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Introduction

In critically ill patients, elevated lactate levels are
often used as a marker of illness severity. There
is a vast body of literature correlating lactate
with an overall worse outcome!'=, however, it is
important to remember that correlation does not
necessarily imply causality. Furthermore, it is not
yet clear whether giving a therapeutic implication
to elevated lactate levels will improve patient
outcome. Moreover, more recent literature suggests
possible protective qualities of the lactate molecule
against further injury.

In this narrative review, we address these issues
by comparing the contemporary literature to the
classic view of lactate as a metabolic waste product
and marker of shock severity. Firstly, the metabolism
of lactate will be described. Then, the causes of
elevated lactate levels are reviewed and finally, the
prognostic implications of elevated lactate and the
evidence surrounding the use of lactate as a guide
for therapeutic interventions will be discussed.
The acid-base abnormalities resulting from lactate
acidosis will not be reviewed in this article.

Metabolism
Relevant pathways

When discussing lactate, it should be noted that the
lactate molecule has two stereo-isomeres, namely
L-lactate and D-lactate. D-lactate is produced in
the gut when bacteria are exposed to large amounts
of unabsorbed carbohydrates. Although D-lactate
is not normally measured by routine laboratory
tests, it should not be discarded entirely since it
may enter the bloodstream and cause neurological
symptoms33. L-lactate is a metabolic product
produced by our own cells which, as we will see in
the following chapters, may be elevated in numerous
situations.

This work was not submitted or presented elsewhere.

The following equation is central in lactate
metabolism and responsible for both the synthesis
and breakdown of lactate:

pyruvate + NADH + H+ < lactate + NAD+

As can be seen from the equation above, pyruvate
plays a major role in lactate metabolism (Figure
1). The majority of pyruvate is produced by the
Embden-Meyerhof pathway through anaerobic
glycolysis, while a small contribution is made
by other sources of pyruvate such as the pentose
phosphate pathway and the alanine pathway.
Subsequently, 90% is metabolised to acetyl-
coenzyme A by pyruvate dehydrogenase, which
then enters the oxygen dependent Krebs cycle for
the generation of ATP (tricarboxylic acid pathway).
Notably, nearly 10 % of pyruvate is metabolized to
lactate even when sufficient oxygen is available.
Finally, pyruvate can also be used as a substrate
for gluconeogenesis (the Cori cycle) or undergoes
transamination to alanine.

In anaerobic conditions, pyruvate cannot enter
the Krebs cyclus due to insufficient oxygen,
leading to a buildup of lactate as the much less
efficient pyruvate-to-lactate pathway becomes the
major energy source of our cells (Figure 2).

Under normal circumstances, blood pyruvate:
lactate ratio is 10:1 and approximately 20 mmol
lactate / kg bodyweight is produced daily, which
results in a serum arterial lactate concentration of
less than 2 mmol/l. Although lactate production
increases substantially during maximal exercise,
it is rapidly metabolized afterwards keeping blood
levels stable*.

Both lactate production and clearance are
catalyzed by lactate dehydrogenase (LDH) enzyme,
a tetramere with 5 isoforms of which LDH-A
and LDH-B are the most important. LDH-A is a
cytosolic enzyme with high affinity for pyruvate
and low affinity for lactate, and thus is responsible
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Fig. 1 — Schematic representation of different pathways concerning pyruvate
metabolism in aerobic conditions. In the presence of sufficient oxygen, 90 %
of pyruvate enters the Krebs cycle.

for the production of lactate. Of note, as a result of
the presence of LDH-A in erythrocytes, samples
for serum lactate measurements need to be kept
on ice (thereby slowing the activity of the LDH
enzyme) if the interval between blood sampling
and analysis is more than 15 minutes.

LDH-B, on the other hand, has a high affinity
for lactate and low affinity for pyruvate and is
found in mitochondria. It is responsible for the
clearance of lactate and the production of pyruvate.
The produced pyruvate can enter the Krebs cycle
and serve as a source of ATP through oxidative
phosphorylation, with gluconeogenesis (the Cori
cycle) and transamination as alternatives. The
first pathway can occur in any cell that possesses
mitochondria. The latter two only occur in the liver
and kidney®. Consequently, the lactate molecule is
able to serve as a fuel source.

GLUCOSE

Production, metabolisation and elimination

In aerobic conditions, the major lactate producers
are skeletal muscles (25%), skin (25%), brain
(20%) and red blood cells (20%)°. The source of
the remaining 10 % of lactate production is less
clear, but most likely comprises the gut and, in
certain conditions, the lung*.

In critically ill patients, lactate is also produced
by other organs such as the splanchic system, lungs
and white blood cells. In physiological conditions,
the production of lactate in the lungs is negligible,
yet in septic patients, they become a major
contributor to arterial lactate®. Since activated white
blood cells mainly rely on anaerobic glycolysis for
their energy production, infection and inflammation
leads to significant lactate production’.

As mentioned above, lactate can serve as a
fuel source to several organs, namely the heart,
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Fig. 2 — Schematic representation of different pathways concerning pyruvate

metabolism in anaerobic conditions. In the absence of sufficient oxygen, ATP is mainly
generated through metabolisation of pyruvate to lactate by the LDH-A enzyme.
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brain and skeletal muscles. In resting conditions,
the heart is a net lactate uptaker, which is almost
entirely oxidized’. Interestingly, cardiac lactate
metabolisation seems to make a larger contribution
to cardiac ATP production than glucose during
stress situations. As myocardial oxygen needs and
coronary blood flow increase, lactate becomes the
primary fuel for the heart, accounting for up to 60%
of cardiac energy requirements in one study'’. Using
carbon-labeled isotopes it has been shown that
lactate contributes 15% in resting conditions and
30% during exercise to oxidative energy production
while glucose only respectively contributes 8 and
14%'. Moreover, lactate contributes significantly
to cardiac acetyl-CoA formation”, and Levy et
al. showed that myocardial lactate deprivation is
associated with decreased myocardial performance
and outcome®.

Traditionally, glucose is seen as the main
fuel source for the brain. However, it has been
shown that lactate also plays an important role
as a cerebral energy source, mainly due to the
astrocyte-to-neurone lactate shuttle. One study
compared the relative contribution of lactate to the
energy supply of the brain during rest and physical
exercise receiving an exogenous lactate infusion
and during rest without exogenous lactate. It found
that while under basal conditions, lactate could
account for 7% of cerebral energy requirements,
during physical exercise with exogenous lactate
infusion this could reach up to 27%?'.

During strenuous exercise, skeletal muscles,
though accounting for 25 % of lactate production,
can also quickly become lactate consumers and
thereby contribute to lactate elimination4. Several
studies have shown that muscles metabolize both
endo- and exogenous lactate as fuel'*".

Under normal circumstances, the liver accounts
for 70 % of lactate clearance, while the kidney
and heart are responsible for respectively 20 and
10%7. Lactate uptake by the kidney comprises 20-
30% of the total daily lactate uptake and, through
the Cori cycle, this accounts for over 50% of
renal gluconeogenesis. The effects of exercise on
renal lactate metabolism are unknown'. Urinary
excretion of lactate by is also possible when the
renal lactate threshold (plasma lactate levels of 5-6
mmol/l) is exceeded'.

A revised view of hyperlactatemia

During most of the twentieth century, lactate was
seen as a metabolic waste product, causing oxygen
debt and muscle fatigue and contributing to tissue
damage caused by acidosis. Even though evidence
of beneficiary aspects of the lactate molecule are
long-standing, this classic view still resonates in

most clinician’s perception of elevated lactate
levels. Indeed, lactate is an important intermediary
product in various metabolic processes, aids the
process of wound repair and tissue regeneration
and, as shown above, is an important energy
source for vital organs, especially during exercise.
Moreover, through lactate shuttles, energy supply
by the lactate molecule is facilitated®.

Lactate shuttles mediate the rapid transport
of the lactate molecule from cell-to-cell through
monocarboxylic acid transporters (MCTs) and
thereby greatly influence lactate metabolisation
and clearance both in aerobic and anaerobic
conditions*?*. This form of intercellular transport
has been described in skeletal muscles, red blood
cells, astrocytes (the astrocyte-neuron and lactate-
alanine shuttle) and sperm cells (the spermatogenic
lactate shuttle)*’ .

In cases of either systemic or regional
hypoperfusion, pyruvate cannot enter the Krebs
cycle due to insufficient oxygen. Lactate is then
metabolized by lactate dehydrogenase via an
alternative pathway, which explains why lactate
rises in the presence of tissue hypoxia. Additionally,
lactate clearance is impaired due to mitochondrial
dysfunction in shock states. Subsequently,
insufficient systemic oxygen delivery is often seen
as the sole culprit of hyperlactatemia. However,
there are other mechanisms besides oxygen
deficiency that favour lactate production such as
microcirculatory dysfunction, increased aerobic
glycolysis and impaired activity of the pyruvate
dehydrogenase enzyme.

Interestingly, the rate limiting step in aerobic
glucose metabolism is the pyruvate dehydrogenase
enzyme, meaning that in situations of increased
pyruvate load, enzymatic saturation occurs.
As excess pyruvate is metabolised by lactate
dehydrogenase, hyperlactatemia may occur as a
result of increased pyruvate levels in the presence
of sufficient tissue oxygenation. In other words,
lactate formation does not necessarily equal
oxygen debt. Elevated pyruvate levels result
from increased aerobic glycolysis, which in
turn is mostly caused by hyperglycemia and B2-
adrenoreceptor stimulation.

The effect of f2-adrenoreceptor stimulation on
arterial lactate levels is mediated through the Na+-
K+-ATPase pump. 2-stimulation increases cAMP
production, which stimulates glycogenolysis
en glycolysis and thereby provides ATP for the
Na+-K+-ATPase pump. The latter generates
ADP which, via phosphofructokinase stimulation,
reactivates glycolysis. Ultimately this leads to
elevated pyruvate levels which, as mentioned above,
increases lactate production®*.
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Interestingly, one study in 100 patients admitted
to the Intensive Care Unit with various forms of
shock state, found that a higher increase in arterial
lactate concentration when using epinephrine (and
thus an appropriate metabolic response to P2-
adrenoreceptor stimulation) was associated with a
better prognosis, suggesting that elevated lactate is
rather an adaptive, protective mechanism instead
of a damaging one®.

Causes of lactic acidosis

In 1976, Cohen and Woods first made the
distinction between elevated L-lactate levels in the
presence of either insufficient or sufficient global
oxygen delivery, respectively termed type A and
type B lactic acidosis. Table I gives an overview
of the main causes of lactic acidosis, with a brief
description of their presumed mechanism. The vast
majority of cases of lactic acidosis are related to
hypovolemic shock, cardiogenic shock, sepsis and
severe trauma®.

Type A lactic acidosis

In type A lactic acidosis, there is insufficient oxygen
delivery relative to tissue oxygen demand. This
results in tissue hypoxia leading to an increased
lactate production (as a metabolic alternative to the
Krebs cycle) and a decreased clearance of lactate
due to failing mitochondrial oxidation. This oxygen
deficit can be global, regional (such as compartiment
syndrome or limb ischemia), or even due to
microcirculatory dysfunction. Elevated lactate levels
reflect the degree of tissue hypoxia in these cases.
Animal studies support the hypothesis that lactate
levels rise when reducing systemic oxygen delivery
below a critical point and the correlation between
hyperlacatemia and low systemic oxygen delivery,
both during exercise and circulatory shock, has been
replicated in human subjects as well***’.

Most studies on prognostic value and therapeutic
implications within this group have been conducted
in the trauma population. Trauma patients are
subjected to multiple possible mechanisms
associated with insufficient systemic oxygen
delivery and thus type A lactic acidosis. These
include hemorrhagic, cardiogenic and obstructive
shock (namely tension pneumothorax and cardiac
tamponnade).

Type B lactic acidosis
Type B lactic acidosis occurs exclusively in the

presence of aerobic glycolysis through a mechanism
called stimulated glycolysis. As mentioned above,
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hyperglycemia and 2-adrenoreceptor stimulation
can lead to a state of stimulated glycolysis and
consequently an increase in lactate production
in the absence of tissue hypoxia®*. Furthermore,
physical stress response results in higher energy
requirements, which are met by 2-adrenoreceptor
stimulation. Finally, cytokines strongly stimulate
cellular glucose uptake and subsequently
aerobic glycolysis in inflammatory states. These
mechanisms all lead to a raised pyruvate level,
overwhelming the pyruvate dehydrogenase
enzyme so that the excess pyruvate is metabolised
by lactate dehydrogenase. Though lactic acidosis
follows, blood pyruvate:lactate ratio stays within
the normale range (10:1).

Type B lactic acidosis can further be divided
into 3 types: associated with underlying disease
(B1), drugs and toxins (B,) or inborns errors of
metabolism (B;). Two of the most common causes
of type B lactic acidosis, namely sepsis and
malignancy, are discussed below.

Sepsis

Most evidence concerning lactate comes from
septic patients, in whom lactate levels are elevated
in two thirds of cases. In the past, elevated lactate
levels in sepsis have mainly been attributed to
tissue hypoxia and were thus regarded as type A
lactic acidosis. However, there is a growing body
evidence that this might rather be a type B lactic
acidosis™. If hyperlactatemia resulted from tissue
hypoxia, one would expect that increasing oxygen
delivery would result in lower lactate levels and
a better outcome. Nevertheless, trials targetting
a supra-normal oxygen delivery showed no
improvement in lactate levels®.

Furthermore, it has been shown that beta-
blocking therapy with esmolol is capable of
decreasing lactate levels during sepsis. This is
counterintuitive since one would expect beta-
blocking therapy to be associated with a decreased
oxygen delivery due to a decreased cardiac output.
This observation likewise implies that lactate levels
in sepsis are not solely dependent on the level of
tissue oxygen delivery™.

Opdam and Bellomo showed a substantial
lactate production by the lung during sepsis. It is
improbable that this would be the result of hypoxia
since the lung bathes in oxygen and receives full
cardiac output®. Increased aerobic glycolysis
through B2-adrenoreceptor stimulation, activated
cytokines and increased metabolic rate could
explain the elevated lactate levels. Other possible
mechanisms include pyruvate dehydrogenase
inhibition, reduced lactate clearance, mitochondrial
and microcirculatory dysfunction®.

Table I. — Causes and mechanisms of elevated lactate levels.

Causes of lactic acidosis

Cause

Main mechanism

Type A lactic acidosis

Sepsis, trauma, cardiogenic and hypovolemic shock

Tissue hypoxia

Hypoxemia

Decreased O, delivery if PaO, <30 mmHg (34)

Anemia

Decreased O, delivery if Hb <5 g/dl (34)

Carbon monoxide poisoning

Decreased O, delivery and interference with oxida-
tive phosphorylation

Seizures, exercise, shivering

Relative tissue hypoxia due to increased O, require-
ments

Distributive shock

Microcirculation derangements

syndrome, necrotizing fascitis, burns

Regional ischemia: intestinal / limb ischemia, compartiment

Tissue hypoxia

Cardiac arrest

Tissue hypoxia

Type B lactic acidosis

B, (underlying disease)

Sepsis [3,-adrenoreceptor stimulation

Asthma f3,-adrenoreceptor stimulation (both endo- and
exogeneous)

Alkalosis 6-phosphofructokinase stimulation

Pheochromocytoma B.-adrenoreceptor stimulation

Liver disease and resection

Increased production, reduced clearance

Diabetes mellitus

Unclear

Diabetic ketoacidosis

Dehydration and tissue hypoperfusion

D-lactic acidosis, presumably due to methylgloxal
accumulation

Cancer

Warburg effect, tumor tissue hypoxia,
decreased lactate clearance with liver
metastasis

Thiamine deficiency

Pyruvate dehydrogenase activity impairment

Kidney failure

Reduced clearance

B, (drugs and toxins)

Antiretroviral agents

Oxidative phosphorylation interference

Propofol Oxidative phosphorylation interference
Metformin Oxidative phosphorylation interference
Cocaine f3,-adrenoreceptor stimulation

Toxic alcohols (excessive ethanol, methanol, ethylene
glycol, diethylene glycol)

Oxidative phosphorylation interference

Propylene glycol Lactate normal product of metabolism
Salicylates Oxidative phosphorylation interference
Cyanides Oxidative phosphorylation interference

[3,-agonists

B.-adrenoreceptor stimulation

B; (inborn errors of metabolism)

Glucose-6-phosphatase, fructose 1-
6disphosphatase, pyruvate dehydrogenase, pyruvate
carboxylase deficiency

Reduced metabolisation of pyruvate through
other pathways than the lactate pathway (Such
as the Krebs and Cori cycle)

Malignancy

Cancer cells use lactate produced through anaerobic
glycolysis as their main fuel source, even under
normal circumstances. This phenomenon which is
called the Warburg effect can sometimes lead to

clinically relevant hyperlactemia. Moreover, lactate
is proving to be a crucial signaling molecule in
the microenvironment of cancer cells, playing an
important role in tumor progression. Pharmacological
treatment strategies aimed at lactate are currently
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in phase I/II trials'®. Furthermore, malignancy
can lead to hyperlactatemia through vitamine B1
(thiamine) deficiency as this is an essential cofactor
in the pyruvate dehydrogenase complex. Several
case reports were published in which patients who
presented with lactic acidosis as a first symptom of
malignancy were treated with intravenous thiamine
administration, which resulted in normalization of
lactate levels'”. Hyperlactatemia in malignancy
is most commonly seen with hematologic
malignancies such as leukemia. However, it is
also a possibility with solid, especially aggressive,
tumors.

Prognostic implications of elevated lactate

Studies have shown that elevated serum lactate
levels are directly correlated to poorer outcome
variables in Intensive Care Unit patients, even
when macrocirculatory hemodynamic parameters
were still within normal ranges. In other words,
lactate levels rise before macrocirculatory
parameters deteriorate, suggesting the concept of
occult hypoperfusion®*.

The prognostic value of elevated lactate levels
has mainly been studied in trauma and sepsis
patients, and during or after cardiac surgery.
Therefore, these specific groups will be discussed
separately.

Trauma

Elevated lactate levels have an important prognostic
value in trauma patients. Prehospital lactate levels
are correlated with injury severity and more
importantly with in-hospital mortality**. This
prognostic information is deemed superior than
the patient’s vital signs. Specifically, the change in
lactate levels between the prehospital measurement
and the first in-hospital measurement was
independently correlated with mortality. In other
words, failure to clear the excess lactate production
is likely to be more significant than the observation
of one isolated elevated value. Other studies also
confirm the prognostic value of in-hospital lactate
levels after trauma*~*. Similarly, in non-traumatic
settings in the emergency department, lactate levels
have prognostic value and are deemed useful in risk
stratification®*%,

An interesting area of study within the trauma
population are those with traumatic brain injury. In
the section of metabolism we introduced the idea of
lactate as a fuel source for the brain. This seemingly
opposes the well-known concept of “glucose
paradox of cerebral ischemia”, first described
in 197061. In summary, although glucose was
considered to be the main fuel source for the brain,
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investigators observed that neuronal damage during
cerebral ischemia was more pronounced in patients
with hyperglycemia, presumably due to a higher
rate of glycolysis and thus lactate levels. This is still
cited as one of the main arguments for the potential
harmful effects of lactate (irrespective of the
underlying cause). However, recent in vitro studies
suggest that lactic acid and glucose may actually
be protective in cerebral ischemia®®. Payne et al.
suggested that a rise in cortisol rather than lactic
acid might be the culprit®. This observation could
explain why steroid therapy following traumatic
brain injury actually significantly increased
mortality®.

The evidence for lactate as a protective mechanism
for the brain keeps growing. In 2010, Cureton et
al. showed that patients with the same severity
of traumatic brain injury had a better outcome
(measured as mental status on discharge) when
lactate levels were higher®. These observations
have led to trials of exogenous lactate infusions
in traumatic brain injury. In 2009 a trial showed
improved intracranial pressure (ICP) control in the
lactate group compared to an equivalent osmotic
load of mannitol. In addition, long term outcome
based on the the Glasgow Outcome Score was
significantly better”. In 2013, the same authors
suggested a beneficial effect of exogenous lactate
for the prevention of raised ICP episodes®. A
comparison with sodium chloride 3% also showed
better neurocognitive function in the lactate group®.
In other words, besides convincing evidence that
hyperlactatemia is not harmful in itself, these studies
using exogenous lactate could also help support the
hypothesis that endogenous hyperlactatemia is an
adaptive and protective mechanism. This point is
further supported by studies using dichloroacetate,
a molecule that shifts metabolism towards oxidative
phosphorylation through the activation of the
mitochondrial pyruvate dehydrogenase complex,
which results in a decreased lactate production.
Although trials have indeed shown a significant
decrease in lactate concentrations through
dichloroacetate administration, no influence on
outcome was found™”'.

Cardiac surgery

The prognostic value of elevated lactate levels
in cardiac surgery has been extensively studied
and worse outcomes and higher mortality have
consistently been reported as lactate levels rise”’*
74,76-79'

However, as mentioned in the section on
metabolism, there is compelling evidence that
lactate serves as a fuel source for the heart,
especially in stress situations. Although early

studies suggested that the lactate molecule depresses
cardiac inotropy®, more recently it has been shown
that lactate deprivation actually resulted in decreased
cardiac performance during cardiac surgery, which
is the expected result considering the metabolic
physiology®. Furthermore, it has been suggested
that lactate may improve cardiac efficiency after
hemorrhagic shock. In order to investigate the effect
of lactate on cardiac function, multiple studies using
exogenous lactate infusions were set up (similar to
studies in patients with traumatic brain injury). In
a pilot study in 2014, half-molar sodium lactate
(containing 0.5 mmol/l lactate) was infused in
patients with acute heart failure, resulting in elevated
cardiac output, though having no influence on
mortality®. Studies comparing hyperosmolar sodium
lactate with either hydroxyethyl starches or Ringer’s
lactate also showed a significantly higher cardiac
index with a lower infused volume, suggesting a
direct effect of lactate on cardiac output™*.

Sepsis

There is a vast body of literature linking elevated
lactate levels in sepsis to worse outcomes™'~,
Using lactate levels patients can be stratified in
different mortality groups, with a higher lactate
resulting in higher mortality*. Early lactate
clearance is associated with improved outcome and
thus might serve as a marker for adequate global
hemodynamic resuscitation®?’. In patients with
suspected infection, elevated lactate levels resulted
in higher 28-day mortality, even in the absence of
abnormal vital signs®. In other words lactate levels
rise before macrocirculatory parameters deteriorate
and may thus serve as an early warning sign.

Evidence surrounding the use of lactate as a
guide for therapeutic interventions

The relationship between oxygen deficit and raised
lactate levels, and the vast literature surrounding
the prognostic value of lactate levels have led to the
idea that lactate levels could somehow be useful in
guiding therapy in selected patients'.

Treatment obviously depends on the exact cause
of tissue hypoperfusion and consists of tailored
hemodynamic management such as vasopressors,
inotropic agents, fluids, adequate ventilation and
oxygenation and blood transfusion. Even attention
to the microcirculation might be warranted in
certain cases. Quite often in clinical practice, lactate
acidosis is unfairly attributed to hypovolemia
without considering other causes of increased
lactatemia.

A detailed discussion of hemodynamic support
falls outside the scope of this article. However, it

is important to stress that one should always aim
to treat the underlying cause of lactic acidosis.
Although fluid therapy may be adequate if
the patient is hypovolemic, hyperlactatemia
in itself should not automatically trigger fluid
administration, since this may simply cause dilution
of lactate levels without improving outcome if
inadequate tissue perfusion is not the true cause
for the observed hyperlactatemia.

While some observational studies suggest the
use of lactate to guide resuscitation there is almost
no prospective evidence to support this claim®.

In 2010 Jansen et al. published the first and only
randomized controlled trial looking at lactate-
based resuscitation in a heterogenous group of
patients with presumed type A lactic acidosis*. In
the lactate group the goal was a decrease in serum
lactate levels of 20% every 2 hours, using a well-
defined protocol. The control group consisted of
resuscitation based on heart rate, blood pressure,
central venous pressure, urinary output, arterial
oxygen saturation, mixed venous saturation,
hemoglobin level and subjective assessment
of the peripheral circulation. Shorter weaning
from ventilation, more rapid discharge from the
Intensive Care Unit and lower mortality was
found in the lactate group, and this group also
received a significantly higher amount of fluids
and vasodilators. While encouraging, there are
some important limitations that need to be taken
into account when interpreting these results. The
goal of achieving a 20% or more decrement every
2 hours was met in both the lactate based and the
control group. In other words, despite using more
fluids and vasodilators, lactate clearance was not
faster. Furthermore, septic patients were included
in the trial, while there is increasing evidence that
type B lactic acidosis might be more important in
sepsis”. The authors conclude that their results
provide insufficient evidence to recommend
lactate-based therapy.

As this study was conducted in a heterogenous
group of patients, it might be of interest to look
to specific situations where type A lactic acidosis
is the most probable mechanism responsible for
elevated lactate levels, i.e. trauma and cardiac

surgery.
Trauma

Regarding the use of lactate levels as a therapeutic
aid in trauma patients, the evidence is less
compelling compared to it’s prognostic value.
According to Okorie et al., the value of prehospital
lactate measurements mainly resides in its ability
to trigger specific treatment algorithms'. There is
only one prospective study to date investigating
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the use of a treatment algoritm based on lactate
levels60. In this study, elevated venous lactate
levels (defined as 2.5 mmol/l or greater) activated
the Advanced Trauma Life Support (ATLS)
treatment, subsequently implying an early trauma
surgeon consult. Although this approach resulted
in statistically significant lower mortality, this
improved outcome may merely reflect the
beneficial effect of an earlier surgeon consult.
Furthermore, bearing in mind the concept of occult
hypoperfusion, the true benefit of this strategy could
lie in an improved screening for tissue hypoxia.
Finally, in this study lactate levels were simply
used to identify patients in need of more aggressive
therapy, while the treatment measures were the
classic ATLS protocols. Although we believe this
study definitely proves the importance of early
lactate measurements, it is erroneous to consider
this as true lactate-based therapy.

Cardiac surgery

Only one trial has been published to date concerning
lactate-guided resuscitation during cardiac surgery.
No difference in mortality was observed®.

Sepsis

To date, only a handful of trials exploring goal-
directed therapy in sepsis (including but not limited
to resuscitation based on lactate levels) have been
published. In 2001 Rivers et al. published their
landmark trial showing a significantly better
outcome in patients with severe sepsis using early
goal-directed therapy. Therapeutic interventions
were done based on central venous pressure, mean
arterial pressure and mixed central venous oxygen
saturation. While lactate levels were significantly
lower in the early goal-directed group, elevated
lactate in itself had no therapeutic implications. In
2010 Jones et al. repeated Rivers’ trial using lactate
clearance instead of mixed venous central oxygen
saturation as a trigger for resuscitation therapy in
septic patients®. In this study, no mortality benefit
was found in the lactate group, whereas Lyu et al.
did find a mortality benefit when using lactate-
clearance guided therapy”. We had to wait until
2014 for larger, multicenter randomized controlled
trials. The investigators of the ARISE and ProCESS
trial found no mortality benefit in the early goal-
directed therapy group compared to standard
care'™!”and these results were confirmed in the
ProMISe trial in 2015102.

Note that in the same year as the Jones study,
Jansen et al. did find a mortality benefit for using
elevated lactate levels as a therapeutic guide
when resuscitating patients with presumed type A
lactic acidosis, including septic patients*'. Taking
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into account the pathophysiological mechanisms
behind type A and type B lactic acidosis, these
contradictory results could indicate that lactate-
guided resuscitation might be more beneficial
in type A lactic acidosis where inadequate tissue
oxygenation is present.

Three meta-analyses have been published
concerning early goal directed therapy in septic
patients. Gu et al. found a survival benefit in the
early goal-directed therapy group, however this
analysis was published before the ARISE en
ProCESS trials, thus omitting substantial evidence
to the contrary'®. A meta-analysis including these
important trials found no mortality benefit and
even a worse outcome in the early goal-directed
group'™. Lee et al. found a mortality benefit in
the in early goal-directed group when taking into
account both observational studies and randomized
trials'®. However, in a subgroup analysis of only
randomized controlled trials, no benefit was found.
Finally, the most recent meta-analysis in 2017 by
the PRISM group confirmed once again that no
improvement in outcome could be achieved in the
early goal-directed group'®.

The most recent surviving sepsis campaign
guidelines states that overall there’s no reason to
either favor or avoid early goal-directed therapy'’.
However, the guidelines suggest “guiding
resuscitation to normalize lactate in patients
with elevated lactate levels as a marker of tissue
hypoperfusion”. This is somewhat surprising since
guiding resuscitation based on lactate is a form of
early goal-directed therapy, which overall has no
proven benefit. Furthermore, we have shown that
there is ample evidence suggesting lactate levels in
sepsis do not necessarily reflect the degree of tissue
hypoperfusion.

Conclusions

Compelling evidence indicates that lactate
measurements can be used as a prognostic tool as
higher lactate levels are clearly associated with
worse outcome and higher mortality. There seems
to be a dose-response relationship between lactate
levels and mortality, thus lactate can serve as a
parameter for underlying disease severity. This has
been shown in many different clinical situations
including but not limited to the heterogenous ICU
population, the emergency department, after major
surgery, and in sepsis patients. We believe that
lactate can be especially helpful as a screening
tool for occult hypoperfusion as it can accurately
help us to identify at-risk patients in an early stage.
Notably, the prognostic value of lactate levels has
been confirmed in patients with type A as well

as type B lactic acidosis (respectively with and
without tissue hypoperfusion).

Although these observations have led to
the idea that lactate may serve as a guide for
global hemodynamic resuscitation, the evidence
supporting this claim is controversial at best. Most
studies concerning lactate-based early-goal directed
therapy have been conducted in sepsis patients and
showed no mortality benefit to this strategy®'*. A
2010 study in patients with presumed type A lactic
acidosis, however, did find a mortality benefit to
lactate-based therapy*'. Taking into account the
pathophysiological mechanisms behind type A and
type B lactic acidosis, and the growing evidence
that type B lactic acidosis is most prominent in
septic patients, these contradictory results could
indicate that lactate-guided resuscitation might be
more beneficial in type A lactic acidosis where
inadequate tissue oxygenation is present.

Before even considering using lactate as a
guide for therapy, a thorough diagnostic workup is
imperative, including additional tests to distinguish
between type A and type B lactic acidosis. It is
crucial to understand that hyperlactatemia does not
always equal tissue hypoxia, and lactate level in
itself does not correlate well with tissue hypoxia'.

Furthermore, there is a growing body of
literature suggesting that elevated lactate levels
are a compensatory, protective mechanism
rather than solely an accumulation of metabolic
waste product. Some studies even found a better
prognosis in patients with higher lactate levels
when underlying disease severity was the same.
Consequently, if hyperlactatemia has a metabolic
function, lowering lactate levels would not be
a sensible therapeutic goal. The hypothesis that
lactate could have protective qualities has led to
preliminary trials using exogeneous lactate as a
therapeutic intervention, with promising results.

References

1. Haas SA, Lange T, Saugel B, Petzoldt M, Fuhrmann
V, Metschke M, et al. Severe hyperlactatemia, lactate
clearance and mortality in unselected critically ill patients.
Intensive Care Med. 2016;42(2):202-10.

2. Zhang Z, Xu X. Lactate clearance is a useful biomarker
for the prediction of all-cause mortality in critically ill
patients: a systematic review and meta-analysis*. Crit
Care Med. 2014 Sep;42(9):2118-25.

3. Vincent JL, Quintairos E Silva A, Couto L Jr, Taccone FS.
The value of blood lactate kinetics in critically ill patients:
a systematic review. Crit Care. 2016 Aug 13;20(1):257.

4. Van Hall G. Lactate kinetics in human tissues at rest and
during exercise. Acta Physiol. 2010;199(4):499-508.

5. Levy B. Lactate and shock state: the metabolic view. Curr
Opin Crit Care. 2006;12(4):315-21.

6. Handy J. Lactate-The bad boy of metabolism, or simply
misunderstood? Curr Anaesth Crit Care. 2006;17(1-
2):71-6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Jeppesen JB, Mortensen C, Bendtsen F, Moller S. Lactate

metabolism in chronic liver disease. Scand J Clin Lab
Invest. 2013;73(4):293-9.

. Brown SD, Clark C, Gutierrez G. Pulmonary lactate

release in patients with sepsis and the adult respiratory
distress syndrome. J Crit Care. 1996 Mar;11(1):2-8.

. Haji-Michael PG, Ladriére L, Sener A, Vincent JL,

Malaisse WJ. Leukocyte glycolysis and lactate output
in animal sepsis and ex vivo human blood. Metabolism.
1999;48(6):779-85.

Gladden LB. Muscle as a consumer of lactate. Med Sci
Sports Exerc. 2000;32(4):764-71.

Hamann JJ, Kelley KM, Gladden LB. Effect of epinephrine
on net lactate uptake by contracting skeletal muscle. J
Appl Physiol (1985). 2001 Dec;91(6):2635-41.

Kelley KM, Hamann JJ, Navarre C, Gladden LB. Lactate
metabolism in resting and contracting canine skeletal
muscle with elevated lactate concentration. J Appl Physiol.
2002;93(3):865-72.

Miller BF, Fattor JA, Jacobs KA, Horning MA, Navazio F,
Lindinger M1, Brooks GA. Lactate and glucose interactions
during rest and exercise in men: effect of exogenous
lactate infusion. J Physiol. 2002 Nov 1;544(3):963-75.
Gladden LB. A lactatic perspective on metabolism. Med
Sci Sports Exerc. 2008 Mar;40(3):477-85.

Meyer C, Stumvoll M, Dostou J, Welle S, Haymond M,
Gerich J. Renal substrate exchange and gluconeogenesis in
normal postabsorptive humans. Am J Physiol Endocrinol
Metab. 2002 Feb;282(2):E428-34.

Okorie ON, Dellinger P. Lactate: biomarker and potential
therapeutic target. Crit Care Clin. 2011 Apr;27(2):299-
326.

Chatham JC, Gao ZP, Forder JR. Impact of 1 wk of diabetes
on the regulation of myocardial carbohydrate and fatty
acid oxidation. Am J Physiol. 1999 Aug;277(2):E342-51.
Gertz EW, Wisneski JA, Stanley WC, Neese RA.
Myocardial substrate utilization during exercise in humans.
Dual carbon-labeled carbohydrate isotope experiments. J
Clin Invest. 1988 Dec;82(6):2017-25.

Chatham JC. Lactate -- the forgotten fuel! J Physiol. 2002
Jul 15;542(Pt 2):333.

Levy B, Mansart A, Montemont C, Gibot S, Mallie JP,
Regnault V, et al. Myocardial lactate deprivation is
associated with decreased cardiovascular performance,
decreased myocardial energetics, and early death in
endotoxic shock. Intensive Care Med. 2007;33(3):495—
502.

van Hall G, Stremstad M, Rasmussen P, Jans O, Zaar
M, Gam C, Quistorff B, Secher NH, Nielsen HB. Blood
lactate is an important energy source for the human brain.
J Cereb Blood Flow Metab. 2009 Jun;29(6):1121-9.

de Somer F, Ceelen W, Delanghe J, de Smet D, Vanackere
M, Pattyn P, et al. Severe hyponatremia, hyperglycemia,
and hyperlactatemia are associated with intraoperative
hyperthermic intraperitoneal chemoperfusion with
oxaliplatin. Perit Dial Int. 2008;28(1):61-6.

Levy B, Gibot S, Franck P, Cravoisy A, Bollaert PE:
Relation between muscle Na+K+ ATPase activity and
raised lactate concentrations in septic shock: a prospective
study. Lancet 365:871-875, 2005.

Wautrich Y, Barraud D, Conrad M, Cravoisy-Popovic A,
Nace L, Bollaert PE, Levy B, Gibot S. Early increase in
arterial lactate concentration under epinephrine infusion
is associated with a better prognosis during shock. Shock.
2010 Jul;34(1):4-9.

Gladden LB. Lactate metabolism: a new paradigm for the
third millennium. J Physiol. 2004 Jul 1;558(Pt 1):5-30.
Brooks GA. Intra- and extra-cellular lactate shuttles. Med
Sci Sports Exerc. 2000 Apr;32(4):790-9.

Halestrap AP, Price NT. The proton-linked
monocarboxylate transporter (MCT) family: structure,
function and regulation. Biochem J. 1999 Oct 15;343 Pt
2(Pt 2):281-99.

LACTATE AND HYPERLACTATEMIA REVISITED: AN OVERVIEW — VAN LOO ET AL. 31



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

32

Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes
stimulates aerobic glycolysis: a mechanism coupling
neuronal activity to glucose utilization. Proc Natl Acad
Sci U S A. 1994 Oct 25;91(22):10625-9.

Zwingmann C, Richter-Landsberg C, Brand A,
Leibfritz D. NMR spectroscopic study on the metabolic
fate of [3-(13)C]alanine in astrocytes, neurons, and
cocultures: implications for glia-neuron interactions in
neurotransmitter metabolism. Glia. 2000 Dec;32(3):286-
303.

Brooks GA. Mammalian fuel utilization during sustained
exercise. Comp Biochem Physiol B Biochem Mol Biol.
1998 May;120(1):89-107.

Trabold O, Wagner S, Wicke C, Scheuenstuhl H, Hussain
MZ, Rosen N, et al. Lactate and oxygen constitute a
fundamental regulatory mechanism in wound healing.
Wound Repair Regen. 2003;11(6):504-9.

Jung B, Rimmele T, Le Goff C, Chanques G, Corne P,
Jonquet O, Muller L, Lefrant JY, Guervilly C, Papazian
L, Allaouchiche B, Jaber S; AzuRea Group. Severe
metabolic or mixed acidemia on intensive care unit
admission: incidence, prognosis and administration of
buffer therapy. A prospective, multiple-center study. Crit
Care. 2011;15(5):R238.

Andersen LW, Mackenhauer J, Roberts JC, Berg
KM, Cocchi MN, Donnino MW. Lactate Levels.
2014;88(10):1127-40.

Kraut JA, Madias NE. Lactic acidosis. N Engl ] Med. 2015
Mar 12;372(11):1078-9.

Cain SM. Appearance of excess lactate in anesthetized
dogs during anemic and hypoxic hypoxia. Am J Physiol.
1965 Sep;209(3):604-10.

Meakins J, Long CNH. Oxygen consumption, oxygen
debt and lactic acid in circulatory failure. J Clin Invest.
1927;4(2):273-93.

Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A,
Knoblich B, Peterson E, Tomlanovich M; Early Goal-
Directed Therapy Collaborative Group. Early goal-
directed therapy in the treatment of severe sepsis and
septic shock. N Engl ] Med. 2001 Nov 8;345(19):1368-77.
Meregalli A, Oliveira RP, Friedman G. Occult
hypoperfusion is associated with increased mortality in
hemodynamically stable, high-risk, surgical patients. Crit
Care. 2004;8(2):R60-5.

Crowl AC, Young JS, Kahler DM, Claridge JA,
Chrzanowski DS, Pomphrey M. Occult hypoperfusion
is associated with increased morbidity in patients
undergoing early femur fracture fixation. J Trauma. 2000
Feb;48(2):260-7.

Rady MY, Rivers EP, Nowak RM. Resuscitation of the
critically ill in the ED: Responses of blood pressure, heart
rate, shock index, central venous oxygen saturation, and
lactate. Am J Emerg Med. 1996;14(2):218-25.

Jansen TC, Van Bommel J, Schoonderbeek FJ, Sleeswijk
Visser SJ, Van Der Klooster JM, Lima AP, et al. Early
lactate-guided therapy in intensive care unit patients: A
multicenter, open-label, randomized controlled trial. Am
J Respir Crit Care Med. 2010;182(6):752-61.

Coats TJ, Smith JE, Lockey D, Russell M. Early increases
in blood lactate following injury. J R Army Med Corps.
2002 Jun;148(2):140-3.

Jansen TC, van Bommel J, Mulder PG, Rommes JH,
Schieveld SJ, Bakker J. The prognostic value of blood
lactate levels relative to that of vital signs in the pre-
hospital setting: a pilot study. Crit Care. 2008;12(6):R160.
van Beest PA, Mulder PJ, Oetomo SB, van den Broek
B, Kuiper MA, Spronk PE. Measurement of lactate in
a prehospital setting is related to outcome. Eur J Emerg
Med. 2009 Dec;16(6):318-22.

Manikis P, Jankowski S, Zhang H, Kahn RJ, Vincent
JL. Correlation of serial blood lactate levels to organ
failure and mortality after trauma. Am J Emerg Med.
1995;13(6):619-22.

AcTA ANAESTH. BEL., 2023, 74 (1)

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Freitas AD, Franzon O. Lactate as predictor of mortality in
polytrauma. Arq Bras Cir Dig. 2015 Jul-Sep;28(3):163-6.
Abramson D, Scalea TM, Hitchcock R, Trooskin SZ,
Henry SM, Greenspan J. Lactate clearance and survival
following injury. J Trauma. 1993 Oct;35(4):584-8;
discussion 588-9.

Odom SR, Howell MD, Silva GS, Nielsen VM, Gupta A,
Shapiro NI, Talmor D. Lactate clearance as a predictor of
mortality in trauma patients. J Trauma Acute Care Surg.
2013 Apr;74(4):999-1004.

Régnier MA, Raux M, Le Manach Y, Asencio Y, Gaillard J,
Devilliers C, Langeron O, Riou B. Prognostic significance
of blood lactate and lactate clearance in trauma patients.
Anesthesiology. 2012 Dec;117(6):1276-88.

Cerovi¢ O, Golubovié V, Spec-Marn A, Kremzar B,
Vidmar G. Relationship between injury severity and
lactate levels in severely injured patients. Intensive Care
Med. 2003;29(8):1300-5.

Aslar AK, Kuzu MA, Elhan AH, Tanik A, Hengirmen
S. Admission lactate level and the APACHE II score are
the most useful predictors of prognosis following torso
trauma. Injury. 2004;35(8):746-52.

Lavery RF, Livingston DH, Tortella BJ, Sambol JT,
Slomovitz BM, Siegel JH. The utility of venous lactate
to triage injured patients in the trauma center. J] Am Coll
Surg. 2000;190(6):656—64.

Baxter J, Cranfield KR, Clark G, Harris T, Bloom B, Gray
AlJ. Do lactate levels in the emergency department predict
outcome in adult trauma patients? A systematic review. J
Trauma Acute Care Surg. 2016 Sep;81(3):555-66.
Trzeciak S, Dellinger RP, Chansky ME, Arnold RC,
Schorr C, Milcarek B, et al. Serum lactate as a predictor
of mortality in patients with infection. Intensive Care Med.
2007;33(6):970-7.

Howell MD, Donnino M, Clardy P, Talmor D,
Shapiro NI. Occult hypoperfusion and mortality in
patients with suspected infection. Intensive Care Med.
2007;33(11):1892-9.

Shapiro NI, Howell MD, Talmor D, Nathanson LA,
Lisbon A, Wolfe RE, et al. Serum lactate as a predictor of
mortality in emergency department patients with infection.
Ann Emerg Med. 2005;45(5):524-8.

Mikkelsen ME, Miltiades AN, Gaieski DF, Goyal M,
Fuchs BD, Shah CV, Bellamy SL, Christie JD. Serum
lactate is associated with mortality in severe sepsis
independent of organ failure and shock. Crit Care Med.
2009 May;37(5):1670-7.

Scott S, Antonaglia V, Guiotto G, Paladino F, Schiraldi
F. Two-hour lactate clearance predicts negative outcome
in patients with cardiorespiratory insufficiency. Crit Care
Res Pract. 2010;2010:917053.

Claridge JA, Crabtree TD, Pelletier SJ, Butler K, Sawyer
RG, Young JS. Persistent occult hypoperfusion is
associated with a significant increase in infection rate and
mortality in major trauma patients. J Trauma Acute Care
Surg. 2000;48(1):8.

Bar-Or D, Salottolo KM, Orlando A, Mains CW, Bourg
P, Offner PJ. Association between a geriatric trauma
resuscitation protocol using venous lactate measurements
and early trauma surgeon involvement and mortality risk.
J Am Geriatr Soc. 2013;61(8):1358-64.

Siesj6 BK. Cell damage in the brain: a speculative
synthesis. J Cereb Blood Flow Metab. 1981;1(2):155-85.
Schurr A, West CA, Reid KH, Tseng MT, Reiss SJ, Rigor
BM. Increased glucose improves recovery of neuronal
function after cerebral hypoxia in vitro. Brain Res.
1987;421(1-2):135-9.

Schurr A, Dong WQ, Reid KH, West CA, Rigor BM.
Lactic acidosis and recovery of neuronal function following
cerebral hypoxia in vitro. Brain Res. 1988;438(1-2):311-4.
Payne RS, Tseng MT, Schurr A. The glucose paradox
of cerebral ischemia: Evidence for corticosterone
involvement. Brain Res. 2003;971(1):9-17.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

Olldashi F, Muzha I, Filipi N, Lede R, Copertari P,
Traverso C, et al. Effect of intravenous corticosteroids
on death within 14 days in 10008 adults with clinically
significant head injury (MRC CRASH trial): Randomised
placebo-controlled trial. Lancet. 2004;364(9442):1321-8.
Cureton EL, Kwan RO, Dozier KC, Sadjadi J, Pal JD,
Victorino GP. A different view of lactate in trauma
patients: protecting the injured brain. J Surg Res. 2010
Mar;159(1):468-73.

Ichai C, Armando G, Orban JC, Berthier F, Rami L,
Samat-Long C, et al. Sodium lactate versus mannitol in the
treatment of intracranial hypertensive episodes in severe
traumatic brain-injured patients. Intensive Care Med.
2009;35(3):471-9.

Ichai C, Payen JF, Orban JC, Quintard H, Roth H, Legrand
R, et al. Half-molar sodium lactate infusion to prevent
intracranial hypertensive episodes in severe traumatic
brain injured patients: A randomized controlled trial.
Intensive Care Med. 2013;39(8):1413-22.

Bisri T, Utomo BA, Fuadi 1. Exogenous lactate infusion
improved neurocognitive function of patients with mild
traumatic brain injury. Asian J Neurosurg. 2016 Apr-
Jun;11(2):151-9.

Stacpoole PW, Kerr DS, Barnes C, Bunch ST, Carney
PR, Fennell EM, Felitsyn NM, Gilmore RL, Greer M,
Henderson GN, Hutson AD, Neiberger RE, O’Brien
RG, Perkins LA, Quisling RG, Shroads AL, Shuster
JJ, Silverstein JH, Theriaque DW, Valenstein E.
Controlled clinical trial of dichloroacetate for treatment
of congenital lactic acidosis in children. Pediatrics. 2006
May;117(5):1519-31.

Stacpoole PW, Nagaraja N V, Hutson AD. Efficacy
of dichloroacetate as a lactate-lowering drug. J Clin
Pharmacol. 2003;43:683-91.

Renew JR, Barbara DW, Hyder JA, Dearani JA, Rivera
M, Pulido JN. Frequency and outcomes of severe
hyperlactatemia after elective cardiac surgery. J Thorac
Cardiovasc Surg. 2016 Mar;151(3):825-830.

Maillet JM, Le Besnerais P, Cantoni M, Nataf P, Ruffenach
A, Lessana A, Brodaty D. Frequency, risk factors, and
outcome of hyperlactatemia after cardiac surgery. Chest.
2003 May;123(5):1361-6.

Hatherill M, Sajjanhar T, Tibby SM, Champion MP,
Anderson D, Marsh MJ, Murdoch IA. Serum lactate as
a predictor of mortality after paediatric cardiac surgery.
Arch Dis Child. 1997 Sep;77(3):235-8.

Suetrong B, Walley KR. Lactic Acidosis in Sepsis: It’s
Not All Anaerobic: Implications for Diagnosis and
Management. Chest. 2016 Jan;149(1):252-61.

Fraser JF. The interpretation of perioperative lactate
abnormalities in patients undergoing cardiac surgery.
Anaesth Intensive Care. 2012;40(4):598-603.

Mak NT, Igbal S, de Varennes B, Khwaja K. Outcomes
of post-cardiac surgery patients with persistent
hyperlactatemia in the intensive care unit: a matched
cohort study. J Cardiothorac Surg. 2016 Feb 24;11:33.
Hajjar LA, Almeida JP, Fukushima JT, Rhodes A, Vincent
JL, Osawa EA, Galas FR. High lactate levels are predictors
of major complications after cardiac surgery. J Thorac
Cardiovasc Surg. 2013 Aug;146(2):455-60.

Jabbari A, Banihashem N, Alijanpour E, Vafaey HR,
Alereza H, Rabiee SM. Serum lactate as a prognostic
factor in coronary artery bypass graft operation by on
pump method. Casp J Intern Med. 2013;4(2):662—6.
Mizock BA. Lactic acidosis. Dis Mon. 1989 Apr;35(4):233-
300.

Mustafa I, Leverve XM. Metabolic and hemodynamic
effects of hypertonic solutions: sodium-lactate versus
sodium chloride infusion in postoperative patients. Shock.
2002 Oct;18(4):306-10.

Nalos M, Leverve X, Huang S, Weisbrodt L, Parkin R,
Seppelt I, Ting I, Mclean A. Half-molar sodium lactate
infusion improves cardiac performance in acute heart

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

failure: a pilot randomised controlled clinical trial. Crit
Care. 2014 Mar 25;18(2):R48.

Leverve XM, Boon C, Hakim T, Anwar M, Siregar E,
Mustafa . Half-molar sodium-lactate solution has a
beneficial effect in patients after coronary artery bypass
grafting. Intensive Care Med. 2008;34(10):1796-803.
Boom CE, Herdono P, Koto CG, Hadi S, Permana IMA.
Effect of hyperosmolar sodium lactate infusion on
haemodynamic status and fluid balance compared with
hydroxyethyl starch 6% during the cardiac surgery. Indian
J Anaesth. 2013;57(6):576-82.

P6lonen P, Ruokonen E, Hippeldinen M, Péyhénen M,
Takala J. A prospective, randomized study of goal-oriented
hemodynamic therapy in cardiac surgical patients. Anesth
Analg. 2000 May;90(5):1052-9.

Levy B, Desebbe O, Montemont C, Gibot S. Increased
aerobic glycolysis through beta2 stimulation is a common
mechanism involved in lactate formation during shock
states. Shock. 2008 Oct;30(4):417-21.

Gattinoni L, Brazzi L, Pelosi P, Latini R, Tognoni G, Pesenti
A, Fumagalli R. A trial of goal-oriented hemodynamic
therapy in critically ill patients. SvO2 Collaborative Group.
N Engl ] Med. 1995 Oct 19;333(16):1025-32.

Hernandez G, Tapia P, Alegria L, Soto D, Luengo C,
Gomez J, Jarufe N, Achurra P, Rebolledo R, Bruhn A,
Castro R, Kattan E, Ospina-Tascon G, Bakker J. Effects of
dexmedetomidine and esmolol on systemic hemodynamics
and exogenous lactate clearance in early experimental
septic shock. Crit Care. 2016 Aug 2;20(1):234.
Garcia-Alvarez M, Marik P, Bellomo R. Sepsis-associated
hyperlactatemia. Crit Care. 2014 Sep 9;18(5):503.

Levraut J, Ciebiera JP, Chave S, Rabary O, Jambou P,
Carles M, Grimaud D. Mild hyperlactatemia in stable
septic patients is due to impaired lactate clearance rather
than overproduction. Am J Respir Crit Care Med. 1998
Apr;157(4 Pt 1):1021-6.

Bakker J, Gris P, Coffernils M, Kahn RJ, Vincent JL. Serial
blood lactate levels can predict the development of multiple
organ failure following septic shock. Am J Surg. 1996
Feb;171(2):221-6.

Tamion F, Le Cam-Duchez V, Menard JF, Girault C,
Coquerel A, Bonmarchand G. Erythropoietin and renin as
biological markers in critically ill patients. Crit Care. 2004
Oct;8(5):R328-35.

Dondorp AM, Chau TT, Phu NH, Mai NT, Loc PP, Chuong L
V, et al. Unidentified acids of strong prognostic significance
in severe malaria. Crit Care Med. 2004;32(8):1683-8.

Nguyen HB, Rivers EP, Knoblich BP, Jacobsen G, Muzzin
A, Ressler JA, Tomlanovich MC. Early lactate clearance
is associated with improved outcome in severe sepsis and
septic shock. Crit Care Med. 2004 Aug;32(8):1637-42.
Arnold RC, Shapiro NI, Jones AE, Schorr C, Pope J,
Casner E, Parrillo JE, Dellinger RP, Trzeciak S; Emergency
Medicine Shock Research Network (EMShockNet)
Investigators. Multicenter study of early lactate clearance as
a determinant of survival in patients with presumed sepsis.
Shock. 2009 Jul;32(1):35-9.

Nguyen HB, Loomba M, Yang JJ, Jacobsen G, Shah K,
Otero RM, Suarez A, Parekh H, Jachne A, Rivers EP.
Early lactate clearance is associated with biomarkers of
inflammation, coagulation, apoptosis, organ dysfunction
and mortality in severe sepsis and septic shock. J Inflamm
(Lond). 2010 Jan 28;7:6.

Nguyen HB, Jachne AK, Jayaprakash N, Semler MW,
Hegab S, Yataco AC, Tatem G, Salem D, Moore S, Boka
K, Gill JK, Gardner-Gray J, Pflaum J, Domecq JP, Hurst
G, Belsky JB, Fowkes R, Elkin RB, Simpson SQ, Falk
JL, Singer DJ, Rivers EP. Early goal-directed therapy in
severe sepsis and septic shock: insights and comparisons
to ProCESS, ProMISe, and ARISE. Crit Care. 2016 Jul
1;20(1):160.

Jones AE, Shapiro NI, Trzeciak S, Arnold RC, Claremont
HA, Kline JA; Emergency Medicine Shock Research

LACTATE AND HYPERLACTATEMIA REVISITED: AN OVERVIEW — VAN LOO ET AL. 33



Network (EMShockNet) Investigators. Lactate clearance
vs central venous oxygen saturation as goals of early
sepsis therapy: a randomized clinical trial. JAMA. 2010
Feb 24;303(8):739-46.

99. Lyu X, Xu Q, Cai G, Yan J, Yan M. [Efficacies of fluid
resuscitation as guided by lactate clearance rate and central
venous oxygen saturation in patients with septic shock].
Zhonghua Yi Xue Za Zhi. 2015 Feb 17;95(7):496-500.

100. Bailey M, Bellomo R, Peter A, Cooper DJ, Higgins AM,
Hold- A, et al. Goal-Directed Resuscitation for Patients
with Early Septic Shock. 2014;

101. Investigators TP. new england journal. 2014;1683-93.

102. Harrison DA, Ph D, Sadique MZ, Ph D, Grieve RD, Ph
D, et al. Trial of Early, Goal-Directed Resuscitation for
Septic Shock. 2015;1301-11.

103. Gu W, Wang F, Bakker J, Tang L, Liu J. The effect of
goal-directed therapy on mortality in patients with sepsis -
earlier is better : a meta-analysis of randomized controlled
trials. 2014;1-10.

104. Zhang L, Zhu G, Han L, Fu P. Early goal-directed therapy
in the management of severe sepsis or septic shock in
adults : a meta-analysis of randomized controlled trials.
2015;1-12.

105. Lee WK, Kim HY, Lee J, Koh SO, Kim JM, Na S.
Protocol-Based Resuscitation for Septic Shock : A Meta-
Analysis of Randomized Trials and Observational Studies.
2016;57(5):1260-70.

106. Article O. Early, Goal-Directed Therapy for Septic Shock
— A Patient-Level Meta-Analysis. 2017;2223-34.

107. Rhodes A, Bs MB, Co-chair R, Evans LE, Co-chair
F, Alhazzani W, et al. Surviving Sepsis Campaign :
International Guidelines for Management of Sepsis and
Septic Shock : 2016-2017.

34 AcTA ANAESTH. BEL., 2023, 74 (1)

108. Marchiq I, Pouysségur J. Hypoxia, cancer metabolism and
the therapeutic benefit of targeting lactate/H+ symporters.
J Mol Med. 2016;94(2):155-71.

109. Shah S, Wald E. Type B Lactic Acidosis Secondary
to Thiamine De fi ciency in a Child With Malignancy.
2015;135(1).

110. James JH, Luchette FA, McCarter FD, Fischer JE. Lactate
is an unreliable indicator of tissue hypoxia in injury or
sepsis. Lancet. 1999;354(9177):505-8.

111. Kruse O, Grunnet N, Barfod C, Jansen T, van B, Bakker
J, et al. Blood lactate as a predictor for in-hospital
mortality in patients admitted acutely to hospital: a
systematic review. Scand J Trauma Resusc Emerg Med
[Internet]. 2011;19(1):74. Available from: http://sjtrem.
biomedcentral.com/articles/10.1186/1757-7241-19-74

112. Jones AE, Leonard MM, Hernandez-Nino J, Kline JA.
Determination of the Effect of In Vitro Time, Temperature,
and Tourniquet Use on Whole Blood Venous Point-
of-care Lactate Concentrations. Acad Emerg Med.
2007;14(7):587-91.

113. Suetrong B, Walley KR. Lactic Acidosis in Sepsis:
It’s Not All Anaerobic: Implications for Diagnosis and
Management. Chest. 2016 Jan;149(1):252-61. Doi:
103.1378/chest.15-1703. Epub 2016 Jan 6.

doi.org/10.56126/74.1.07



