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Blood lactate monitoring in critically ill patients: A systematic

health technology assessment*

Tim C. Jansen, MD; Jasper van Bommel, MD, PhD; Jan Bakker, MD, PhD

Objective: To decide whether the use of blood lactate moni-
toring in critical care practice is appropriate. We performed a
systematic health technology assessment as blood lactate mon-
itoring has been implemented widely but its clinical value in
critically ill patients has never been evaluated properly,

Data Source: PubMed, other databases, and citation review.

Study Sefection: We searched for lactate combined with crit-
ically ill patients as the target patient population. Two reviewers
independently selected studies based on relevance for the follow-
ing questions: Does lactate measurement: 1) perform well in a
laboratory setting? 2) provide information in a number of clinical
situations? 3) relate to metabolic acidosis? 4) increase workers'
confidence? 5) alter therapeutic decisions? 6) result in benefit to
patients? 7) result in similar benefits in your own setting? 8)
result in benefits which are worth the extra costs?

Data Extraction and Synthesis: We concluded that blood lac-
tate measurement in critically ill patients: 1) is accurate in terms
of measurement technique but adeguate understanding of the

(anjaerohic etiology Is required for its correct interpretation; 2)
provides not only diagnostic but also important prognostic infor-
mation; 3) should be measured directly instead of estimated from
other acid-base variables; 4) has an unknown effect on healthcare
workers' confidence; 5) can alter therapeutic decisions; 8) could
potentially improve patient outcome when combined with a treat-
ment algorithm to optimize oxygen delivery, but thiz has only
been shown indirectly; 7) is likely to have similar benefits in
critical care settings worldwide; and 8) has an unknown cost-
effectiveness.

Conclusions: The use of blood lactate monitoring has a place
In risk-stratification in critically ill patients, but it is unknown
whether the routine use of lactate as a resuscitation end point
improves outcome. This warrants randomized controlled studies
on the efficacy of lactate-directed therapy. (Crit Care Med 2009;
aT:2827-2839)

Kev Worns: health technology assessment; lactate; hyperlac-
tatemia; ICU; cost-effectiveness; efficacy; systematic review

eazurement of lactate in

human blood was first de-

scribed by Scherer in 1843

when he described a lethal
case of fulminant septic shock due to
puerperal fever in a young woman (1),
Blood lactate monitoring s performed
frequently in critically ill patients, usu-
ally aiming to detect tissue hypoxia (2],
However, other processes not related to
tissue hypoxia and subsequent anaerabic
metabolism can also result in increased
blood lactate levels (3), complicating
clinical interpretation and therapy in
cases of raised laclate levels. The use of
blood lactate monitoring remains contro-
versial, which is reflected by its variable
clinical use in different hospitals world-
wide: Some hospitals routinely measure
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it whereas others hardly do so. Because
the clinical benefit of blood lactate mon-
itoring in critically ill patients has never
been subjected to rigorous clinical eval-
vation, the guestion remains: Should we
routinely monitor lactate in the eritically
ill and if 20, when should we measure
it? What would be the therapeutic con-
sequences? and Would this improve pa-
tient outcome? To address these con-
troversies, we performed a systematic
health technology assessment (HTA)
{4-6), which includes eight key gques-
tions [6) {Table 1).

METHODS

Data Sources

PubMed and other databases of English
and nen-English language literature (up to
April 2008} were used: the Cochrane CEN-
TRAL Register of Controlled Trials, Co-
chrane Database of Svstematic Reviews, Da-
tabase of Abstracts of Reviews of Effects, the
HTA Database, and NH5S Economic Evalua-
tien Databaze. Information on angoing clin-
ical trials was derived from the U.5, National
Institutes of Health Web site (http:s/
www climicaltrials, gov),

Study Selection

We performed a systematic search for lac-
tate {Medical Subject Heading [MeSH] terms
“lactic &cid” or “lactic acidosis™}, in combina-
tion with critically i1l patienls as the target
patient population (MeSH terms “intensive
care units,” “eritical care.” “critical illness,”
“hospital emergency service,” “emergency
medicine,” or “postoperative care"). Refer-
ences of retrieved literature were reviewsd
manually for additional relevant material.

hat of the retrieved information, two re-
viewers (T.CJ. and LvB.) independently se-
lected studies to be included in this HTA on
the basis of relevance for answering the eight
key questions, Disagreements were resolved
by consensus. General exclusion criteria were:
no original research, case reports, and articles
describing D-lactate or lactate concentration
in other fluids than whole blood or plasma,

For each key question (Table 1}, separate
inclusion criteria were defined.

Question |

To evaluate how accurate lactate measare-
ment is in ideal controlled conditions, we first
included studies that evaluated the accuracy of
the measuremnent itself by comparison with a
dold standard {arterial blood as reference site
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Table 1. Eight-question format for performing a syatematic health technabogy assessmient

[. Does lactate measurement perform well in a laboratory setting?
Il Dises lactate monitoring provide important information in a number of clinical situations?
III. [s there a relationship between lactate levels and metabolic acidosis?
IV, Does lactate monitoring increase workers' confidence?
V. Does lactabe measurerment alter therapeutic decisions?
VI Does lactate monitoring result in benefit to the patients?
VII Can you expect & sivalar benefit in your own setting?
VIIL Are the expected benefits worth the extra costs?

Adapted from Keenan et al (6}

ard central hospital laboratory as reference
techmique) and that used the Bland-Altman
methad for assessing agreement (7).

Te evaluate the diagnostic performance of
lactate measurement, we subsequently in-
cluded studies that investigated the anserobic
andor aerohic etiology of hyperlactatemia,
Because the etivlogy s complex and we could
not find consensus definitions of gold stan-
dards for comparisen, we did not define spe-
cific methodalogic or statistical requirements.

Question Il

I this step, we focused on the use of
lactate as a prognostic tool. Because mortality
is the maoat important and least subjective end
point, we restricted inclusion to studies that
uzed mortality as the primary end point and
that provided sufficient information to con-
struct 2 % 2 contingency tables or area under
the receiver operating characteristic cure,

Question 1

We included studies on the association be-
tween blood lactate levels and other acid-base
variables. Due to space limitations, we did not
include studies on the prognostic value of
these ackd-base variables.

Question IV

W included studies evaluating the effect of
blood lactate monitoring on healthcare work-
ers’ confidence.

Question V

We included studies that evaluated alter-
ations in treatment following implementation
of blood lactate monitoring protocels, We also
included professional guidelines providing
recommmendations on blood lactate monitor-
irge i eritically il patients.

Question VI

We included studies that combined the
measurernent of lactate levels with a treat-
ment algorithm to provide benefit to the pa-
tient. Moat studies focused on oxygen delivery

2B28

(D) therapy, which we classified in increas-
ing order of importance:

1, Observational cohert studies following im-
plementation of a lactate-guided Do, ther-
apy algorithm;

2. Randomized controlled studies evaluating
goal-directed Doy therapy that were not
specifically lactate-guided but that used
lactate levels as a primary or secondary end
point;

3. Randomized controlled studies evaluating
foal-directed Doy therapy that included a
lactate-guided group and a nonlactate-
Ruided group.

For question VI, studies evaluating pre-
and intracperative interventions were ex-
cluded to increase homogeneity.

Question VI

To estimate whether you could experience
the same benefits in your own emergency de-
partment (EDY or intensive care unit (ICU}, you
need to know whether the demagraphics of your
patient population are comparable, whether you
have an equally educated and organized team,
and whether vou have similar access to facilitios
and equipment. For this question, we were not
able to define specific criteria, Instead, we as-
sessed subjectively external validity of the stud-
iez selected in steps [ to VL

Question VIl

We included studies evaluating costs or
cost-effectiveness of blood lactate monitoring.

RESULTS
The results of the search and selection

process are described in Figure 1.

|. Does It Perform Well in the
Laboratory?

Accuracy of Lactate
Masurement

Device, Using the hospital’s standard
laboratory as the reference method, the

selected studies generally reported small
biasez with clinically acceptable limits of
agreement for point-of-care hlood gas an-
alvzers including the following: Mova Stat
Profile 7,10, ultra, Nova Biomedical,
Waltham, MA (8-10); Chiron Diagnos-
tics, B65 series, Fernwald, Germany/
Medfield, MA (11-14); and Radiometer
ABL 725, Radiometer Medical A/%, Rron-
shoj, Denmark (15} and the following
handheld devices: Accusport/trend, Roche
Dagnostics, Mannheim, Germany (911,
16); i-5TAT CCG4+, East Windsor, NJ (15);
and Lactate Pro, ARKRAY, Kyoto, Japan
(17). Lactate plus {Nova Biomedical,
Waltham, MA) produced higher lactate val-
ues than the reference method (15, 17).

Comparfment. Although some de-
scribed slightly higher peripheral venous
[18) or capillary levels (11), most investi-
gators found satisfactory agreement com-
paring capillary (16, 19, 200, venous (21},
or central’mixed venous (22-24) levels
with arterial levels as reference. Sample
handling: Ongoing in wifro glvcolyis was
reported to occur after blood sampling,
resulting in erroneous elevation of lactate
levels (25), particularly in case of leuko-
cytozis or high hematocrit (26), Analysis
within 15 mins or storage <4°C was sug-
gested for avoiding this.

Fxogenous Factors. Infusion of Ring-
er's lactate did not hamper accuracy (27),
provided that a blood sample was drawn
from a catheter that was adequately cleared
from Ringer's lactate (28). Another study
showed that the most commonly used crit-
ical care drugs neither affected the accu-
racy (9], Finally, renal replacement ther-
apy eliminated only negligible amounts of
lactate and conzequently did not interfere
with lactate monitoring (30}, However,
lactate-containing buffer solutions were
able to induce transient hyperlactatemia
{31-33).

Etiology of Hyperlactatemia

Anaerobic Hyperlactatemia

Sysfermic Ouygen Imbalance. Tradi-
tionally, hyperlactatemia is associated
with tissue hypoxia. The causal relation-
ship has been confirmed by experimental
[34-368) and clinical {2) studies: When
reducing the components of systemic Do,
until oxygen demand could no longer be
met, and mgygen consumption was lim-
ited by Dy, this coincided with a sharp
increase in lactate levels.

Several ather observations also
pointed to an anaerobic origin of hyper-
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Figure 1. Search and selection process for performing an eight-step svsternic health technolagy asessment, Adapted from Besnan et al 165,

lactatemia in critically ill patients. Hemn-
dynamically unstable patients with septic
or cardiogenic shock had increased lac-
tate/pyruvate ratios {37) and decreased
arterial ketone body ratios {i.e., ratio be-
tween acetoacetate to B-hydroxybutyrate:
proposed to reflect mitochondrial vedox
state), suggesting anaerohic production
(37, 38). In the early phase of septic
shock, hvperlactatemia was accompanied
by ooygen supply dependency (39), Rivers
and colleagues demonstrated that hyper-
lactaternia in severe sepsis or sephic
shock before resuscitation coincided
with a low central venous oxygen satu-
ration [Scvo,) and that increases in Doy
were associated with reductions in lac-
tate (40), Similarly, low skin tempera-
ture, cardiac output, and mixed venous
oxygen saturation (5%0,) were associated
with higher lactate levels (41),

RegronaliMicrocirculatory Oxygen
Imbaltance. No critical level of Doy or
Sty could be associated with hyperlac-
taternia, which could represent regional
differences in Doy and demand (42). Fur-
thermore, improving capillary perfusion
wis correlated with a reduction in lactate
levels in patients with septic shock, inde-
pendent of changes in svstemic hemody-
namic variablez (43). The latter observation
illustrates the hypothesis that, in the ab-
sence of low systemnic Doy relative Lo sys-
termic metabolic demand, microcircula-
tory processes hampering oxvgen
utilization at the tissue level may raise
lactate levels.
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Aerobic Hyperlactatemia

Selected studies demonstrated that
other mechanisms than tissue hypoxia
can also account for hyperlactatemia. We
found the following aerohic mechanisms:

# [ncreased aerohic glvcolysis, resulting in
amounts of pyruvate that exceed the
pyruvate dehwdrogenase capacity, Such
enhanced glycolysis can be triggered by
cytokine-mediated uptake of glucose (44,
43} or catecholamine-stimulated in-
creased Na-K-pump activity (46-51),
which was supported by a study of Levy et
al in septic shock patients, where antago-
nizing the Na-K-pump completely stopped
miscle lactate overproduction (3,

s Mitochondrial dvsfunction (52-54],

o Impaired activity of pyruvate dehydroge-

nase, essential for the conwversion of

pyruvate into acetyl coenzyme A, This
enzyme is inhibited in septic conditions

(25, 56) and increasing its activity with

dichloroacetate reduces significantly

blond lactate levels (57). Thiamin defi-
ciency (beriberi disease) inhibits pyru-
vate dehydrogenase activity and can

cause hyperlactaternia (58).

Liver dysfunction (39-62) amd liver sur-

gery (63), Reduced lactate clearance was

also reported post cardiac surgery (64)

and in sepsis (A5, 66), where it was

shown to predict poor outcome (67).

Mot the splanchnic area (68), but the

lung can be an important source of lac-

tate, bath in pulmonary (61, 69) and ex-
trapulmonary (V00 disease, probably re-

flecting metabolic adaptations in

response to inflammatory mediators

rather than tissue hypoxia (71).
o Alkalosis (72), because an H7-linked
carrier mechanism iz involved in the
transport of lactate across the cell
membrane that increases cellular lac-
tate efflux during alkalosis.
Several drugs and intoxications:
Mucleosidic reverse transcriptase in-
hibitors used for the treatment of
human immunoedeficiency virus (by in-
ducing mitochondrial cytopathy) (73—
750, epinephrine (hy increased glveo-
genolysis, glvonlvsis, and stimulation of
the MNa-K-pump) (76, 77), metformin
{particularly in the presence of renal in-
sufficiency), although a Cochrane review
found no evidence that metformin is as-
sociated with increased lactate levels if
prescribed under study conditions (78).
Intoxications with methanol, cvanide (by
inhibition of oxidative phosphaorylation)
{790, or ethylene-glveol (by artifactual re-
action of lactate electrodes) (80) also sig-
nificantly elevated lactate levels,

Il. Does It Provide Important
Information in @ Number of
Clinical Situations?

We zelected studies on the prognostic
value of hyperlactatermia in many different
critical care conditions, the ED (Table 2)
and the ICU (Table 3}, In the ED setting,
area under the receiver operating charac-
teristic curve for mortality varied from 0,67
(81) to (LO8 (82), which indicates moder-
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Table 2. Prognostic value of blood lactate levels in the EIY
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ED, emergency department; C, confidence interval; —, not available; sens, sensitivity; spec, specificity; +LR, positive likelihood ratio; — LR, negative
likelihood ratio; PPV, positive predictive value; NPV, negative predictive value; AUROC, area under the receiver operating characteristic curve; CRT, capillary
refill time; SIRS, systemic inflammatory response syndrome,

“3 mos inclusion overlap with Shapiro et al (81); *sens, spec, LE, PPV, NPY calculated from estimates from figure: “in-hospital martality: “ICU maortality:
“2B- {or 30-) day mortality; B martality; “24-hr mortality; "unspecified mortality,

ate-to-excellent prognostic accuracy. In the
IC1I setting, area under the receiver oper-
ating characteristic curve varied from 0.53
{83) and 0.58 (84) to 0.86 (85), which indi-
cates poor-lo-good prognostic perfor-
TAnce.

To answer the guestion whether a hy-
perlactaternic patient will die, which is
what clinicians want to know when individ-
wally assessing patients, the positive predic-
tive value or posttest probability is impor-
tant. In some of our selected studies,
positive predictive values for death in case
of abnormal lactate levels (=2.0-25
mmoldl were very low (4%-13% (81, 86,
87). However, comparison of the pretest
probability (which is the study population
mrtality rate) with the posttest probability
determines the value that lactate can add in
risk-stratification: from our selected stud-

2830

ies, it becomes clear thal lactabe genwerally
increased the ability to predict nonsureival,
hoth in the ED and in the ICU setting,

None of the studies took into account
that the real pretest probability not only
depends on the mortality vate but also on
the clinicians’ ability to estimate risk, using
all other available clinical parameters,
Some authors therefore called for a fiture
study that captures clinicians' estimates for
privhahility of death before lactate measure-
ment to evaluate the capacity to influence
clinical practice decisions (85).

Il Is There a Relationship
Between Lactate Levels and
Metabolic Acidosis?

The level of lactate may be estimated
from other acid-base variables. However,

there was no clinically important relation-
ship between lactate and pH or hase excess
(89-04), although one study showed that
hase excess could predict hyperlactatemia
(95]). Accuracy of the anion gap for screen-
ing for hyperlactatemia was generally poor
(%6 -05), but this varied to reasonably ac-
curate (93). (her studies showed that lac-
tate was onby responsible for a minor per-
centage of metaholic acidosis in critically ill
patients (93, 100-103). Furthermore, lac-
tate or nonlactate etiologies of metabolic
acidosiz are associated with different mor-
tality rates (89, 104). Therefore, although
hvperlactatemia has often been associated
with the presence of a metabolic acidosis
(lactic acidosis), thiz relationship seemed
not straightforward at all. Because the con-
version of pyruvate to lactate does not di-
rectly resull in production of H+ ions, it

Crit Care Med 2009 Vol. 37, No. 10



Table 3. Prognostic value of blood lactate levels in the 1CU
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RET
Children
Hatherill o al [145] 05 (LS PICU chibdnen PICU admibssian 0 Ve AR% [F-53F 9T CM-OE1 153 b 64% SSTTE 94% (52-96| .
SOBHY,  Hyperlactatemic FICL admissian - - - - - = 05 1143076
""‘; ;*5'"' ';:_*f"'m:"'"" 24 hrs later W IGS)  AEEES-OD  TL 02  OW (TS0} T T-TI G607
<hi
Hatherill et al 11451 %Y Postcardiac surgery  FICU admissinn &0 M TAW 05T BEN (TAO0I A6 B3 3% [L-SR ST GI-10W —
children
Hatherill ot al 1147 6 EEY FICU patients with  FICU admission 50 N TEW R AN AR 20 G4 RO% I31-TH) B3% (GL-95) QD (0.T1-096)
38 1% ::'?”"““ LU B P % (365 AR ES-TAI 15 G BW T A1 R8I -
Garcia Sanz et ol [148) 500179 Heterogeninus FICE  FHL admision 20 e BN E-THF 1% OETSI 22 OG5 16% (B-10 9TH OG-SR OTE 06T-0.585)
Fetients AT Mo SiWIBE-TRE G0N RRG4) GL 05 3% |Z1-46h 9% {D4-98)
5.0 Mobelewr ATW 30-65) AW BE-G61 TR QR 41% 24-36)  96% {8497
L0 Mofclear 3% |19-51F O 9B% (-0 L6 T BN I31-TAp 95 (E1-4T)
Ealasubramanyan & 20%5)  Hebersgeninus Ml clear 50 Molclesr 37% 1862 BT (T8-95] 23 07 S4W (25-El}  TTW JGS-AH) 043
et al {01} PICT! paticnts
Zhime et al {1571 LT E%T Pt candiae sugery PICU admission L0 Mobclear  64% (31-E0F  ATH (S-S 45 Q4 H% (13-51F 9TH 01-98) -
children A0 Mi% [11-8)  93% 57861 S0 BT 3% IB-6D Sk (B8]
Kaliki ot al 11481 524 Heterog PICE PICU admisi 0 ¥ EIW R 0N CNGEI 1A ok 30% (15) BH% (96 —
rakients 1H Mo TI% [47-80F  G3WA8-THl 18 &5 S Z-S4F AR (Ta-96] .88
L2 hrs later L3 Mo 2 BL% 16 oh 062
24 hra lalgr 30 Mo Sis ko] I &5 .51
Gotny-Crir of ol (150} 112005 Heterogeneous FICU Peak during PICIT 25 Y L00% (161001 A5% (34921 27 00 0% I5-H51  100% WA-10D ==
pakients slay
Cheung et al 1151} RS (LES]  Iarits sl FICL admision 0 Mo W% (BE-1000 GBI (ST-THI RO & X1 I-EG) RN JE-1000
coegienital hist
sanery
Cheeurid w1 al (1523 T4 12005 Meonales treabed with NICU aderession % Ya AN% (16F3F  9TH RN 133 6 TH% A-OT)  ARW {TE-0d| =
ECMD 12 hrs laber 15 % (IT-TH)LONPE BM-IDD = 05 L00W (E3-1001  S8% |T9-96)
Durward e & (100} BS %Y Post cardiac surdery  FICU admission 0 Ve BI% 15961 BEM T30 A5 05 1A% 8431 ST {S0-100 D7D (044-008)
childrens a0 Mo A % 05 . EL L
24 hrs later L0 Yes B% (15-5G) B3N (TRA0I A5 05 1AW -3 TMON-1000 R0 (0.58-1.00

—, it invailiabli; sens, sensitivity; spec, specificity: ICU, intensive care unit; C1, confidence interval; + LK, positive likefihood vatio; — LR, negative Bkelibood rtio: PPV,
posative predictve value: NPV, negative predictive value; AUROC, area under the receiver operating chamcteristic curve; CRT, capillary refill time; RRT, renal replacement
therapy; FAC, pulmonary artery catheter: ED, emergency department; oo, infinite; FICU, pediatric inbensive care unit; ECMO, extracorporeal membrane coosdenation; NICL,

necaatal inbersive care unit.

“Berni inclusion overlap with Blow et al {1113 *sens, spee, LE, PFY, NPV calculated from estimates from figure; “in-hospital mortality: “ICU mortaliby
“Af-(or M-} day mortality; B-mo mortality; “24-hy moetalite "unspecified mortality,

Table 4. Ohservational cohort studies following implementation of & lactate-guided Do, therapy algorithm

Prirrary Ersd Lactate an Lactate Afier
Erudy L Falinls Timing Grals of Therapy  Provided Thesspy Piriet Entry Therapr LT
Baedy et al (1140 A6 Hetemgeneos  During ED sty Lactabe <20 and 22% MY and paralysis, Lactabe ard S0v; A6 £ 38 2A 208 | Laciabe ard | Sovig (52 = L%
eritically @ ED 16 = 3 hrsi Sovg =05 % HBCL 37% i G, o 68 & 1, o < 06 after Doy
paticens fluids, T5% enilryh therapy
wawmslive aenis
Eldow of al [101] m Hemuodynamrocally  First 24 hrs of Laciate <25 Fluids, RECs, dnpa,  In-hasgpital SETH (TN 1478 (LE% 1 moortality in meemo- .
stalic major 100 ety dobea famounts net moality Laciate =24 laclate =24  hyperlactaberia afber 24 hrs:
brareva paticets recorded| aftér 24 hrs RS (%] ve, G004 (£,
o s DG e [
eniryl
Claridge et al {153] E Magr trovera First 2& hrs of Laciate <23 Flulds, RECs. dapa,  Inlectious PA0T64 (5A%|  STOE4 116%) T mfection rabe labe {=12 hes) .
aliceis 1CU ehy dnbea amounts not complications  Lactate =24 laclste =24 early =12 hmb normaliztion
recomded| after 24 hes  Reclabe: OF = 55 (05% O = 3,1-9.3)
< 00w
eyt
Feossi et al {1021 TLD(+1656 Children after Early hrs of  Lactabe <22 or  Any methad 1o In-haspital Wotaailahle Mot swaibble | mortality on comparisan with
Fastorical congenital 1T sty desreasn I Digor | Yo martality Featarical contnal group:
coniroks) heart surgery T T Ippiclariezunt nok LATI0 (2%} . BG5S 1415,
lactate in recordedi =02
manirol group

Lactate, mean blood lactate level immol/L); ED, emergency department; MV, mechanical ventilation: RECs, red bload cells; TCU, intensive care unit;
€1, cardizs index {Lmin/m®); Doy, oxvgen delivery indeximlLimin'm®): Vol, mopgen consumption index (mliminm?),
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was hypothesized that only if the H+ ions
generated during the hydrolvsis of adeno-
sine triphosphate cannot be recycled in the
mitochondria, 1.2, in anagrobic conditions,
acidosis coincides with hyperlactatemia
(103). Following this hypothesis, it has
been argued that the presence of metabolic
acidosis can be used to distinguish agrobic
from anserobic hyperlactaternia (106),

The weak correlation between hyper-
lactatemnia and metabolic acidosis has
also been explained from another point of
view, In Stewart's acid-base classification,
three independent variables control pH:
strong ion difference; Poo,: and the sum
of the weak acids and proteins in plasma
(107). An increased lactate level reduces
stromg ion difference, which has an acidifving
effect. However, in Stewart’s model, this does
not necessarily result in acidosis because
other simultanecus alterations in strong on
difference, changies in the amount of weak
acids and proteins, or changes in Pooy can all
influence pH (43, 1000

IV. Does It Increase Healthcare
Workers' Confidence?

Information provided by a parameter
may lead to increased confidence among
healtheare providers, Although question-
able if no other clinical end point (mortal-
ity, morbidity, costs) is improved, increased
confidence might be an important goal
when decisions are made in conditions of
uncertainty in critical care. For instance, in
it trial on perioperative pulse oximetry, the
rate of complications was not reduced, hut
B0% of the anesthesiologists felt more se-
cure when using a pulse oximeter | 108}, [t
seems likely that lactate determinations
could increase workers' confidence because
rapidly available and definite end points of
resuscitation are scarce. An observation
that the nursing team expressed a positive
attitude toward implementation of a hemo-
dynamic protocol that included frequent
lactate measurements indirectly supports
this (109), However, we were not able to
find a study that specifically evaluated the
effect on healthcare workers' confidence,

V. Are Therapeutic Decisions
Altered as a Result of Blood
Lactate Levels?

In studies on treatment alterations post

implementation of lactate monitoring, hy-
perlactaternia was interpreted as a result of

Crit Care Mad 2008 Vol, 37, No. 10

anaerobic conditions dus to syslemic oxy-
gen imbalance and this was a trigger to
increase Do, or decrease oxygen dermand
(110-113). This inclueded administration of
fluids, inotropic agents, red blood cell
transfusion, mechanical ventilation, para-
lytic agents, sedatives, and analgesics. In
the only randomized controlled study in
which measurement of lactate was com-
pared with not measuring lactate, more flu-
ids and inotropes were administered in the
lactate group (114).

We also selected professional guidelines:
the Surviving Sepsis Campaign recom-
mends the use of lactate as a trigger for
early goal-directed therapy (=4 mmolL)
(115}, The Clinical Practice Guideline con-
cerning frauma resuscitation recommends
lactate as a resuscitation end point but ac-
knowledged that evidence of improved sur-
vival of such strategy has not been shown
(116), Finally, the International Consensus
Conference 2006 on hemodymamic monitor-
ing and management of patients in shock also
stresses the lack of clinical trials investigating
the clinkcal value of incormporating lactate in a
treatment protocod (117,

V¥l. Does Application of Blood
Lactate Monitoring Result in
Benefit to Patients?

As maonitoring itself will not change
outcome, an integrated treatment algo-
rithm has to provide the benefit to pa-
tients. Thiz has to be aimed at the condi-
tions leading to hyperlactatemia rather
than at reduction of lactate levels alone,
For instance, improving pyruvate metab-
olizmy by administration of dichloroac-
etate decreased lactate levels (57) but this
was not azsociated with a clinical benefit.
Another study showed that bicarbonate
therapy did not improve hemodynamic
variables in patients with lactic acidosis
(118). These ohservations indicate that
the detrimental oulcome associated with
hyperlactatemia is more likely to be de-
termined by the underlying cause than by
the hyperlactatemia itself,

We selected four observalional studies
evaluating implementation of a lactate-
guided Doy therapy algorithm (Table 4).
Lactate levels decreased significantly dur-
ing lactate-guided therapy (110, 111, 113),
which coincided with an increase in Som.
in one study (1100, Patients who responded
with normalization of lactate had lower
mortality than those who remained hyper
lactatemic {111, 113). One observational

study made a comparison with a historical
control group and found lower mortality
post implementation of a lactate-guided
Do, therapy algorithm (112).

We selected nine randomized controlled
studies that evaluated goal-directed Doy
therapy, which was not specifically lactate-
guided, but that used lactate levels as a
primary or secondary end point (Table 5).
Out of the five studies that showed a posi-
tive outcome (40, 119-122), three studies
reported a decrease of lactate in the inter-
vention group compared with the control
group (40, 120, 122},

However, we found only one completed
randomized controlled study evaluating
goal-directed Doy therapy that included a
lactate-guided group and a nonlactate-
guided group (Table 6). This study in a
postcardiac surgery population showed a
reduction in length of stay in the lactate-
guided group (114), Two studies are cur-
rently ongoing,

¥Il. Can You Expect a Similar
Benefit in Your Own Setting?

To answer this question, the external
validity of the previously selected studies
needs to be determined. Given that lac-
tate measuremnent is generally considered
as easy and accurate, that it is commaonly
available worldwide, and given that evi-
dence on the prognostic value of hvper-
lactatemia has been very consistent and
applies to many different populations, it
is clear that lactate can be used az a
prognostic marker in your own setting.
However, the value of lactale as a thera-
peutic tool remains unclear,

Vill. Are the Expected Benefits
Warth the Costs?

A handheld lactate device, such as Ac-
cutrend (Roche, Basel, Switzerland) costs
around €200 and a test strip costs €2, The
price of a blood gas analyzer 15 around
€30,000 and total costs per sample are €2
{10}, In a German study, total costs were
lowest with €1 per measurement. using
the handheld device, followed by €2 using
the blood gas analyveer (Chiron 865 series,
Movartis Vaccines and Diagnostics, Em-
eryville, CA), and €5 when using the cen-
tral hospital’s laboratory (11). In the
Metherlands, external budget costs per
mezsurement are €12, We did not find a
study on the cost-effectiveness of lactate
monitoring. Although costs of lactate
measurement itsell are relatively low,
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costs of subsequent therapeutic conse-
quences and use of health care resources
are unknown,

DISCUSSION

We found that lactate performs well in
the laboratory: The measurement itself is
accurate and clinicians at the bedside can
trust the numerical value of lackate levels
they collect. However, sufficient under-
standing of anaerobic and aerobic mecha-
nisms of production and clearance is essen-
tial for the correct interpretation of
hyperlzcternia. Although the prognostic ac-

curacy of lactate varied considerably, lac-
tate generally increased the ability to pre-
dict nonsurvival, both in the ED and ICUL
Thie consistency of this finding means that
lactate certainly has a place in the risk-
stratification of critically ill patients.
Because of the weak correlation be-
tween hyperlactatemia and metabalic
acidosis, lactate should be directly mea-
sured instead of estimated from other
acid-base variables. Furthermore, lactic
or nonlactic metabolic acidoses are as-
sociated with different maortality.
Concerning the clinical impact of Lac-
tate monitoring, it seems likely that it can

increase healthcare workers' confidence al-
though we were not able to find studies on
this topic. Lactate monitoring has the po-
tential to alter therapeutic decisions as hy-
perlactaternia in critically ill patients is of-
ten interpreted as a result of systemic
oygen imbalance, triggering goal-directed
Doy therapy, Indivect evidence supports the
therapeutic benefit of lactate monitoring,
However, there is a lack of clinical trials
investigating the clinical value of lactate-
divected therapy; the only single-center
clinical trial advocaling its efficacy was per-
formed in posteardiac surgery patients and
this cannot easilv be extrapolated to other

Table 5. Randomized controlled studies evaluating goal-divected Do, therapy that were not specifically lactate-guided but that used lactate levels ps a

primary or secondary end point

n {lntervention

Goals of Therapy
{Differences

Provided Therapy [Significant
Differences Intervention vs.

Study vs. Control) Patients Timing Intervention vs, Cantral} Contral)
Tuchschmidt et al 5126 vs, 25)  Septic shock 72 hrs in the [C1 Cl =6 ws. Cl =3 T dose dobu (30 = 1w 122 ]
153} patients ibedfming
Hayes et al {154) 100 (50 s, 500 Heterogensous During 1C1 stay Cl =4.5, Dagl =600 and T max dose dobu: (25w, 10

ICL! patients

Drurham et al (155} 58 {27 vs. 31)

Heteradenenus
ICL] patients

During indication PAC

{rmost traumal

Vil 2170w Cl =28

IJU:_.[ =i or
¥yl =150 ve. C1 =25

pE&Eminl, T max dose
mars (1.2 vs, 03 pgkimin)

Mat availahle

Ueno et al {120} 34 (16vs, 18)  Partial First 24 postoperative  Cl =4.5, Doyl =60 or T dobu (69 ve. 0%), T fluids
hepatectarmy hours in [C1 Vil =170 vs, 12-24 hrs (43 = 19
patients Cl=28-4.0 ve, 32 = 6 mLkg)

Yu et al (119) 105 (B4 s &1)  Surgical 101 During indication PAC  Dhogl =600 vs. 1 inetropes in S0-75 yrs
patients {ags D] =450-550 (91 vs, S2%), T inotropes
575 and in =75 yrs (95 vs. 56%)
=73 wrs)

Alia et al (156} 63 (31 vs. 32)  Severe sepsis/ 96 his in the [C1] [k 200 s, Dol =330 1 dabu 71 vs. 34%)
septic shock

Hivers et al [40) 263 11300133) ED patients with  First 6 hrs of ED stay  Scl, =70% vi, no Sovl, 1 Auids (5.0 £ 3.0 vs,

SEVETE SEDSIS OF Jax240) + RBCs
seplic shock (64 vs, 19%), T dobu
(14 vs, 1%)

Pearse et al (121) 122 (62 vs. 60)  High-risk general  First 8 hrs in the ICU Doyl =600 vs, CVP doals 1 eolloids (1.9 £ 0,9 vs,
SUFgRry 1220910, 7 dopexamine
patients [B5%H s, 2%

Chytra et al (122) 162 (BINEZ) Multiple trauma  First 12 hres in the Esophageal Doppler 1 colloids (1.7 = 04 v,
patients {no ICU #oals vs. CVP 12-15 CTx20310), T nor
TEI] mim HE [23 ws. 40%)

Lactate, mean blood lactate levelimmol/L), €1 cardiac index (Limin'm®); Doyl, oopden delivery index (mlfmin'm®); Voul, oxygen consumption
index imLiminm®); CVP, central venous pressures RBC, red blood cell transfusion; PAC, pulmonary arery catheter; nor, norepinephrine; dobu,
dobutamine; dopa, doparnine; TBI, traumatic brain injury.

Studies evaluating preoperative or perioperative Doy, aptimization were excluded,
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critical care populations. In addition, al-
though costs of lactate measurement itself
are relatively low, cost-effectiveness of lac-
tate measurements is unknown.
Strengths of our study include the sys-
tematic search and selection strategy and
the eight-question format that provides a
complete and clinically relevant assess-
ment of the real value of lactate monitor-
ing. Our study also has limitations. We
did not perform a methodologic quality
assessment of the selected studies. The
variety of study designs was too large for
a single methodologic quality score. We
did not perform a meta-analyvsis, which

ing prognostic accuracy or efficacy of lac-
tate-directed therapy. However, the stud-
ies were far too heterogeneous (large
variations in patient categories, mortality
rates, lactate cutoff values, and timing of
measurements or interventions). Finally,
the results of this study need to be inter-
preted in the light of the search and se-
lection criteria, and we might have
missed information.

CONCLUSIONS

Based on the results of this systematic

mended in critical care settings as the ED
and ICU because it clearly has a place in
the risk-stratification of critically ill pa-
tients. However, il i2 unknown whether
the routine use of lactate as a resusci-
tation end point improves outcome.
This warrants randomized controlled
studies on the efficacy of lactate-
directed therapy.
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Tahle 5 —Corutfred
Lactate on Entry Lactate After Therapy Outcome
{Intervention vs. {Intervention vs. (Intervention vs.
Primary End Point Control}) Control) Control)

In-hospital maortality AT = 0.1vs 5.1 = 06, After T2 hrs: Equal mortality:

p= 105 38 = 06vs 4.5 = 0B, 13726 (50%) vs. T8/25 (T2%), p = .14
p = .05

In-hospital mortality 2.2 imedian, 1QR = 1.5 After 48 hrs: T mortality:

3.5} ws. 2.1 (L5-3.3), 1.7 imedian, ZT/E0 (54%) ve, 1T/50 (34%). p = 4
p =64 IOR = 1.2-2.3) vs.
L5{L1-21), p= 20

Martality 5323w 5B%29, Alter 24 hrs: Equal martality:

p=33 2113w 24220, J27 (11%) vs. 331 (1), p = 85
= 52
Not clear 32 = 1.0ws 33 > 08, L if’ter 12 hirs: ® | postoperative hyperbilirubinemia:
p = 05 (from figure) 20*0Tvs.29 =08, /16 (0%) vs. 3718 (17%), p < 05
o= .05 ® Equal mortality:
& After 24 hrs: 0716 (0% vs. 2718 (11%), p = .05
11 +02vs 2003,
p < .05 {from figure)

Mortality ® 50-73 yrs: After 24 hrs: ® | mortality (age 50-75 yrs):
2517w 22214, ® 3075 yrs: Q43 (21%) v 1223 (52%), p = 01
r= 44 18 £ 1.0vs. 1.5 £ 0.9, ® Equal mortality (=75

® =75 yrs: = 36 yrsl:1221 (57% ) vs, 11718 (61%),
3423w 37228, ® =75 yrs p =09
p=.76 2100w 23 %17,
p =56

ICL) mortality 26 {median, IQR Average during %6 hrs: Equal mortality:
1.4-3.9) vs. 1B (L1~ 2.0imedian, QR 1.6- 331 (TA%) ws. 2132 (66%), p = 486
35, p=.11 3.1 ws 2,0 (13-3.7),

In-hospital mortality

Postoperative complications

Lactate after 12 hrs and 24

hrs

TT=47vs 69 = 45,
p=.17

p=-_.18
43 x42vs 48 = 47,
p=.01

Change during 8 hrs:
0308w —06%11p=.11

42 % 10vs. 3.9 =00,
p= 08

® 20+ 05vs 32 =05
o 000 (12 hrs)

& 20 = (Advs 24 = 0.6
o= 000 (24 hrs)

« in-hospital mortality:
JBS130 (A7) ve. SW1ED (31%),
P =00

1 complications: 27/62 (44%) vs. 41/
60 (68%), p = 003

| infectious complications:
15/E0 (19% ) vs. 28/82 (34%), p = 032
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Table 6. Randomized controlled studies on goal-directed Doy, therapy comparing a lactate-guided group amd a non lactate-guided group

Provided Therapy
i Significand Laclzbe Afber
Gralks of Therapy Dilferences Lasrtate an Erdry: Therars: Chitoome:
n {Intersention {Inkereention ws. Inkervention v lirkeraentinn v |Isfervention Timervention vs.
Study wa. Conkral) Patients Tirsing Comtrall Cantrall Frinuary End Point Controll ws. Contenll Contrull
Polonen et 2l B 1971 Pisbeardise Fast &hrs  Lactate =20 1 imslalkids Heoapital dength of — - | hospital stay:
[I8EH SUFRERY of 11 Sy =T, 23 = |5 wlay i (IGR = %
patients stay o, 1w bactaled 28 x14h. Tl 7GR
s Sk, 1 colfoids = S8 days
e 204w
0E = nd4j, T
inolropes after
B (36 e, 20
and &A1 v
31% ] hiers, |
VESOPFESSONE
after 01 18 vs.
15%), 2 46w,
15% & {3 w,
10%} and 8 |5
. 10%) hrs
lansen et d* Targut= n = 353 Heterogenaous. First 8 hes Dhec reane iy — En-hespital —_ - —_
angang [FES bt ICU patients af 101 laclabe =20% mecetality
with Lsciste shay i twn hirs vs.
=31 no lactale
Shapine it o Targebn = 300 ED patients Firsh i hrs  Decrease in = Iev-hampital = — -
angeng wilh severe al KD Inctale =106 il
sepeis or by I & s v
weplic shick Spaly =T00%

IGR, interquartile range: ICU, intensive care unit; ED, emergency department.
“wailable at: httpetclinicaltrials. gowct2showNCTORZTOGTE: *available at: hitpedclinicalteials gowctdshow NCTONIT2E02.

REFERENCES

1

4

2836

Kompanje EJ, Jansen TC, van der Hoven B,

et al: The first demonstration of lactic acid

in human Mood in sheck by Johann Jaseph 5
Scherer (1814-1869) in January 1B43. Jn-
teresive Care Med 2007; 1:1967-14971

. Ronco 1), Ferwick 1C, Tweeddale MG, et al:

Identification of the critical oxpgen delivery
far anaerobic metabolism i crtically il
septic and nonseptic humans, S04 19893,
2T:1T24-1730

. Levy B, Gibot 5, Franck P, et al: Relation

between muscle Ma+ K+ ATPase activity and
raised lactate concentrations in septic shock:
A prospective study. Lomcer 2005; 365:
BT1-873

. Gattas DY, Cook D Procalcitonin as & diag-

nestic test for sepsis: health techrobogy as-
sesament in the ICUL S O Cere 2000; 15

5\2_\58 12-

. Jaeschke BZ, Meade MO, Guyatt GH, et al:

How to use diagnostic test articles in the
intensive care unit: Diagnosing weanability
using VL Crif Core Med 1997 25:
15141521

Keenan 3P, Guyatt GH, Sibbald WI, et al:
How b use articles about diagnostic tech-
nolagy: Gastrie tonometry. Crit Care Med
198%; 2T:1726-1731

13.

14.

. Bland JM, Altman DG: Statistical methods

for assessing agreerment bebween bwo meth-
ads of clinical measurerment, Lamoef 1986,
1:307-310

Aduen J, Bernstein WK, Khastgir T, et al: 15.

The use and clinical imporlance of a sub-
strate-specific electrode for rapid determi-
nation of blood lactate concentrations.
JAMA 1994 272 16T -1R85

. Slomowitz BM, Lavery RF, Tortella BI, et al:

Validation of & hand-held lactate device in
determination of blood lactate in critically
imjured patients. Crit Care Mad 1995; 26:
1523-1528

. Brinkert W, Rommes JH, Bakker J: Lactate

measurements in critically ill patients with
a hand-held analyser. fntersive Care Med
1999; 25:966-969

. Baldt 1, Kumle B, Suttner 3. et al: Point-

of-care (POC)H testing of lactate in the in-
tensive care patient. Accuracy, reliability,
and costs of differenl measurement sys-
tems. Acta Anpesthesiol Scand 2001; 45:
194199

Noordally O, Vincent JL: Evalwation of a
new. rapid lactate analyzer in critical care,
Intenisive Care Med 1999; 23:508-513
Divatia IV, Jacques T, Day P, et al: Evaluation
of a lactate sensor for rapid repeated measure-
ments of blood lactate concentration. drgesth
Iritensive Care 1998, 26184158

Godje O, Fuchs &, Dewald O, et al: [On-site
laboratory menitoring on the intensive care
unit. Blood gas, electralyte, glucese, hemo-
dlobin and lactate determination with the
CIBA Corning 865 Analysis Svetern|. Anas-
thesiol intersimed Nottallmed Sclmers-
fher 1997, 32:549-556

Karan BS, Scott R, Burritt MF, <t al: Com-

16.

18,

10,

20,

2L

parisan of lactale values bebween point-of-
cre and central laboratory analyzers. Asr J
Cliz Pathol 2007; 123:168-171

Permpikul €, Ratanaral B, Meungton N
Blood lactate determined by a portable de-
vice in critically ill patients. J Med Assoc
Thai 2000; 83:1343-1353

. Ridenour RV, Gada RP, Brost BC, et al:

Comparison amd validation of point of care
lactate meters as a replacement for fetal pH
measurement. Cfin Biochem 2008; 41;
1461-1465

Gallagher EJ, Redriguez K, Touger M:
Agreement bebween peripheral wenous and
arterial lactate levels. Arn Exerg Med 19597;
20479483

Fauchere JC, Bauschatz AS, Arlettaz R, et
al: Agreement between capillary and arterial
lactate in the newborn. Acts Poedialr 2002;
BL:TE-81

Frey B, Losa M: The value of capillary whole
blaod laclate for Blood transfusion reguire-
ments in anaemia of prematurity. fotesiee
Care Med 2001; 27:222-227

Younger 1, Falk JL, Rothrock SG: Rela-
tignahip belween arterial and pevipheral ve-
nous lactate levels. Acad Emerg Med 1996;
ETIH-TH

. Weil MH, Michaels 5, Rackow EC; Compar-

ison of blood lactate concentrations in cen-
tral venous, pulmonary artery, and arterial
blocd. Crit Cave Med 1987 15:45%-490

Middleton P, Kelly AM, Brown J, et al: Agree-
ment between arterial and central venous val-

Crit Care Med 2009 Vol, 37, No. 10



24,

7.

29,

30,

E N

36,

a7,

ues for pH, bicarbonate, base excess, amd lac-
tate. Ermery Med 1 2006; 23622624
Murdoch LA, Turner C, Dalton RN: Arterial
or mixed venous lactale measurement in
critically ill children. Is there a difference?
Acta Paedialr 1994; 85:412-413

Astles R, Williams CP, Sedor F: Stability of
plasma lactate in vitro in the presence of
antighyeolvlic agents, Cffe Chere 1904; 40;
13271330

Andersen 0, Haugaard 3B, Jorgensen LT, et
al: Preanalytical handling of samples for
measurement of plasma lactate in HIV pa-
therts. Scard S Clin Lab fnvest 2003; 63:
449454

[dwamia A, Miller J, Kassel [, et al: Effect
of intravenows lactated Ringer's solution in-
fusion on the circulating lactate concentra-
tion: Part 3. Results of & prospective, ran-
domized, double-blind, placebe-controlled
trial, Crif Care Med 1097; 25:1851-1854
Jackson EVJ, Wiese J, Sigal B, et al: Effects
of crystallodd solutions on circulating lac-
tate concentrations: Part 1, Implications for
the proper handling of blood specimens ob-
tamned from critically ill patients, e Care
Mid 1997; 2518401846

Kost G, Nguyen TH, Tang £: Whole-blood
Elucose and lactate, Trilayer biosensors,
drug interference, metabolizm, and practice
Buidelines, Arch Pathol Lab Med 2000; 124:
11281134

Levraut ), Ciehiera JP, Jambou P, et al:
Effect of contineous venovenous hemofl-
tration with dialysis on lactate clearance in
critically ill patients. Crif Care Med 1997,
25:55-62

Thomas AN, Guy JM, Kishen K, et al: Com-
parison of lactate and bicarbonate buffered
haemofltration fluids; Use in eritically ill
patients, Nephrod Died Transpland 1997; 12;
1212-1217

. Cole L, Bellomo K, Baldwin 1, et ak The

impact of lactate-buffered high-volume he-
mefiltration on acid-base balance, fnfensive
Care Med 2003; 2%:1113-1120

. Bollmann MD, Revelly JP, Tappy L, et al:

Effect of bicarbonate and lactate buffer on
glucose and lactate metabalism during he-
modiafiltration in patients with multiple or-
gan failure, fnfersive Care Med 2004; 3k
11031110

. Cain SM; Appearance of excess lactate in

aneshetized dogs during anemic and hy-
poxic hypoxia. Am J Phygsiol 1965 20%:
604 - 608

Cain 5M: Oxygen delivery and uptake 1n
dogs during anemic and hypoxic hypoxia,
d Appl Physiol 1977; 42:228-234

Zhang H, Vincent JL: Cwygen extraction is
altered by endetoxin during tampenade-
induced stagnant hyposia in the dog. Circ
Shock 1993; 40:168-176

Levy B, Sadoune LO, Gelot AM, et al: Evo-
lation of lactate/yrnvate and arterial ke-
tone body ratios in the early course of cat-
echolamine-treated septic shock, Craf Care
Med 2000; 28:114-119

Crit Care Med 2009 Vol. 37, No. 10

38 Yaswen KA, Galley HF, Lee A, et al: Milo-

39,

40,

41,

43.

4.

45.

47

44,

chondrial redox state in the critically ill.
Br J Anaesth 1999; 83325-327

Friedman G, De Backer [, Shahla M, et al:
Crppgen supply dependency can characterize
septic shock. frfensioe Care Med 1998; 24:
118-123

Hivers E, Nguyen B, Havstad 5, ef al: Early
goal-directed therapy in the treatment of
severe sepsis and septic shock. N Engl J Med
2001; 345:1368-1377

Kaplan L), McPartland K. Santora TA, et al:
Start with a subjective assessment of skin
temperature to identify hypoperfusion
intensive care unit patients. J Traema 2001;
50:620-627

. Astiz ME, Rackow EC, Kauiman B, et al:

Relationship of saygen delivery and mixed
venous oxygenation to lactic acidosis in pa-
tients with sepsis and acute myocardial in-
farction. Crit Care Med 1988; 16:655-658
De Backer I, Creteur J, Dubois MJ, et al:
The effects of dobutamine on microcircula-
tory alterations in patients with seplic
shock are independent of its systemic el
fects. Crif Care Med 2006; 34:400-408
Haji-Michael PG, Ladriere L, Sener A, et al:
Leukincyte glyeolysis and lactate ouwtput in
animal sepsis and ex wive human blood,
Metabolism 199%; 48:779-785

Meszaros K, Lang CH, Bagby GJ, et al: Con-
tribution of different organs to increased
dlucnse consumption after endotoxin ad-
ministration. J Biol Chemr 1987 262:
109651049710

. Luchette FA, Friend LA, Brown CC, et al:

Increased skeletal muscle Na+, K+-ATPase
activity as a cause of increased lactate pro-
duction after hemarrhagic shocke J Trawsma
1995; 44:796 -8

McCarter FII, James JH, Luchette FA, ef al:
Adrenergic blockade reduces skeletal mus-
cle glycolysis and Nal+), Ki+)-ATPase ac-
tivity during hemorrhage. J Surg Res 2001;
00:235-244

Luchette FA. Robinson BR, Friend LA, et al:
Adrenergic antagonists reduce lactic acido-
sis in response to hemorrhagic shock.
J Trawma 1999, 46:573-860

MeCarter FI), Nierman SR, James TH, et al:
Fole of skebetal muscle Na+-H+ ATPase
activity in increased lactate production in
sub-acute sepsis. Life Sci 2002; T
1875-1888

. Jarnes JH, Wagner KR, King JK, et zl: Stim-

ulation of both aerobic glveolvsis and
Nal = )-K{+)-ATPase activity in skeletal
muscle by epinephrine or amylin, Am J
FPhysicd 195%; 2TT:E1T6-E186

. Jumes JH, Fang CH, Schrantz 31, et al:

Linkage of serobic ghycalvsis to sodium-
potassium transpart in rat skeletal muscle,
Implications for increased muscle lactate
production in sepsis. J Clin forest 1996;
O8: 2388 2397

Bresley D, Brand M, Hargreaves 1, et al:
Association between mitochondrial dys-

function and severity and outcome of septic
shock, Larcet 2002; 360:219-223

. Crouser ED, Julian MW, Blaho DV, et al:

Endotoxin-induced mitochondrial damage
correlates with impaired respiratory activ-
ity. Crit Care Med 2002; 30:276 -284

. Fredriksson K. Hammarqvist F, Strigard K,

et al: Derangements in mitochondrial me-
tabalism in intercostal and leg muscle of
critically ill patients with sepsis-induced
multiple organ failure. Am J Physiol Erdo-
crinol Metah 2006; 291:E1044 -E1050

55. Vary TC, Martin LF: Potentiation of de-

56,

£l

fil,

fid,

&7,

68,

creased pyruvate dehydrogenase activity by
inflammatory stimuli in sepsis. Circ Shock
19493; 39:299 -305

Vary TC: Sepsis-induced alterations in pyru-
vale dehydrogenase complex activity in rat
skeletal muscle: Effects on plasma lactate,
Shock 1996, 6:R9-04

. Stacpoole PW, Wright EC. Baumgartner

TG, et al: A controlled clinical trial of di-
chloroacetate for treatment of Lactic acido-
315 in adults. The Dichbyroacetate-Lactic Ac-
idusis Study Group. N Engl J Med 1992;
327:1564 - 1569

Naidoo DF, Gathiram ¥V, Sadhabiriss A, et al:
Clinical diagnosis of cardiac beviberi. § Afr
Med J 1900 TT:125-127

. Woll PJ, Record CO: Lactate elimination in

man: effects of lactate concentration and
hepatic dvsiunction. Eur J Cline frvest 1979
9:307-404

. Almenofi PL, Leavy J, Weil MH, et al: Pro-

lomgation of the hali-life of lactate after
maximal exercise in patients with hepatic
dysiunction. Crit Care Med 1989: 1T
AT0-RT3

De Backer [, Creteur J, Zhang H, et al:
Lactate production by the lungs in acute
lung injury. Am J Respdr Crit Core Med
1997; 156: 1099 -1 104

De Jonghe B, Cheval C, Misset B, et al:
Relationship between blood lactate and
early hepatic dysfunction in acute circula-
tory failure. J Crit Care 1999; 14:7-11
Chiolera R, Tappy L, Gillet M, et al: Effect of
miajor hepatectormy on glucose and lactate
mietabalism. Anr Surg 1004 229:505-513
Mustafa I, Roth H, Hanafiah A, et al: Effect
of cardiopulmonary bypass on lactate me-
tabolism, frtersioe Core Med 2003 M
12791285

. Levraut J, Ciebiera JP, Chave 5, et al: Mild

hyperlactatemia in slable septic patients is
due 1o impaired lactate clearance rather
than overproduction. Amt J Respir Crit Care
Med 1998; 157:1021-1026

Chirusch C, Bands C, Bose D, et al: Impaired
hepatic extraction and increased splanchnic
production eontribute to lactic acidosis in
canine sepsis. Am J Resplr Crit Care Med
2000; 161:517-526

Levraut J, lchai C, Petit [, et al: Low exogenous
lactate clesrance a5 an early predictor of mos-
tality in normolactsternic eritically il septic pa-
tients. Crif Care Med 2003; 31:705-7T10

[e Backer D, Creteur J, Silva E, et al: The

2837



hepatosplanchnic area 13 not & common
source of lactate in patients with severe
sepsis, Orff Care Med 2001; 29:256-261
69, Kellum JA, Kramer [, Mankad 5, et al:
Release of lactate by the lung in acute hung
injury. Adr Exp Med Biof 1997; 411:
281-285
7. Walsh TS, McLellan 5, Mackenzie 3J, et al:
Hyperlactaternia and pulmonary lactate
praduction i pateents with fulminant he-
patic failure, Chezt 190%; 116:471-476
. Routsi C, Bardouniotou H, Delivoria-
loannidou V, et al: Pulmonary lactate re-
lease in patients with acute lung injury 15
not attributable te hung tissue hypoxia, Crif
Capre Med 1999; 272460 -2473
72 Druml W, Grimm G, Laggner AN, et al:
Lactic acad kinetics in respiratory alkalosis,
Crif Care Mad 1991; 19:1120-1124
73, Lonergan 1T, Behling C, Plander H, et al:
Hyperlactaternia and hepatic abnormalities
in 10 human immunodeficiency virus-
infected patients receiving nucleoside ana-
logue combanation regimens. Clim Infect
Dz 2004k 31:162-166
74, Claessens YE, Cartou A, Monchi M, et al:
Detecting life-threatening lactic acidosis re-
lated o nuclesside-analog treatment of hu-
man immunodeficiency virus-infected pa-
tients, and treatment with L-carnitine. Crif
Care Med 2003; 31:1042-1047
75. Bonnet F, Bonarek M, Abridj A, et al: Severe
lactic acidosis in HIV-infected patients
treated with nuclegsidic reverse transcrip-
tase analogs: A report of 9 cases. Lo Revue
de medectne imtermefondes 2003; 24:11-16
76, Dy NP, Phu NH, Bethell DP, et al: The
effects of dopamine and adrenaline infu-
sions on acid-base balance and systemic
haemodynamics in severe infection. Lancet
1996; 348:210-223
T7. Levy B, Mansart A, Bollaert PE, et al: Effects
of epinephrine and norepinephrine on he-
madynamics, oxidative metaholism, and or-
dan energetics in endotoxemic rats. fnfen-
sfew Care Med 2003; 29:292-300
78, Salpeter 5, Greyber E, Pasternak G, et al:
Risk of fatal and nonfatal lactic acidosis
with metformin use in type 2 diabetes mel-
litus. Cochrame Databaze Syst Rer 2006
(1):CDA02967
79, Baud F), Borron SW, Megarbane B, et al:
Value of lactic acidosis in the assessment of
the severity of acute cyanide poisoning. Crif
Carre Meed 2002; 30:2044 -2050
80. Morgan TJ, Clark C, Clague A: Artifactual
elevation of measured plasma L-lactate con-
centration in the presence of glycolate. Crit
Care Med 1999, 2T:2177-21T9
Bl. Shapiro MI, Howell MD, Talmor [, et al:
Serumn lactate as a predictor of mortality in
emergency department patients with infec-
tion. Arn Exverg Med 2005; 45:524 -528
B2, Kaplan LJ, Kellum JA: Initial pH, base def-
icit, lactate, anion gap, strong ion differ-
ence, and strong ion gap predict outcome
from major vascular injury. Crif Core Med
2004; 32:1120-1124

7

2638

a3,

7.

al.

495,

Marik PE, Bankov A& Sublingual caprom-
ebry versus traditional markers of tissue ox-
ygenation in critically ill patients. Crif Care
Med 2003 31:818-H22

. Meregalli A, Miveira RP, Friedman G: Oc-

cult hypoperfusion s associated with in-
creased mortality in hemodynamically sta-
ble, high-risk, surgical patients, Crif Care
2004; B:RG0-RE5

. Watanahe I, Mayumi T. Avishima T, et al:

Hyperlacternia can predict the prognosis of
lrver resection. Shock 2007: 28:35-38

Pal JD, Victoring GP, Twomey P, et al: Admis-
sion serum lactate levels do not predict mor-
tality in the acutely injured patient. J Trowma
2006; 60581587, discussion 587-5EY
Howell MD, Donnino M, Clardy P, et al: Oc-
cult hypoperfusion and mortality in patsents
with suspected infection. fiferssioe Care Mead
2007; 33:1892-1399, Epub 2007 July 6

. Trzeciak 5, Dellinger RP, Chansky ME, et al:

Serum lactate as a predictor of mortality in
patients with infection. fnfensive Care Med
2007; 33:070-977

. Brill 3A, Stewart TR, Brundage 51, et al:

Base deficit does not predict mortality when
secondary to hyperchloremic acidosis,
Shock 2002; 17:459-462

. Aduen ), Bernstein WK, Miller J, et al: Re-

lationship between blood lactate concentra-
tions and ionized calcium, ghucose, and sc-
id-base status in critically ill and
noncritically ill patients. Crif Care Med
19485; 23:246-252

Balasubramanyan N, Havens PL. Hoffman
GM: Unmessured anbons identified by the
Fencl-Stewart method predict mortality bet-
ter than base excess, anion gap, and lactate in
patients in the pediatric intensive care unit.
Crit Care Med 19099; 27:1577-1581

. Martin MJ, FitzSullivan E, Salim A, et al:

Dnscordance between lactate and base defi-
cit in the surgical ntensive care umt:
Which one do you trust?, Am J Surg 2006;
191625630

Maciel AT, Park M: Unmeasured anions ac-
counl for most of the metabolic scidosis in
patients with hyperlactatemia, Clindcs 2007,
62:55-62

. Deshpande 5A. Platt MP: Association be-

tween blood lactate and acid-base status and
mprtality in wentilated bahies. Arch Dis
Child Fetal Neonate! £d 1997; TR:F15-F20
Rocktaeschel ), Morimatsu H, Uching 3, et
al: Unmeasured anions in critically il pa-
tients: Can they predict mortality? Crit Care
Med 2003 31:2131-2136

. Aufricht C, Ties M, Hartl 1, et al: The anion

gap—Screening for hyperlactatemia in crit-
ically ill children? Kiir Pordfentr 19802; 204;
A7E-381

. Adams BD, Bonzani TA, Hunter CI: The

anion gdap does not accurately screen for
lactic acidosis in emergency department pa-
tients, Emery Med J 2006; 23:179-182

. Moviat M, van Haren F, van der Hoeven H:

Comventional or physicochemical approach

i inbendive chre unit patients with meta-
bolic acidasis. Crit Care 2003; T-R41-R45

. Lorenz JM, Kleinman LI, Markarian K, et al:

Serum anion gap in the differential diagno-
su4 of metabolic acidosis in critically ill new-
borns, J Pediatr 1999, 135:751-755

1. Murray DM, Olhsson V, Fraser J1: Defining

101,

102.

103,

105,

106,

107,

108.

110.

1L

112,

118

114

acidosis in postoperative cardiac patients wus-
ing Stewart's method of strong ion difference.
Fodiatr Crit Care Med 2004; 5240-245
Durward A, Tibby 3M, Skellett 5, et al: The
strong bon gap predicts mortality in children
following cardiopulmonary bypass surgery.
Pedigty Crit Care Med 2005; 6:281-285
Durward A, Skellett 5, Mayer A, et al: The
value of the chioride: sodium ratio in differ-
entiating the setiology of rmetabolic acidosis.
Itrisive Core Med 2001; 27:828- 835
Damdorp AM, Chau TT, Fhu NH, et al: Un-
identified acids of strong prognostic signif-
icance in severe malaria. Crit Care Med
2004; T2:1683- 1688

. Gunnerson KJ, Saul M, He 5, et al: Lactate

versus non-lactate metabolic acidosis: A ret-
roapective outcome evaluation of critically
ill patients. Crit Care 2006, 10:R22
Gutierrez G, Wulf ME: Lactic acidosis in
sepsis: a commentary. fnfensive Care Med
1996; 22:6-16

Handy J: The origin and interpretation of
hyperlactataemia during low oxygen deliv-
ery states. Crif Care 2007; 11:104

Stewart PA: Modern guantitative acid-base
chemistry. Can J Physiol Pharmacol 1983;
G1:1444 - 1461

Moller JT. Pedersen T, Rasmussen LS, et al:
Ramdomized evaluation of pulse oximetry in
20,802 patients: I. Design, demography,
pulse oximetry failure rate, and overall
complication rate. Anesthesiology 1993; T8:
436444

. Wallee F. Fourcade 0, Marty P, et al: The

hemodynamic “target™ A visual tool of
goal-directed therapy for septic patients,
Clinfes 2007, 62:447-454

Raidy MY, Rivers EP, Nowak RM: Resuscita-
tiom of the critically ill in the EI: Responses
of blood pressure, heart rate, shock index.
central venous oxygen saturation, and lac-
tate. Am J Emerg Med 1996; 14218225
Blow 0, Magliore L, Claridge JA, et al: The
golden hour and the silver day: Detection
and correction of occult hypoperfusion
within 24 hours improves outcome from
major trauma. J Trawrma 19%9; 47:964 -969
Rossi AF, Khan DM, Hannan R, et al: Goal-
directed medical therapy and point-of-care
testing improve outcomes after congenital
heart surgery. Infensive Care Med 2005;
3198104

Claridge JA, Crabtree TD, Pelletier 5), et al:
Peysistent cocult hypoperfusion is associ-
ated with a significant increase in infection
rate and mortality in major trauma pa-
tients. J Trauma 2000; 45:8-5

Polenen P, Ruokenen E, Hippelainen M, et
al: A prospective, randomized study of goal-
oriented hemodynamic therapy in cardiac

Crit Care Med 2009 Vol. 37, No, 10



115.

116.

117.

118,

118

120,

121

123,

124,

135,

126,

127,

surgical patients. Anesth Araly 2000, S
1052-1059

Dellinger RE, Levy MM, Carlet JM, el al-
Burviving Sepsis Campaign: International
duidelines for management of severe sepsis
and septic shock: 2008. ftensfoe Care Med
2008; 34:17-60, Epub 2007 Dec 4
Tisherman SA, Barie P, Bokhari F, et al:
Climical practice guideline: endpoints of re-
suscitation. J Traweme 2004; 57:808-912
Antonelli M, Levy M, Andrews PJ, et ak
Hemodynamic monitoring in shock and im-
plications for management. International
Consensus Conference, Paris, France,
27-28 April 2006. Infensive Care Med 2007,
33:575-540

Mathieu D, Neviere R, Billard V. et al: Ei-
fects of bicarbonate therapy on hemody-
namics and tissue oxygenation in patients
with lactic acidosis: A prospective, con-
trelbed clinical study, Crft Care Med 1991;
19:1352-1356

Yu M, Burchell 5, Hasaniva NW, ¢t al: Re-
lationship of mortality bo increasing oxyvgen
delivery in patients = or = 50 years of age:
A prospective, randomized trial. Crfit Care
Med 1998, 26:1011-1019

Ueno 5, Tanabe G, Yamada H, et al: Re-
sponse of patients with cirrhosis who have
undergone partial hepatectomy to treat-
ment aimed at achieving supranormal oxy-
gen delivery and consumnption. Surgery
1944; 123:278 286

Pearse R, Dawson D, Fawcett J, et al: Early
goal-directed therapy after major surgery
reduces complications and duration of hos-
pital stay. A ramlomised, controlled trial
[ISRCTNIBTYT445]). Crit Care 2005;
SREET-RES3

. Chytra I, Pradl B, Bosman K, et al: Esaph-

apgeal Doppler-guided fAuid management de-
creases blood lactate levels in multiple-
trauma patients: A randomized controlled
trial. Crit Care 2007; 11:R24

Mguyen HE, Rivers EP, Knoblich BP, et al;
Early lactate clearance 18 associated with
improved outcome in severe sepsis and sep-
tic shock. Cril Care Med 2004; 32:
1637-1642

Dunne JR, Tracy JK, Scalea TM, et al: Lac-
tate and base deficit in trauma: does aleohol
or drug use impair their predictive accu-
racy? J Traurma 2005: 58:050-966

Kliegel A. Losert H, Sterz F, et al: Serial
lactate determinations for prediction of out-
come aftey cardiac arvest. Medicime 2004;
B2T4-279

Sankoff JD, Goyal M, Gaieski DF, et al: Val-
idation of the Mortality in Emergency De-
partment Sepsis (MEDS] score in patients
with the systemic inflammatory response
syndrome (SIRS). Crit Care Med 2008; 36:
421-426

Friedman G, Berlot G, Kahn RJ, et al: Com-
bined measurements of blood lactate con-
centrations and gastric intramucosal pH in
patients with severe sepsis. Crif Care Med
1995; 23:1184-1193

Crit Care Med 2009 Vol. 37, No. 10

128 Tamion F, Le Cam-Duchez V, Menard JF, <t

130

131.

132,

133,

135,

136,

137,

138,

1349,

141.

142,

143

al: Erythropsictin and renin as biological
markers in critically ill patients, Crif Care
2004; BISERI2ZE-R335

. Singhal R, Coghill JE, Guy A, et al: Serum

lactate and base deficit as predictors of mor-
Lality after ruptured abdeminal aortic aneu-
ryam repair. Bur J Vase Endovasc Swry
2005; 30:263-266

Maillet JM, Le Besnerais P, Cantora M, et al:
Frequency, risk factors, and outeome of hy-
perlactatemia after cardiac surgery. Ches!
2003; 123:1361-1366

Abramson [, Scalea TM, Hitcheock R, et al:
Lactate clearance and survival following in-
jury. J Trouma 1993; 35:584 588

Wahl W, Pelletier K, Schmidtmann 5, et al:
[Experiences with various scores in evalu-
ating the prognosis of postoperative inten-
sive care patients]. Chirurg 1996; 67:
T10-717; discussion 718

Murille-Cabezas F, Amaya-Villar B, Rincon-
Ferrari MDY, et al: Evidence of occult sys-
temic - hypoperfussion in head injured pa-
tients, Preliminary study, Mewrocirugie
fAstur) 20M05; 16:323-332

. Bernal W, Denaldson N, Wyncell [, et al:
Blsod lactate as an early predictor of out-
come in paracetamol-induced acute liver
failure: A cohorl study. Lenced 2002; 359
558-563

Funk GC, Dwherer ), Kneidinger N, et al:
Acid-base disturbances in critically ill pa-
tients with cirrhosis. Liver fnf 2007: 2T
1504

Kruse 14, Zaidi 54, Carlson RW: Signifi-
cance of blood lactate levels in critically ill
patients with liver disease. Am J Med 1987;
B3:TT-B2

Smith 1, Kumar P, Malloy 5, et al: Base
excess and lactate as prognostic indicators
for patients admitted to intensive care. fn-
temsive Care Med 2001; 27:74-83
Suistomaa M, Ruokonen E, Kari A, et al:
Time-pattern of lactate and lactate to pyra-
vate ratio in the frst 24 hours of intensive
care emergency admissions. Shock 200
14:8-12

Freire AX, Bridges L, Umpierrez GE, et al:
Admission hyperglycemia and other risk
factors as predictors of hespital mortality in
a medical ICU population. Chest 2005; 128
31093116

. Cusack R, Rhodes A, Lochhead P, et al: The

strong lon gap does not have prognostic
value in critically ill patients in a mixed
medicalsurgical adult ICU. fnfensive Care
Med 2002; 28:R64 - B69

Maynard N, Bihari D, Beale R, et al: As-
sessment of splanchnic oxygenation by
gastric tonometry in patients with acute
circulatory failure. JAMA 1993: 2T0:
1203-1210

Dubin A, Menises MM, Masevicius FD, et al:
Comparison of three different methods of
evaluation of metabolic acid-base disorders.
Crif Care Med 2007; 35:1264 -1270

. Leve B, Gawalkiewicz P, Vallet B, et al:

145,

146

7.

149,

150,

151,

152.

154,

155,

156,

157,

Gastric capnometry with air-automated
tonemetry predicts outcome in critically
ill patients. Crit Care Med 2003: 31:
AT4-480

. Sasaki 5. Gando 5, Kobayashi §, et al: Fre-

dictors of mortality in patients treated with
continuous hemodiafiltration for acute re-
nal failure in an intensive care setting.
Asio J 2001 AT:56-91

Hatherill M, McIntyre AG, Wattie M, et al:
Early hyperlactataemia in critically ill chil-
dren. frifensroe Coare Med 2000; 26314 -318
Hatherill M, Sajjanhar T. Tibby M. et al:
Serum lactate as a predictor of mortality
after paediatric cardiac surgery. Arch Dis
Child 1997; TT:235-238

Hatherill M, Waggie Z, Purves L, et al: Mor-
tality and the nature of metabolic acidosis
in children with shock. fnfensive Care Med
2003; 29:286-291

. Garcia Sanz C, Ruperez Lucas M, Lopez-

Herce Cid J, et al: Prognostic value of the
pediatric index of mortality (PIM) score and
lactate values in critically-ill children. Am
Esp Pediatr 2002; 57:394 - 400

Koliski A, Cat 1. Giraldi D), et al: Blood
lactate concentration as proginostic marker
in eritically ill children. J Pediatr (Rio J)
2005; B1:287-242

Gotay-Cruz F, Avilés-Rivera DH, Ferndn-
dez-Sein A: Lactic acid levels as a prognos-
tic measure in acutely ill patients. P R
Health Scf 1 1991; 10:9-13

Cheung PY, Chui N, Joffe AR, el al: Postop-
erative lactate concentrations predict the
outeome of infants aged 6 weeks or less
after intracardiac surgery: A cohort fol-
low-up to 18 months. J Thorar Cardiopasc
Surg 2005 130:837-843

Cheung FY, Etches PC, Weardon M, et al:
Use of plasma lactate to predict early mor-
tality and adverse outeome after neonatal
extracorporeal membrane oxygenation: A
prospective cohort in early childhood. Cri¢
Care Med 2002; JW:2135-2139
Tuchschmidt J. Fried J, Astiz ME, et al:
Elevation of cardiac output and oxygen de-
livery irmproves outcome in septic shock
Chazt 1992, 102:216-220

Hayes MA, Timmins AC, Yau EH, et al:
Elevation of systemic oxygen delivery in the
treatment of critically ill patients. N Emgl
J Med 1994; 330:1717-1722

Durham RM, Meunaher K, Mazuski JE, et al:
The use of oxyden consumption and deliv-
ery a3 endpoints for resescitation in criti-
cally ill patients, J Trauma 1996; 41:32-39
Alia 1, Esteban A, Gordo F, et al: A randomized
and controlbed trial of the effect of treatment
aimed at maximizing oxygen delivery in pa-
tients with severe sepsis or seplic shock.
Chest 1999; 115:453-461 bi

Shime N, Ashida H, Hiramatsu N, et alb:
Arterial ketone body ratio for the assess-
ment of the severity of illness in pediatric
patients following cardiac surgery. J Crit
Care 2001; 16:102-107

2839





