction is catalyzed by the enzyme lactate 
dehydrogenase (LDH), where pyruvate is reduced to 
lactate and the co-enzyme nicotinamide adenine 
dinucleotide (NADH) is oxidized to NAD+ (Fig. 1b). The 
determination by Embden, Meyerhof, and Parnas that 
aerobic glycolysis ends with pyruvate was not based on 

any direct experimental study that showed pyruvate to 
be the glycolytic product of glucose hydrolysis in the 
presence of oxygen. In contrast, they were familiar with 
the numerous studies performed in the first half of the 20th 
century that dealt specifically with anaerobic glycolysis 
in working muscles that led to the formation of lactate, a 
product that at the time was considered useless (see Ref. 
6 and Table 1 within). They also knew that resting aerobic 
muscle does not produce lactate. To devise the aerobic 
glycolytic pathway, they turned to the work of Krebs and 
Johnston,9 who in their seminal paper suggested that 
pyruvate could be the substrate for the formation of 
acetyl-CoA, the entry molecule into the tricarboxylic acid 
(TCA) cycle. Since under aerobic conditions lactate does 
not accumulate, it made sense to assume that its precursor, 
pyruvate, is the main end-product of aerobic glycolysis 
and hence, the birth of the two separate glycolytic 
pathways, aerobic and anaerobic. Interestingly, E. G. 
Holmes and his wife, B. E. Holmes, who in the mid-1920s 
investigated energy metabolism of the brain, published 
several papers showing that brain tissue forms lactate 
from glucose and that under aerobic conditions the brain 
level of lactate decreased.10-13 Later, when C.A. Ashford 
joined Holmes’, the trio established for the first time a 
correlation between lactate disappearance in brain 
tissue and oxygen consumption (oxidative lactate 
utilization?)14-16. Moreover, these investigators 
demonstrated that sodium fluoride (NaF) inhibits the 
conversion of glucose to lactate, while concomitantly 
inhibits oxygen consumption. Holmes  also found out that 
NaF completely blocked oxygen consumption in the 
presence of glucose, using brain gray matter 
preparation.16 However, when glucose was replaced by 
lactate, oxygen consumption was not inhibited, leading 
him to conclude that glucose must be converted to lactate 
prior to its oxidation by gray matter. Quastel and 
Wheatley17 found that glucose, lactate and pyruvate at 
equivalent concentrations are oxidized at the same rate 
by brain tissue, and that lactate was completely oxidized 
by brain tissue. Although none of these investigators 
directly claimed that lactate could be utilized oxidatively 
by brain tissue as an energy substrate, Holmes18 did 
allude to lactate oxidation that could support brain 
activity. 

 

https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2014.00360/full#B61
https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2014.00360/full#B101
https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2014.00360/full#B101
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Figure 1. The glycolytic pathway and the 10 enzymatic steps that break down one molecule of glucose into two triose 
molecules, ending with pyruvate (aerobic glycolysis, A) or, with an 11th step, lactate (anaerobic glycolysis, B). This 
.dogmatic depiction was originally presented in 1940. A paradigm shift has transpired over the past four decades (see 
text for details). 
 
Nevertheless, the scientists investigating muscle energy 
metabolism at the time, and for whom lactate was a 
useless product of anaerobic working muscle, any 
consideration of this monocarboxylate as anything but 
waste was unimaginable. Consequently, glycolysis under 
anaerobic conditions was formulated as a dead-end 
pathway with lactate accumulation, despite the above-
mentioned studies of brain tissue, while aerobic glycolysis 
was formulated with pyruvate as its end-product. This 
original paradigm remained unchanged and 
unquestioned for almost half a century, when Brooks1 and 
Schurr et al. 2 independently demonstrated the ability of 
both skeletal and brain tissue, respectively, to utilize 
lactate as an oxidative mitochondrial substrate for the 
TCA cycle. Also in 1988, Fox et al.19 published a study 
that demonstrated nonoxidative glucose consumption by 
active neural tissue in humans. That study ushered in the 
term ‘aerobic glycolysis,’ not the original meaning, which 
mean glycolysis in the presence of oxygen that ends with 

pyruvate, but rather glycolysis in the presence of oxygen 
that ends with lactate. Despite the confusion it created, 
the new meaning has become synonymous with glucose 
consumption and lactate production not accompanied by 
oxygen consumption. Although the finding by Fox et al.19 
stands against the original formulation of aerobic 
glycolysis, it nevertheless has been accepted by most 
investigators as a valid discovery. In 1994, Pellerin and 
Magistretti offered the ‘astrocyte neuronal lactate 
shuttle’ (ANLS) hypothesis, which states that during neural 
glutamatergic activation, astrocytes use glucose 
glycolytically, mainly to support the activity of Na+,K+-
ATPase, while producing lactate.20 They hypothesized 
that the astrocytic lactate is then shuttled to neurons that 
utilize it oxidatively as a substrate for the mitochondrial 
TCA cycle. Ironically, the ANLS hypothesis has been 
facing more skepticism than the aerobic glycolysis 
determination by Fox et al.19 Clearly, neither glycolysis 
under aerobic conditions that ends with lactate nor 
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lactate as an oxidative substrate for the mitochondrial 
TCA cycle and oxidative phosphorylation fits the original 
1940 concept of glycolysis. Nonetheless, lactate as an 
oxidative substrate for respiration, especially by 
cerebral tissue, has been documented numerous times 
with direct measurements of oxidative lactate 
consumption.  
 

By contrast, the concept that the inefficient ‘aerobic 
glycolysis’ could support brain activation is based on an 
indirect determination of oxygen consumption via 
measurement of blood oxygen levels, where no change 
in those levels was interpreted as lack of consumption. 
Studying the energy metabolism of brain function in vivo 
involves correlating glucose consumption with oxygen 
consumption, the two principal substrates of respiration. 
Therefore, most studies estimate oxygen consumption by 
measuring blood oxygen level, where one is expected to 
find the theoretically calculated ratio of O2/glucose = 6 
or, where brain consumption of these two substrates being 
described as the ratio between cerebral metabolic rate 
of oxygen (CMRO2) and glucose (CMRgluc). However, 
since this expected ratio is frequently found to be much 
lower than 6, many concluded that the adenosine 
triphosphate (ATP) needed to support brain activity is not 
supplied exclusively by mitochondrial oxidative 
phosphorylation, but by the less efficient ‘aerobic 
glycolysis’ where oxygen is not being consumed. To justify 
the brain’s choice of an inefficient energy-producing 
process, aerobic glycolysis, to support its activity, 
Theriault et al.21 offered the ‘efficiency tradeoff 
hypothesis’ since reliance on the inefficient ‘aerobic 
glycolysis’ where ATP production is concerned, a 1/17th 
of the much more efficient oxidative phosphorylation, 
does require a logical explanation. However, the 
determination that ‘aerobic glycolysis’ is the process that 
provides ATP for ‘task-based stimulation’ in the study of 
Theriault et al.21 is based on the employment of blood 
oxygenation level-dependent (BOLD) functional 
magnetic resonance imaging (fMRI), a technique where 
the signal depends on the concentration of 
deoxyhemoglobin in the blood vasculature. Again, 
reliance on measurement of blood oxygen levels as the 
index of oxygen consumption by brain tissue could be 
problematic.22 Clearly, the relationship between energy 
metabolism and cerebral activity presents a major 
dilemma for neuroscientists who are eager to have a 
better grasp of this relationship and subsequently, a 
better understanding of brain functions and disfunctions. 
But, continuing to hold to the original 1940 presentation 
of glycolysis and rely on indirect measurements of 
oxygen consumption, this dilemma will continue to 
fester.23  
 

Paradigm shift of glycolysis and energy 
metabolism of active brain  
As argued above, biochemical, physiological, and 
neuroscientific studies over the past four decades do not 
support the original concept of two different glycolytic 
pathways, an aerobic one that ends with pyruvate, and 
an anaerobic one that ends with lactate. Yet, many 
continue to rely on this old paradigm for the 
interpretation of experimental results, ignoring possible 
contradictions in such interpretations. The interpretation 

by Fox et al.19 of their results, concluding that sensory 
activation in the brain is supported by non-oxidative 
energy metabolism, is understandable, since they were 
not privy to the paper by Schurr et al.2 showing that 
lactate can be oxidatively utilized. It is perplexing how 
persistent the use of the original presentation of the 
glycolytic pathway is in current literature. The hypothesis 
paper by Theriault et al.,21 where the authors, on one 
hand accept the fact that during brain activation 
glycolysis under aerobic conditions ends with lactate 
(aerobic glycolysis’), while on the other hand they are 
continuing to promote the old concept, where glycolysis in 
the resting brain ends with pyruvate (the old description 
of aerobic glycolysis). As mentioned above, to explain 
this incongruity, the authors offered the ‘efficiency 
tradeoff hypothesis.’ This hypothesis treads against our 
general understanding of the brain as the largest 
consumer of energy, where efficiency is a must due to the 
limited supplies of energy substrates (glucose and 
oxygen). Of course, there are more pieces and events 
that participate in the conversion of glucose to lactate, 
including the very last enzyme of the pathway, LDH, and 
the cyclical conversion of NAD+ to NADH, assuring the 
continuous supply of the latter, a reducing power 
necessary for multiple metabolic processes, including 
glycolysis. There are also the monocarboxylate 
transporters (MCTs), the membranal proteins that allow 
the facilitated diffusion of lactate both inter- and 
intracellularly. However, for the purpose of this 
monograph, they are not being elaborated upon here.  
 
An analysis of published studies on energy metabolism of 
activated brain, using the shifted paradigm of glycolysis, 
produced a different picture from the one described 
when the old template is used.23 Since the publication of 
the study by Fox et al.,19 who first suggested that brain 
activity is supported by non-oxidative energy 
metabolism, a multitude of studies either agreed or 
disagreed with that conclusion.24-34 Other studies pointed 
out the difficulties in establishing the direct link between 
calculated CMRO2 and cerebral blood flow (CBF) or 
BOLD measurements.35-40  
 
As mentioned earlier, most investigators who study and 
measure cerebral metabolic rates of oxygen and glucose 
expect the ratio CMRO2/CMRgluc to approach 6.24 The 
non-oxidative energy metabolism in support of neural 
activation, as concluded by Fox et al.,19 is in complete 
disagreement with the findings of Hyder et al.24 How 
could these two studies, aimed at measuring oxygen and 
glucose consumption during brain activation, reach 
completely opposite conclusions? While Fox et al. 
determined that glucose consumption by activated neural 
tissue is decoupled from oxygen consumption,19 Hyder et 
al. claimed that the consumption of the two during 
activation is fully coupled.24,32,33 Both groups of 
investigators relied in their calculations on the original 
1940 paradigm of the glycolytic pathway, where 
aerobic glycolysis ends with pyruvate, the presumed 
substrate of the mitochondrial TCA cycle, and anaerobic 
glycolysis that ends with lactate devoid of oxygen 
consumption. Therefore, detection of oxygen consumption 
leads one to assume that glucose was hydrolyzed 
aerobically to pyruvate, which enters the mitochondrion 
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as the substrate of the TCA cycle and its coupled electron 
transfer chain and oxidative phosphorylation.  Detection 
of minute amounts of oxygen consumption or complete 
lack of such consumption leads one to assume that glucose 
was hydrolyzed via anaerobic glycolysis to produce 
lactate. Alternatively, either CMRO2/CMRgluc = 6 or 
CMRO2/CMRgluc = 0. Any calculated value for this ratio 
that is < 6 would signify some non-oxidative glucose 
consumption.  
 
While methods and techniques for cerebral glucose 
consumption in vivo are well established, whether via the 
use of glucose analogs such as 2-deoxyglucose or by 
employing [13C] glucose, methods and techniques to 
measure cerebral oxygen consumption are less direct, 
where many rely on measurement of either CBF or BOLD 
signal strength. For the measurement of cerebral energy 
metabolism in vivo, chemical changes in aortic and venal 
blood entering and exiting the brain, respectively, could 
be documented, cerebrospinal fluid could also be used 
for such measurements. Additionally, brain tissue samples 
can be collected for analysis before and after brain 
activation, although only where experimental animals are 
used. Utilization of radioisotopes in analysis techniques of 
brain metabolic activity has improved both in speed and 
accuracy, where beside tracing the end-products of 

cerebral metabolism, the intermediates of that 
metabolism could also be traced. Nevertheless, these 
techniques require the sacrifice of the animal under study, 
while providing only a single measurement point mainly 
of a qualitative value. One of the most reliable 
techniques to measure oxygen consumption has been the 
polarographic technique, where oxygen concentration is 
derived via measurement of the partial oxygen pressure 
(PO2) locally, at the point where the polarographic 
electrode is placed. Continuous PO2 measurements while 
also monitoring brain activity via electroencephalogram 
(EEG), demonstrated a correlation between increased 
activity and decreased tissue oxygen level. The 
development of oxygen microelectrodes has afforded a 
more accurate localization of such measurements. When 
accurate and localized measurements of oxygen 
concentration are combined with similar accurate and 
localized measurements of glucose and lactate 
concentrations, a detailed map of the consumption of 
these three molecules by the active brain region under 
study could be obtained. The study by Hu and Wilson41 
describes the concomitant in vivo measurements of 
oxygen, glucose, and lactate consumption during neural 
stimulation. This study deserves much greater attention 
than it has received over the past 28 years (384 
citations).  

 

 
Figure 2. Profiles of time course and dynamic relationships of local extracellular lactate, glucose, and O2 levels in the rat 
hippocampal dentate gyrus during a series of 5 s electrical stimulations (arrows) of the perforant pathway at 2 min rest 
intervals (reproduced with permission from,41 copyright 1997, Blackwell, Oxford). The vertical lines were drawn to 
indicate the simultaneous dip in all three analytes, glucose, lactate, and oxygen, in response to each of the 10 electrical 
stimulations 
 
Its findings (Fig. 2) do not support the ‘aerobic glycolysis’ 
idea held by some of the leading investigators in the field 
of brain energy metabolism, a fact that could explain 
why this study has been shunned by many. We 
reanalyzed23,42 the results of the study by Hu and 
Wison41, results that provide strong support for the 
above-mentioned paradigm shift (Figs. 3). The reanalysis 
suggests that the observed increased levels of cerebral 
lactate that followed each stimulation in the study by Hu 

and Wilson,41 could not be completely originated from 
glycolytic metabolism of glucose (Fig. 3). Therefore, a 
portion of this post-stimulus lactate level must be derived 
from the surrounding tissue of the recording site 
(astrocytes?) or from glycogen breakdown or both. 
Concomitantly, an increasing amount of lactate was 
consumed following each consecutive stimulation, which 
was mirrored by a decreasing amount of glucose 
consumption. Similarly, following each stimulation, 

https://www.intechopen.com/chapters/65608#F5
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excluding the very first one, the tissue lactate level 
measured by Hu and Wilson was higher than the 
calculated level based on the amount of glucose 
consumed i.e., two moles of lactate per one mole of 
glucose. Following the second stimulation, the ratio of 
lactate to glucose was 3.95 and by the 10th stimulation 
it increased to 8.33. Where oxygen consumption is 
concerned, its tissue levels dipped as expected 
immediately upon each stimulation and rose immediately 
after the cessation of each stimulation with an overshoot. 
These fluctuations went hand in hand with those observed 

for glucose and lactate, signifying that stimulation evokes 
oxidative consumption of both glucose and lactate. 
Initially, glucose and lactate were equally consumed 
oxidatively, but from the second stimulation on, higher 
amounts of lactate than glucose were consumed (Fig. 3). 
The fast rise in the level of oxygen after each stimulation 
indicates that an ample amount of it was readily 
available when needed. This rise also suggests that the 
tissue was well oxygenated throughout the duration of 
the experiment. 

 

 
Figure 3. Dynamic relationships of local extracellular glucose, lactate and O2 levels in the rat hippocampal dentate gyrus 
during a series of 5 s electrical stimulations of the perforant pathway at 2 min rest intervals. The concentrations of glucose, 
lactate and O2 were calculated from their dips and rises as measured by Hu and Wilson41 using rapid response sensors 
in their original study. The numerical values above the columns are the observed rises in lactate concentration post-
stimulation. 
 
Taking into account that three moles of oxygen are 
required to fully oxidize one mole of lactate, compared 
to six moles of oxygen necessary for full oxidation of 
glucose, then, if lactate is the main oxidative energy 
substrate during brain activation, CMRO2/CMRlac should 
not exceed 3:1. Consequently, if lactate is the major 
substrate for ATP production in support of such activation, 
CMRO2/CMRgluc should be significantly lower than 6:1. 
Interestingly, upon the cessation of stimulation and during 
tissue recovery from activation and its high energy 
demands, lactate appears to be the preferred oxidative 
energy substrate (Fig. 2), a preference that spares 
glucose, as evidenced by the rise in glucose tissue level 
with concomitant decrease in lactate levels. It would be 
reasonable to argue that, for the purpose of efficiency, 
cerebral tissue would prefer lactate over glucose, 
especially with the abundance of the former. This is since 
the oxidative utilization of lactate bypasses glycolysis 
and does not require ATP investment prior to its 

mitochondrial utilization, compared to glucose glycolytic 
breakdown.  
 
Considering the conflicting conclusions reached by 
investigators studying the energy metabolism of the 
activated brain, as they rely on the original 1940 
presentation of the glycolytic pathway, one faces a 
dilemma when attempting to explain it. Is it due to 
methodological differences? Differences in research 
subjects (humans, animals)? Differences in brain regions 
under study? As described here, the conclusion of a given 
study could also be hinged on whether its performers 
interpreted their study’s results relying on the original 
glycolysis paradigm or on the shift that took place in that 
paradigm over the past four decades. This shift states 
that glycolysis is always a pathway of 11 enzymatic 
reactions, which begins with glucose and ends with lactate 
(Fig. 4).  

https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2018.00700/full#B55
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Figure 4. The paradigm shift of glycolysis presents the first metabolic pathway to be elucidated as a series of 11 
enzymatic reactions that begins with glucose and ends with lactate, independently of the presence or absence of oxygen 
or mitochondria. As such it also guarantees the continuous supply of NAD+, preserving the cyclical nature of the pathway. 
 
Neither oxygen nor mitochondria play any role in 
determining its outcome. Only when this paradigm shift is 
universally accepted by the field investigating brain 
energy metabolism during rest and activity, in health and 
disease, will real progress be observed. The continuous 
reliance on the original 1940 glycolytic paradigm has 
become a significant hurdle on our path for a better 
understanding of the most important metabolic process in 
the central nervous system (CNS). It is given that when a 
scientific paradigm shift takes place, a reconsideration of 
hypotheses and concepts used in its formulation ensues. 
Originally, CMRO2 and CMRgluc definition for both the 
resting and activated neural tissue, the employment and 
the choice of techniques and methods to measure these 
cerebral metabolic rates, and the interpretation of the 
results they produce have always relied on two central 
assumptions: (1) Cerebral energy metabolism involves the 
hydrolysis of glucose via glycolysis and the utilization of 
its end-product, pyruvate, as the substrate of the 
mitochondrial TCA cycle and the electron transport chain, 
where oxygen is its final receptor; (2) cerebral tissue 
activation requires a significant increase in ATP 
production, which drives an increase in the consumption of 
both glucose and oxygen. These two assumptions do not 
allow for the possibility that another substrate beside 
glucose could participate in the metabolic process that 
supports cerebral activity. Obviously, they could not 
envision measuring the cerebral metabolic rate of lactate 
(CMRlac). Re-evaluation of the studies such as those 
of Fox et al.19  and Hyder et al.,24,32,33 through the lens 
of the glycolysis paradigm shift, should make the idea of 
lactate being a major mitochondrial substrate that 
provides the necessary energy for the activated cerebral 
tissue more palatable.  Simultaneously, one could strongly 

argue against the idea that glycolysis alone can provide 
the energy needs of activated cerebral tissue. After all, 

glycolysis is [glucose → 2 lactate + 2ATP], while 
mitochondrial oxidative metabolism of lactate is [lactate 

→ pyruvate → TCA cycle + 3O2 → 3CO2 + 3H2O + 
17ATP] and consequently, CMRO2/ CMRlac = 3. 
 

Conclusion 
Pursuing the biochemical basis of the active brain is an 
endeavor that has been the mission of physicians, 
neuroscientists, biochemists and physiologists for decades. 
Many techniques and methodologies were employed in 
scientific studies during those years, attempting to 
simultaneously measure cerebral activity and the 
consumption of the main substrates of the biochemical 
processes supporting that activity. Both humans and 
animals have been the subjects in those studies and in 
general the consumption of the two substrates of 
respiration, glucose and oxygen, has been followed. 
Cerebral activity has been usually induced by a stimulus, 
electric, sensory, motoric etc., the response to which has 
been recorded by measuring substrates consuption, and 
in some cases, concomitantly employing EEG or recording 
of action potentials. The basic tennent that glucose 

(glycolysis) + 2ADP + 2Pi → 2 ATP + 2 pyruvate → TCA 

cycle (mitochondrial) → electron transport chain + 6O2 + 

34 ADP + 34 Pi → 6 CO2 + 6 H2O + 34 ATP (oxidative 
phosphorylation) has always been considered by 
investigators as the most important biochemical process 
that supplies the energy needed for cerebral activity. A 
study by Fox et al. (1988) stirred much confusion by 
claiming that cerebral activation is supported by non-
oxidative energy metabolism; glucose (glycolysis) + 2 

https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2018.00700/full#B36
https://www.frontiersin.org/journals/neuroscience/articles/10.3389/fnins.2018.00700/full#B57
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ADP + 2 Pi → 2 lactate + 2ATP. Since this process occurs 
in the presence of oxygen, which remained unused, they 
named it ‘aerobic glycolysis,’ although the term is 
indistinguishable from the term given to the process 

glucose (glycolysis) + 2 ADP + 2 Pi → 2 ATP + 2 
pyruvate, a terminology that only added to the confusion. 
It is argued here that Fox et al.19 were misled in their 
conclusion since they based their oxygen consumption 
estimates using indirect measurement of oxygen 
consumption. With the increased recognition of lactate as 
an oxidative substrate of the mitochondrial TCA cycle it 
has become clear that the cerebral activity requires all 
the energy mitochondrial oxidative phosphorylation can 
provide and that a large portion of it could be supplied 
by lactate, a process that produced CMRO2/CMRlac = 
3. However, if the CMRlac is not measured, and only 
CMRgluc does, the interpretation of the results of studies 
using that measurement could be askew. Direct 
measurements of O2, glucose and lactate, employing 
rapid response microsensors in vivo revealed that there is 
enough oxygen in the activated tissue outside the 
vasculature, such that measurement of either CBF or 
deoxyhemoglobin (BOLD fMRI) does not reflect an 

accurate measure of oxygen consumption.41 Moreover, 
these investigators demonstrated that lactate is the 
preferred oxidative substrate over glucose, supporting 
our own findings2 and the ANLS hypothesis of Pellerin and 
Magistretti.20 Therefore, until there is a more direct 
method to measure oxygen consumption in humans, such 
as the measurement of CO2 production, along with 
concurrent measurements of both glucose and lactate 
consumption, the picture of the energy metabolism of the 
activated brain will remain imprecise and uncertain. 
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