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Background: We sought to compare the association of whole-blood lactate kinetics with survival
in patients with septic shock undergoing early quantitative resuscitation.
Methods: This was a preplanned analysis of a multicenter, ED-based, randomized, controlled trial
of early sepsis resuscitation. Inclusion criteria were suspected infection, two or more systemic
inflammation criteria, either systolic BP<<90 mm Hg after a fluid bolus or lactate level >4 mM,
two serial lactate measurements, and an initial lactate level > 2.0 mM. We calculated the relative
lactate clearance, rate of lactate clearance, and occurrence of early lactate normalization (decline
to <2.0 mM in the first 6 h). Area under the receiver operating characteristic curve (AUC) and
multivariate logistic regression were used to determine the lactate kinetic parameters that were
the strongest predictors of survival.
Results: The analysis included 187 patients, of whom 36% (n = 68) normalized their lactate level.
Overall survival was 76.5% (143 of 187 patients), and the AUC of initial lactate to predict survival
was 0.64. The AUCs for relative lactate clearance and lactate clearance rate were 0.67 and 0.58,
respectively. Lactate normalization was the strongest predictor of survival (adjusted OR, 5.2;
95% CI, 1.7-15.8), followed by lactate clearance =50% (OR, 4.0; 95% CI, 1.6-10.0). Lactate clear-
ance =10% (OR, 1.6; 95% CI, 0.6-4.4) was not a significant independent predictor in this cohort.
Conclusions: In patients in the ED with a sepsis diagnosis, early lactate normalization during the
first 6 h of resuscitation was the strongest independent predictor of survival and was superior to
other measures of lactate kinetics.
Trial registry: ClinicalTrials.gov; No.: NCT00372502; URL: clinicaltrials.gov
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Abbreviations: IQR = interquartile range; ROC = receiver operating characteristic; Scvo, = central venous oxygen
saturation; SOFA = sequential organ failure assessment

Severe sepsis is a global health problem, resulting
in at least 750,000 hospitalizations annually in the
United States.'2 Approximately 500,000 of these hos-
pitalizations will be treated in US EDs.? Early and
aggressive quantitative resuscitative care is recom-
mended for the treatment of septic shock* and meta-
analytic data have shown its efficacy at reducing
mortality.” However, presently there remains uncer-
tainty about the optimal goals of early resuscitation,
particularly regarding the roles of central venous oxy-
gen saturation (Scvo,) and lactate clearance.57
Elevated serum lactate measurements have been
demonstrated to be independently associated with
poor outcome in patients in the ED with infection.
Previous investigations have documented that a lactate
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clearance of 10% during early sepsis resuscitation
is independently associated with survival, a finding
which persists even after adjusting for confounders.*10
Previous work by our group found that in patients
undergoing quantitative resuscitation for septic shock,
achievement of a Scvo, =70% had a similar prog-

For editorial comment see page 1521

nosis as achievement of a lactate clearance of 10%.
However, failure to achieve a lactate clearance of 10%
was associated with a mortality rate of 41% vs 8% if
patients failed to achieve a Sevo, of 70% (proportion
difference 33%, 95% CI, 9%-55%)." These data sug-
gest that lactate clearance parameters may have better
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characteristics as resuscitation goals; however, it
remains unclear which are the optimal lactate param-
eters to target during resuscitation. Accordingly, we
sought to compare the relative value of various mea-
sures of whole-blood lactate kinetics to predict sur-
vival in patients with septic shock undergoing early
quantitative resuscitation.

MATERIALS AND METHODS

Study Design

We conducted a preplanned analysis of a prospective, parallel
group, nonblinded, randomized clinical trial designed to assess
the noninferiority of lactate clearance vs Scvo, as the protocol end
point evaluating the adequacy of oxygen delivery during early
sepsis resuscitation.’> The multicenter trial took place from
January 2007 to January 2009 at Carolinas Medical Center,
Charlotte, North Carolina; Beth Israel Deaconess Medical Center,
Boston, Massachusetts; and Cooper University Hospital, Camden,
New Jersey, all of which are large, urban, tertiary care hospitals
staffed by emergency medicine resident physicians supervised by
board-certified emergency medicine attending physicians. The
study was approved by the institutional review board of Carolinas
Healthcare System (09-06-02A), and all participants or their sur-
rogates provided written informed consent for participation. The
trial was registered on clinicatrials.gov, identifier NCT00372502.

The detailed methods of the study have been described
previously.'? In brief, consecutive patients presenting to one of
the participating EDs were eligible for enrollment if they were
aged > 17 years, had confirmed or suspected infection, two or
more systemic inﬂammatory response criteria,'? and hypotension
after fluid challenge or a blood lactate concentration of =4 mM.
After enrollment, patients were randomly assigned to one of
two groups. Each group received structured quantitative resus-
citation while in the ED with iterative steps of IV crystalloid to
achieve a central venous pressure >8 mm Hg, followed by vaso-
pressors to obtain a mean arterial pressure > 65 mm Hg, and finally
packed RBC transfusion or administration of inotropes to achieve
a Scvo, =70% or a lactate clearance of 10%, depending on treat-
ment group assignment. The study protocol was continued until
all end points were achieved or for a maximum of 6 h. The pub-
lished results of this study showed a 6% (95% CI, —3% to 14%)
in-hospital mortality difference favoring the lactate clearance group,
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confirming the primary hypothesis of noninferiority between the
two resuscitation end points.2

As a part of the study protocol, research staff was instructed
to perform blinded measurements of lactate clearance if patients
were randomized to the Scvo, arm. Blinded lactate measurements
were performed by the research coordinator on a bedside point-
of-care device, and results were printed onto a hard copy that was
immediately gathered by the research coordinator. Measure-
ments were performed using a deidentified patient identification
number, which did not synchronize with the electronic medical
record, and the treating clinicians had no way to access the data.
At the suggestion of our hospital regulatory board, the simulta-
neous blinded measurements were encouraged, but not mandated,
and, therefore, we expected they would not be performed on all
subjects. Initial point-of-care lactate measurements were typically
performed on the first blood draw, prior to any resuscitation except
prehospital fluids. For the present study, we included patients
with an abnormal initial lactate (=2 mM) who received at least
two lactate measurements in the first 6 h of resuscitation in the ED.

Data Analysis and Outcomes

The primary outcome was in-hospital survival. Demographics
and baseline characteristics of survivors were compared with those
of nonsurvivors. Continuous data were compared using t tests or
Mann-Whitney tests, and categorical data were compared using x>
or Fisher exact tests, as appropriate.

Normalization of lactate was defined as a lactate decline
to <2.0 mM. Absolute clearance (initial value minus delayed value),
relative clearance (absolute clearance divided by initial value and
the result multiplied by 100), and clearance rate (relative clear-
ance divided by clearance time) were calculated. Receiver oper-
ating characteristic (ROC) curves were constructed for the ability
of initial lactate, absolute clearance, relative clearance, and clear-
ance rate to predict survival, and the area under the curve was
calculated. Based on the ROC curves, lactate clearance cutoffs
maximizing sensitivity and specificity were selected. Data were
analyzed and ORs predicting survival between groups meeting
and those failing to meet these various predefined lactate clearance
parameters were calculated using Fisher exact tests with 95% CI.

To account for potential confounders, a multivariate logistic
regression model was created using in-hospital survival as the
dependent variable. Candidate variables were selected based on
known predictors of mortality and differences in survivors and
nonsurvivors in the bivariate analysis, and the model was refined
using reverse stepwise elimination. Adjusted ORs were calculated
and are presented with 95% CIs. A post hoc subgroup analysis was
performed in patients receiving catecholamine infusion vs patients
who did not. Catecholamine infusion was defined as adminis-
tration of dopamine or norepinephrine at any dose for any period
of time while the patient was undergoing resuscitation in the ED
and serial lactate measurements were being measured. As patients
could have been enrolled in the study with hypotension but with-
out an elevated lactate level, a portion of patients in our study had
a lactate level between 2 mM and 4 mM, thus, a post hoc analysis
evaluating measures of lactate clearance was conducted in this
subgroup as well. All statistical tests were two sided with P <.05
considered significant. Data were analyzed using commercially
available statistical software (StatsDirect 2.7.7; StatsDirect Ltd
and Stata 10.0; StataCorp LP).

RESULTS

Of 272 patients who had two serial lactate measure-
ments, an initial lactate level =2 mM was present in
187 (69%), which composed the final study group. The
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overall survival in this group was 143 of 187 patients
(76.5%). Clinical and laboratory characteristics of the
entire cohort, and specifically of survivors vs nonsur-
vivors, can be found in Table 1. Median initial lactate
level was 4.4 mM (interquartile range [IQR], 3.0-6.6),
and the median absolute lactate clearance, median
relative lactate clearance, and median relative lactate
clearance rate were 1.9 mM (IQR, 0.8-3.0 mM), 41%
(IQR, 19%-61%), and 18% per hour (IQR, 9%-25%),
respectively. Thirty-six percent of patients (68 of 187)
normalized their lactate level during the first 6 h of
resuscitation. The lactate clearance interventional arm
comprised 98 of the 187 patients (52%) included in
the present analysis vs 89 patients in the control arm.
There was no difference in mean or median number

Table 1—Patient Demographics and
Clinical Characteristics

Survivors Nonsurvivors
Variable (n=143) (n=44) P Value®
Age, mean (SD), y 60.0 (16.7) 67.0 (13.7) 01
Race
White 75 (52.4) 27 (61.4) .30
Black American 54 (37.8) 16 (36.4) 87
Hispanic 13 (9.0) 0(0.0) .03
Other 1(0.7) 1(2.2) 42
Sex 73
Male 77 (53.8) 25 (56.8)
Female 66 (46.2) 19 (43.2
Preexisting conditions
Diabetes mellitus 52 (36.4) 21 (47.7) 18
COPD 26 (18.1) 9(20.5) .83
End-stage renal disease 16 (11.2) 5(11.4) .99
Cirrhosis 14 (9.8) 4(9.1) .99
HIV-positive status 13 (9.1) 2(4.6) 53
Baseline laboratory values,
median (IQR)
Hemoglobin, mg/dL 11.3(9.8,13.4) 11.6 (9.9, 13.8) .66
Creatinine, mg/dL 1.7(1.1,29) 25(1.5,3.6) .03
Total bilirubin, mg/dL 1.1(0.6,1.8) 0.8(0.7,1.4) 33
Initial lactate level, mM 4.3 (3.0,6.1) 5.9(3.4,8.3) .007
Disease severity,
median (IQR)"
SOFA score 6(4,9) 9.5 (6,12) <.001
Treatments
Lactate clearance 76 (53.2) 22 (50.0) 71
protocol
1V fluids 4 4.0(2.5,5.5) 4.3(3.0,5.0) .54
median (IQR)
Vasopressors 86 (60.1) 31 (70.5) 22
Inotropes 5(3.5) 2 (4.6) 67
Transfusion of PRBCs 7(4.9) 2 (4.6) 99
Mechanical ventilation 41 (28.7) 31 (70.5) <.001
Corticosteroids? 18 (12.6) 8(18.2) 35
Activated protein C 1(0.7) 2 (4.6) 14

Data given as total No. (%) unless otherwise indicated. IQR = inter-
quartile range; PRBC = packed RBC; SOFA = Sequential Organ Fail-
ure Assessment.

sComparing survivors vs nonsurvivors.

bAt O h.

<In the first 6 h.

dAfter initial 2 L bolus.
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of lactate measurements between the two interven-
tional arms in the parent study. Repeat lactate mea-
surements were taken after a median of 133 min (IQR,
112-175 min) after the initial measurement.

Figure 1 shows the ROCs for initial lactate, relative
lactate clearance, lactate clearance rate, and absolute
lactate clearance. The area under the curve was high-
est for relative lactate clearance (0.67) followed by
initial lactate (0.64), lactate clearance rate (0.58), and
absolute lactate clearance (0.56). Optimal relative lac-
tate clearance based on the ROC curve to maximize
the OR was 50%. Absolute and relative clearance rate
had poor predictive value, with optimal clearance
of 0.1 mM and 16% relative clearance per hour. Nei-
ther of these values was significantly associated with
survival. Mortality rates in patients with lactate clear-
ance rates of 5%, 10%, 15%, 20%, 25%, and 30% per
hour were similar: all between 18% to 21% without a
clear trend. None of these rates demonstrated a sta-
tistically significant association with survival.

In the unadjusted analysis, lactate normalization
was the best predictor of survival (OR, 6.3; 95% CI,
2.4-17.0), followed by lactate clearance of 50% (OR, 4.3;
95% CI, 1.8-10.2). Initial lactate value of 2 to 4 mM
(OR, 1.5;95% CI, 0.8-3.3) compared with >4 mM and
lactate clearance of 10% were not statistically signifi-
cant (OR, 1.7; 95% CI, 0.8-4.0). The final multivariate
model constructed to control for cofounding included
age, initial Sequential Organ Failure Assessment
(SOFA) score, and initial lactate, demonstrated good
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FIGURE 1. Receiver operator curves of initial lactate, absolute and
relative lactate clearance, and lactate clearance rates in patients
with an initial lactate >2 mM. AUC = area under the curve.
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calibration by the method of Hosmer-Lemeshow
(P =.35). While creatinine and mechanical ventilation
were significantly different in the bivariate analysis,
these measures are part of the SOFA score, and thus
were dropped in the final model due to colinearity.
When added individually to the model, relative lactate
clearance of 50% and lactate normalization were sig-
nificant independent predictors of survival (P =.005
and P = .0045, respectively). The adjusted ORs dem-
onstrated no significant changes in the point estimates.
The unadjusted and adjusted ORs are summarized
in Table 2.

To assess for potential confounding by catecholamine-
induced lactate production, the analysis was repeated
after exclusion of patients receiving catecholamine
vasopressors (n=113). Only relative lactate clearance
of 50% remained a statistically significant predictor
of survival, probably due to loss of statistical power
to detect a difference (data not shown). To assess for
potential confounding by study allocation arm, the
intervention (lactate clearance) arm was added to our
multivariate analysis and demonstrated no significant
impact on the model nor the resulting ORs.

As patients could be included in the study with
hypotension but without a lactate level >4 mM, this
group was analyzed as a post hoc subgroup. This sub-
group analysis demonstrated lower adjusted ORs for
all studied measures of lactate clearance, with the
same trend of strength of association that was found
for the entire cohort (ie, lactate normalization was
greater than relative lactate clearance of 50%, which
was greater than relative lactate clearance of 10%).
Lactate normalization and relative clearance of 50%
remained statistically significant predictors of survival
in this subgroup.

Di1scuUssIioON

In this large, prospective study of early ED-based
sepsis resuscitation, we obtained two subsequent
whole-blood lactate measurements 2 h apart during
early resuscitation and compared the association of
various measures of lactate kinetics with in-hospital
survival. To our knowledge, no study has directly com-
pared various measures of lactate kinetics, including
rate of lactate clearance and lactate normalization, in

patients in the ED with septic shock undergoing early
aggressive resuscitation. We found that normalization
of lactate was a significant predictor of survival and
was superior to other measures of lactate kinetics
even after adjusting for potential confounders. Unsur-
prisingly, we found that nonsurvivors were signifi-
cantly more likely to require mechanical ventilation,
present with renal failure, and present with high ini-
tial lactate levels. However, even after adjustment for
these potential confounders in our multivariate model,
lactate normalization and relative lactate clearance of
50% were strong independent predictors of survival.
These data suggest that lactate normalization may be
an important resuscitation end point for investigation
in future studies of sepsis resuscitation.

The prognostic value of initial lactate measurements
in sepsis has been previously described.s!415 Addition-
ally, delayed clearance of lactate in the initial days
of ICU treatment of septic shock has been associated
with poor outcomes, as demonstrated by Bakker et al.1®
Nguyen et al* demonstrated that early lactate clearance
in patients in the ED undergoing early goal-directed
therapy was associated with improved outcome, with
a mean relative lactate clearance of 38% in survivors
vs 12% in nonsurvivors. In their study, a relative lac-
tate clearance of 10% was associated with the best
combination of sensitivity and specificity for pre-
dicting survival after adjusting for other predictors
of mortality, including initial lactate level. In con-
trast, we observed increasing survival among patients
meeting higher relative lactate clearance parame-
ters (specificity) without losing sensitivity (Table 2).
We suspect one major reason for this difference may
be the difference in initial lactate value: a mean base-
line value of 6.9 mM in the study by Nguyen et al® vs the
median 4.4 mM in our study. Additionally, Armold et al'®
confirmed the value of a relative lactate clearance
of 10% in a multicenter study of ED patients under-
going resuscitation for severe sepsis, but did not eval-
uate other lactate clearance measurements, limiting
comparisons to other lactate clearance parameters. Our
findings enhance these previous reports by suggesting
that both a relative lactate clearance of 50% and lac-
tate normalization are more strongly associated with
survival than previously reported clearance measures,
including relative clearance of 10%.

Table 2—Summary of Measures of Lactate Clearance in Patients: Association With Survival

Patients Meeting Survival of Those Survival of Those Failing

Variable Criteria® Meeting Criteria to Meet Criteria Unadjusted OR 95% CI  Adjusted OR 95% CI
Lactate normalization 68 (36) 93 67 6.3 2.4-17.0 5.2 1.7-15.8
Relative lactate clearance 50% 71 (38) 90 68 4.3 1.8-10.2 4.0 1.6-10.0
Relative lactate clearance 10% 159 (85) 78 68 1.7 0.8-4.0 1.6 0.6-4.4
Initial lactate level 2-4 mM 83 (44) 81 73 1.5 0.8-3.1 1.2 0.5-2.5

Data given as %, unless otherwise indicated.
“Data given as total No. (%).
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A study by Nichol et al'” suggested that time-
weighted changes in lactate level in heterogeneous
critical care patients in the first 24 h is predictive of
survival. This study included all critically ill patients
who received two lactate measurements over the first
24 h of their hospitalization. However, other pub-
lished data suggest that lactate clearance may have
different meaning in patients depending upon under-
lying pathology. This may be particularly true with
patients with low oxygen transport states, where lac-
tate clearance was not as predictive of outcome as
in patients with sepsis.'s This difference between
patient populations should not be surprising given
the complexity of lactate production and metabolism
in sepsis, influenced by both aerobic and anaerobic
processes,' and the finding that quantitative resus-
citation protocols only seem to offer benefit when
initiated early.> Furthermore, in hemodynamically
stable patients with mild elevations in lactate level,
these mild elevations appear to result primarily from
decreased clearance rather than increased produc-
tion.? Given the variety of different causes for elevated
lactate values, it may be inappropriate to compare lac-
tate clearance in the hemodynamically stable patient
in the ICU to those in the most proximate and acute
phases of resuscitation. Thus, our data provide addi-
tional value by focusing on the acute phase of resus-
citation of patients with severe sepsis and septic shock,
and provide potentially important associative data for
considering alternative resuscitation end points in early
sepsis resuscitative care.

There continues to be scientific uncertainty about
the optimal end points to target during early sepsis
resuscitation. Recently, our group'? and others?! have
shown that lactate clearance is a viable resuscitative
end point. In the parent randomized control trial
from which the present data are derived, relative lac-
tate clearance of 10% was shown to be noninferior
to Scvo, as the final goal in early sepsis resuscitation.'?
This goal was chosen based on a single study in the
literature at the time comparing multiple levels of
relative lactate clearance.® The study by Jansen et al*!
found that the addition of a relative lactate clearance
goal of 20% improved survival in patients with septic
shock, although in should be noted that these patients
also received a comprehensive resuscitation strategy
including Scvo,. In the present report, we extend our
previous findings by investigating other parameters
derived from serial lactate measurements during resus-
citation. We found that lactate normalization had the
strongest association with survival as compared with
absolute clearance, relative clearance, and rate of
clearance. We interpret these data to suggest that
future experimental studies of sepsis resuscitation
should investigate lactate normalization or higher
levels of relative lactate clearance as resuscitation end
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points so that the relative benefits of driving addi-
tional lactate clearance with targeted therapies can
be weighed against the risks of excessive fluid or vaso-
active medication administration in the context of a
well-designed clinical trial.

Interestingly, the rate of lactate clearance was not
independently associated with survival, suggesting that
the rapidity with which the lactate level is lowered is
not as important as either the magnitude of clearance
or achieving normalization within the first 6 h of resus-
citation. However, while repeat lactate values were
measured approximately 2 h apart (median = 133 min;
IQR, 112-175 min), limitations within the clinical trial
prevented exact timing of repeat measurements. While
lactate clearance rates were calculated based upon the
number of minutes between measurements, it is pos-
sible that patients who had the repeat measurement
done at a relatively later time had actually cleared
their lactate some time earlier prior to measurement,
leading to a measurement bias and underestimate
of lactate clearance rate. Therefore, the authors urge
caution in interpretation of clearance rate data and
suggest this as a possible area of future investigation.

The strengths of this study are that patients had
predefined serial lactate measurements during the ini-
tial phase of their resuscitation, and underwent early,
aggressive, and prescribed resuscitation protocols.
Multiple measures of lactate clearance were directly
compared in the same patients, including previously
unreported measures in this population of lactate clear-
ance rate and lactate normalization.

Several weaknesses of this study deserve consider-
ation as well. First, measures of lactate clearance are
only useful in patients with hyperlactatemia. Second,
lactate clearance was the final decision point in the
resuscitation strategy to determine adequacy of oxygen
delivery, and interventions targeting lactate clearance
may have influenced our results in some patients, though
such an interaction was not evident in our modeling.
Third, this study was conducted at institutions with
established ED-based quantitative resuscitation pro-
grams for sepsis prior to initiation of the study. There-
fore, our results may not be generalizable to centers
less experienced with early quantitative resuscitation.
Fourth, patients were enrolled into one of two treatment
protocols; however, assignment of treatment protocol
did not differ between survivors and nonsurvivors, nor
between patients who normalized and failed to nor-
malize their lactate levels. Fifth, lactate measurements
occurred approximately 2 h apart, and it is possible our
calculated lactate clearance rates are an underestimate
of the true value; thus, the value of lactate clearance
rate remains an area for further investigation. Finally,
based on our study design, we cannot rule out the influ-
ence of catecholamine-driven lactate production on the
various measures of lactate clearances we studied.
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CONCLUSIONS

In patients with sepsis in the ED, undergoing early
quantitative resuscitation, normalization of whole-
blood lactate during resuscitation was more strongly
associated with survival than any absolute value or
absolute/relative change in lactate levels. Future stud-
ies should address if strategies targeting lactate nor-
malization leads to improved outcomes.
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