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Abstract

This study evaluated the prognostic ability of lactate normalization achieved within 6 and 24
h from septic shock recognition. Data from a septic shock registry from October 2015 to Feb-
ruary 2017 were reviewed. The study included 2,102 eligible septic shock patients to ana-
lyze the prognostic ability of lactate normalization, defined as a follow-up lactate level <2
mmol/L within six hours of bundle therapy and within 24 hours of delayed normalization. The
primary outcome was 28-day mortality. The overall 28-day mortality rate was 21.4%. The
rates of lactate normalization within 6 and 24 h were significantly higher in the survivor
groups than in the non-survivor group (42.4% vs. 23.4% and 60.2% vs. 31.2%; P<0.001,
respectively). Multivariate logistic regression analysis showed that both 6- and 24-h lactate
normalization were independent predictors (odds ratio [OR] 0.58, 95% confidence interval
[CI] 0.45-0.75, p<0.001 and OR 0.42, 95% CI 0.33—0.54, p<0.001, respectively). When we
could not achieve the lactate normalization, the sensitivity, specificity, positive, and negative
predictive value to predict mortality were 76.6%, 42.4%, 26.5% and 87.0% respectively for
6-h normalization, and 68.8%, 60.2%, 32.0% and 87.7% respectively for 24-h normalization.
Besides 6-h lactate normalization, 24-h delayed lactate normalization was associated with
decreasing mortality in septic shock patients. Lactate normalization may have a role in early
risk stratification and as a therapeutic target.
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Introduction

Hyperlactatemia in sepsis and septic shock occurs as a result of tissue hypoxia, accelerated aer-
obic glycolysis driven by excess beta-adrenergic stimulation, or other cause. Regardless of the
source, increased lactate levels are associated with a poor prognosis.[1] Lactic acidosis can
cause reduced cardiac contractility and vascular hypo-responsiveness to vasopressors through
various mechanisms.[1] Moreover, in normotensive patients with sepsis, lactate concentra-
tions above 4 mmol/L were independently correlated with a higher mortality rate and, there-
fore, require urgent recognition and proper resuscitation.[2] Additionally, high initial lactate
level as well as prolonged time to lactate normalization was also associated with increased mor-
tality.[3] Previous reports have demonstrated improved outcomes in patients with severe sep-
sis and septic shock who achieved both lactate clearance and lactate normalization.[4-6] Since
2013, Surviving Sepsis Campaign (SSC) guidelines have recommended bundle therapy for
patients with sepsis and septic shock, including measurements of lactate level within 3 h and
re-measurement at 6 h in cases with elevated initial lactate level.[7]

A significant reduction in mortality was seen in lactate-guided resuscitation compared to
that in resuscitation without lactate monitoring (relative risk [RR] 0.67; 95% CI, 0.53-0.84; low
quality) in five randomized controlled trials including a total of 647 patients.[5,8-11] The SSC
recommended lactate normalization as a target of resuscitation in patients with elevated lactate
level, with a goal to achieve normalization as rapidly as possible.[12]

Early risk stratification and prognostication in patients with septic shock are important
because high-risk patients may benefit from earlier clinical interventions, whereas low-risk
patients may benefit from avoiding unnecessary procedures. Although a previous study
showed that both initial lactate level and normalization time were significantly associated with
an increased risk of death in intensive care unit (ICU) patients,[3] the prognostic value of lac-
tate normalization in septic shock patients has not been fully established, especially regarding
delayed lactate normalization.

Therefore, the present study assessed the prognostic ability of lactate normalization
achieved within 6 and 24 h from shock recognition in septic shock patients treated with proto-
col-driven resuscitation bundle therapy at emergency departments (EDs).

Materials and methods
Setting and study population

This multicenter prospective, observational, registry-based study used data from the Korean
Shock Society (KoSS septic shock registry) registry. The KoSS, a multicenter clinical research
consortium for septic shock, was organized in 2013 and its investigators have prospectively
collected data from septic shock patients at the EDs of 10 teaching hospitals throughout South
Korea from October 2015. The institutional review board of Asan Medical Center [2015-
1253] and each institution (Korea University Anam and Guro Hospital [HRPC2016-184],
[KUGH15358-001], Samsung Medical Center [SMC2015-09-057], Yonsei University College
of Medicine Severance Hospital [4-2015-0929], Gangnam Severance Hospital [3-2015-0227],
Seoul National University Bundang Hospital [B-1409/266-401], Seoul National University
College of Medicine [J-1408-003-599], Seoul National University Boramae Medical Center
[16-2014-36], Hanyang University Hospital [HYUH2015-11-013-007], and Hallym University
College of Medicine Gangnam Sacred Heart Hospital [2015-11-142]) approved the study pro-
tocol, and written informed consent was obtained before data collection.

Adult (aged >18 years) septic shock patients, defined as suspected or confirmed infection
and evidence of refractory hypotension or hypoperfusion, were enrolled in the registry.[13-
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15] Refractory hypotension was defined as persistent hypotension (systolic blood pressure
[SBP] <90 mmHg, mean arterial pressure [MAP] <70 mmHg, or an SBP decrease of >40
mmHg after adequate intravenous fluid challenge [20-30 mL/kg or at least 1 L or more of crys-
talloid solution administered over 30 min]) or as the need for vasopressors after fluid resuscita-
tion.[16] Hypoperfusion was defined as a serum lactate concentration of 4 mmol/L or greater.
[7] Patients who signed a “Do Not Attempt Resuscitation” (DNAR) order, met the inclusion
criteria 6 h after ED arrival, were transferred from other hospitals without meeting the inclu-
sion criteria upon ED arrival, or were directly transferred from ED to other hospitals were not
enrolled in the KoSS septic shock registry. The case report form; standard definitions of 200
variables including clinical characteristics, therapeutic interventions, and outcomes of patients
with septic shock; and an investigator manual were developed based on a literature review and
a consensus of the study investigators. Data were collected via a standardized registry form
and was entered into a web-based electronic database registry. Outliers or incorrect values
were primarily filtered by this data entry system. Each site principal investigator also had a des-
ignated local research coordinator responsible for ensuring the accuracy of the data entry and
verifying records. The quality management committee (QMC) consisting of emergency physi-
cians, local research coordinators, and investigators in each ED was organized to regularly
monitor and review the data quality. The QMC provided feedback to the research coordinators
and investigators based on the results of the quality management process through the query
function in the system or directly by phone to clarify data.

Data collection

KoSS septic shock registry data were collected from October 2015 to December 2017. Demo-
graphic and clinical data, including age, gender, previous medical history, initial vital signs,
severity, and laboratory values on admission, and interventions were retrieved from the regis-
try. Sequential Organ Failure Assessment (SOFA) and Acute Physiology and Chronic Health
Evaluation (APACHE) II scores were evaluated using the worst parameters within 24 h after
ED arrival.

All laboratory data including lactate level were measured at the ED upon initial septic shock
recognition. The normal range of lactate level was defined <2 mmol/L and we recorded the
categorical variable of lactate normalization timing according to category (<6 h, <24 h, and
did not normalize) until 24 h from shock recognition.

The primary clinical outcome of this study was the 28-day mortality rate. We evaluated the
predictive ability of 6- and 24-h lactate normalization for 28-day mortality.

Statistical analysis

Continuous variables were expressed as means + standard deviation (SD) or as medians with
interquartile range (IQR) if the assumption of a normal distribution was violated. Categorical
variables were expressed as numbers and percentages. To analyze the baseline characteristics
and laboratory examinations in the survivor and non-survivor groups, Student’s ¢-tests were
used to compare the means of normally distributed continuous variables, whereas Mann-
Whitney U-tests were used to compare non-normally distributed continuous data. Chi-
squared or Fisher’s exact tests were used to compare categorical variables. Multivariate analy-
ses were performed using logistic regression with a backward elimination method to evaluate
the association between clinical factors including each 6- and 24-h lactate normalization and
28-day mortality. Variables with p-value < 0.05 in the univariate analysis were considered in
the multivariate analyses. The results of the multivariate logistic regression analysis were
reported as odds ratios (ORs) and 95% confidence intervals (CIs).
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All tests in this study were two-sided, and p-values <0.01 were considered statistically sig-
nificant. All statistical analyses were performed using IBM SPSS Statistics for Windows, ver-
sion 20.0 (IBM Corp., Armonk, NY, USA).

Results

During the study period, 2,264 eligible septic shock patients were enrolled in the registry. We
excluded 162 patients with missing data, leaving 2,102 patients who were included in the pres-
ent study. Of the included patients, 806 (38.3%) achieved lactate normalization within 6 h
from recognition, with a mortality rate lower than that in the group that did not achieve nor-
malization within 6 h (13.0% vs. 26.5%). In addition, 135 (1,135/2,102, 54.0%) patients
achieved lactate normalization within 24 h from recognition; their mortality rate was also
lower than that of the patients who did not achieve normalization within 24 h (12.3% vs.
32.0%) (Fig 1).

The overall mortality rate of included patients was 21.4%. Comparison of the survivor
group (1,653 patients) to the non-survivor group (449 patients) revealed that the non-survivor
group was significantly older (67.0 + 13.5 vs. 70.2 + 12.7 years, p<0.001), predominantly male
(57.5% vs. 64.1%, p = 0.011), and had a higher prevalence of diabetes (29.5% vs. 34.3%,

p = 0.048) and malignancy (21.8% vs. 28.5%, p = 0.003). The initial pulse rate was higher in
survivor group (109.5 + 24.9 vs. 106.8 + 24.8 beats/min, p = 0.047). In the laboratory test
results, creatinine, aspartate transaminase, initial lactate levels and C-reactive protein were
higher in the non-survivor group (1.3 [0.9-2.0] vs. 1.6 [1.0-2.5], p<0.001; 38.0 [24.0-78.0] vs.
45.5 [27.3-104.8], p<0.001; 3.0 [1.8-4.9] vs. 4.7 [2.7-8.5], p<0.001, and 11.9 [4.2-21.2] vs.

Eligible patients in the septic shock
registry (n=2,264)

Exclusions: Missing mortality data (n=126)
Missing lactate data (n=36)

Included patients
(n=2,102)

Six-hour
normalization
(n=806, 38.3%)

Not normalized
in six hours
(n=1,296, 61.7%)

24-hour
normalization
(n=1,135, 54.0%)

Not normalized
in 24-hours
(n=967, 46.0%)

Mortality
(n=105, 13.0%)

Mortality
(n=344, 26.5%)

Mortality
(n=140, 12.3%)

Mortality
(n=309, 32.0%)

Fig 1. Diagram of the included patients.
https://doi.org/10.1371/journal.pone.0217857.9001
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Table 1. Baseline and clinical characteristics and laboratory findings.

28-day mortality

Age, years

Male

Past medical history
Hypertension
Stroke
Diabetes
Cardiovascular disease
Chronic liver disease
Malignancy

Vital signs at shock recognition
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
Pulse rate, beats/min

Laboratory findings
White blood cell count, x 10*/uL
Hemoglobin, g/dL
Creatinine, mg/dL
Aspartate transaminase, IU/L
Alanine transaminase, IU/L
Initial lactate, mmol/L
C-reactive protein, mg/dL

6 hour lactate normalization

24 hour lactate normalization

SOFA score

Total Survivor Non-survivor p-value
(n=2,102) (n=1,653) (n=449)

67.7 +13.4 67.0 £ 13.5 702 £12.7 <0.001
1238 (58.9) 950 (57.5) 288 (64.1) 0.011
865 (41.2) 677 (41.0) 188 (41.9) 0.727
190 (11.5) 190 (11.5) 62 (13.8) 0.181
641 (30.5) 487 (29.5) 154 (34.3) 0.048
278 (13.2) 219 (13.2) 59 (13.1) 0.952
250 (11.9) 191 (11.6) 59 (13.1) 0.357
489 (23.3) 361 (21.8) 128 (28.5) 0.003
99.5 £29.6 99.8 £ 30.0 98.5 £28.2 0.426
60.5+19.3 60.6 £19.5 60.1 +18.2 0.642
108.9 +24.9 109.5 + 24.9 106.8 + 24.8 0.047
10.4 [5.2-17.1] 10.5 [5.5-17.0] 10.3 [4.2-17.1] 0.214
11.0£2.5 11.1£25 10.6 2.8 <0.001
1.4[0.9-2.2] 1.3 [0.9-2.0] 1.6 [1.0-2.5] <0.001
40.0 [25.0-83.0] 38.0 [24.0-78.0] 45.5 [27.3-104.8] <0.001
26.0 [15.0-54.0] 26.0 [15.0-53.0] 25.0 [14.0-59.0] 0.998
3.3 [1.9-5.4] 3.0 [1.8-4.9] 4.7 [2.7-8.5] <0.001
12.4 [4.6-21.9] 11.9 [4.2-21.2] 14.6 [6.0-25.1] 0.001
806 (38.3) 701 (42.4) 105 (23.4) <0.001
1,135 (54.0) 995 (60.2) 140 (31.2) <0.001
83+£38 7.7+£35 10.7 £ 4.1 <0.001

Values were expressed as means + standard deviation, medians [interquartile range], or numbers (%). Abbreviation: SOFA, sequential organ failure assessment

https://doi.org/10.1371/journal.pone.0217857.t001

14.6 [6.0-25.1], p = 0.001 respectively). However, hemoglobin was higher in survivor group
(11.1 £2.5vs.10.6 + 2.8, p<0.001). Finally, the SOFA score was also higher in non-survivor
group (10.7 + 4.1 vs. 7.7 £ 3.5, p-values <0.001) (Table 1).

Multivariate analysis of 6-h lactate normalization adjusted for age, sex, past medical history
of diabetes and malignancy, pulse rate, hemoglobin, creatinine, aspartate transaminase, C-
reactive protein and SOFA score which had p<0.05 in univariate analysis. However, we did
not adjust initial lactate level because it may interact to the value of lactate normalization
which was calculated with initial lactate level. As a result, the 6-h lactate normalization, age,
malignancy history, initial pulse rate, hemoglobin, and SOFA score were independently associ-
ated with 28-d mortality (OR 0.58 [95% CI 0.45-0.75], p<0.001; OR 1.03 [95% CI 1.02-1.04],
P<0.001; OR 1.53 [95% CI 1.17-2.00], p = 0.002; OR 1.01 [95% CI 1.01-1.02], p<0.001; OR
1.01 [95% CI 1.01-1.02], p<0.001, and OR 1.14 [95% CI 1.09-1.19], p<0.001, respectively). In
addition, 24-h lactate normalization also showed independent association for the same factors
(OR 0.42 [95% CI 0.33-0.54], p<0.001; OR 1.03 [95% CI 1.02-1.04], p<0.001; OR 1.49 [95%
CI 1.13-1.95], p = 0.004; OR 1.01 [95% CI 1.01-1.02], p = 0.001; OR 0.91 [95% CI 0.87-0.96],
p =0.001, and OR 1.19 [95% CI 1.15-1.23], p<0.001, respectively) (Table 2). The p-values of
Hosmer and Lemeshow tests in both logistic regression analyses were 0.221 and 0.871, respec-
tively. And when we tested the collinearity with variance inflation factor, there was not any col-
linearity between independent variables in both analyses.
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Table 2. Univariate and multivariate analysis of 6 and 24 hour lactate normalization.

Logistic Regression analysis

Early lactate normalization

6 hour lactate normalization
Age

Sex (Male)

Diabetes

Malignancy

Pulse rate, beats/min
Hemoglobin, g/dL
Creatinine, mg/dL
Aspartate transaminase, IU/L
C-reactive protein, mg/dL
SOFA score

Late lactate normalization

24 hour lactate normalization
Age

Sex (Male)

Diabetes

Malignancy

Pulse rate, beats/min

Hemoglobin, g/dL

Creatinine, mg/dL

Aspartate transaminase, IU/L
C-reactive protein, mg/dL
SOFA score

Univariate analysis Multivariate analysis p-value
OR [95% CI] OR [95% CI]

OR 0.42 [95% CI 0.33-0.53] OR 0.58 [95% CI 0.45-0.75] <0.001
OR 1.02 [95% CI 1.01-1.03] OR 1.03 [95% CI 1.02-1.04] <0.001
OR0.76 [95% CI 0.61-0.94]
OR 1.25 [95% CI 1.00-1.56]
OR 1.43 [95% CI 1.13-1.81] OR 1.53 [95% CI 1.17-2.00] 0.002
OR 1.02 [95% CI 1.01-1.02] OR 1.01 [95% CI 1.01-1.02] <0.001
OR 0.92 [95% CI 0.88-0.96] OR 1.01 [95% CI 1.01-1.02] <0.001
OR 1.13 [95% CI 1.06-1.20]
OR 1.00 [95% CI 1.00-1.01]
OR 1.01 [95% CI 1.00-1.02]
OR 1.23 [95% CI 1.20-1.27] OR 1.14 [95% CI 1.09-1.19] <0.001
OR 0.30 [95% CI 0.24-0.37] OR 0.42 [95% CI 0.33-0.54] <0.001
OR 1.02 [95% CI 1.01-1.03] OR 1.03 [95% CI 1.02-1.04] <0.001
OR 0.76 [95% CI 0.61-0.94]
OR 1.25 [95% CI 1.00-1.56]
OR 1.43 [95% CI 1.13-1.81] OR 1.49 [95% CI 1.13-1.95] 0.004
OR 1.02 [95% CI 1.01-1.02] OR 1.01 [95% CI 1.01-1.02] <0.001
OR 0.92 [95% CI 0.88-0.96] OR 0.91 [95% CI 0.87-0.96] 0.001
OR 1.13 [95% CI 1.06-1.20]
OR 1.00 [95% CI 1.00-1.01]
OR 1.01 [95% CI 1.00-1.02]
OR 1.23 [95% CI 1.20-1.27] OR 1.19 [95% CI 1.15-1.23] <0.001

Multivariate analysis of each lactate normalization time were adjusted with Age, Sex, past history of diabetes, and malignancy, initial pulse rate, hemoglobin, creatinine,

aspartate transaminase, C-reactive protein, and SOFA score, Abbreviation: OR, Odds Ratio; CI, Confidence interval; SOFA, sequential organ failure assessment

https://doi.org/10.1371/journal.pone.0217857.t1002

Discussion

In this study, lactate normalization was an independent prognostic factor in septic shock
patients. Achieving normalization within not only 6 h from shock recognition but also within
24 h (delayed achievement) were independently associated with decreased mortality. To our
knowledge, this is the first report on delayed lactate normalization. This result may indicate
that lactate normalization has roles as an early prognostic marker as well as a therapeutic tar-
get. Therefore, physicians managing septic shock patients should make efforts to achieve lac-
tate normalization though prolonged resuscitation.

Normalization of lactate has been recommended in patients with elevated lactate levels tar-
geting resuscitation since the 2013 SSC guidelines[7]; however, previous studies reported evi-
dence of lactate clearance rather than normalization. Jansen et al. reported that a lactate level
decrease of at least 20% per 2 h for the first 8 h was associated with a 9.6% absolute reduction
in mortality[5] and a meta-analysis showed that lactate clearance is a useful biomarker.[4] In
the cardiac arrest patients who treated with extracorporeal cardiopulmonary resuscitation,
although lactate clearance did not predict mortality, it could predict a good neurologic out-
comes.[17] Moreover, lower delta-lactate at 24h after admission was associated with adverse
outcomes in critically ill patients.[18] In the present study, we found that lactate normalization
within 6 h of initial resuscitation significantly decreased mortality. A previous study that
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included septic shock patients with abnormal initial lactate level (>2 mmol/L) who received at
least two lactate measurements in the first 6 h of resuscitation in the ED reported comparable
results between lactate clearance and normalization.[19] In their study, both lactate normaliza-
tion and lactate clearance over 50% were associated with significantly increased survival
(adjusted OR 5.2 [95% CI 1.7-15.8] and adjusted OR 4.0 [1.6-10.0], respectively). However
initial lactate level and 10% lactate clearance were not associated with survival rate (adjusted
OR 1.2 [95% CI 0.5-2.5] and adjusted OR 1.6 [0.6-4.4]).[19]

There are few studies on lactate normalization as a prognostic factor in septic shock.[3,19-
21] A previous study showed that the effect of lactate clearance and normalization decreased
the rate of persistent organ dysfunction at 48 h in pediatric sepsis patients. Although lactate
clearance was not associated with a reduced persistent organ failure rate (RR 0.70 [95% CI
0.35-1.41]), lactate normalization was significantly associated (RR 0.46 [95% CI 0.29-0.73]).
Moreover, in subgroup analysis of the elevated initial lactate group only, lactate normalization
was associated with 48-h organ failure (RR 0.47 [95% CI 0.29-0.78]).[20] The ANDROME-
DA-SHOCK study, recent randomized clinical trial also reported that a resuscitation strategy
targeting normalization of capillary refill time did not show effectiveness than targeting serum
lactate level in 28-day mortality.[22] In our study, both 6- and 24-h lactate normalization was
associated with a lower SOFA score (OR [22]0.88 [95% CI 0.86-0.91] and OR 0.86 [0.84-
0.89]). Although we did not have long-term organ dysfunction data, the SOFA score, which
was the maximum organ dysfunction score within 24 h from shock, was also associated with
lactate normalization.

In sepsis patients, chronic liver disease and kidney failure cause hyperlactatemia due to
impairment of lactate clearance.[1] A previous study reported liver dysfunction to be signifi-
cantly associated with impaired lactate clearance and normalization during the early resuscita-
tion of sepsis.[21] Our study also showed that chronic liver disease decreased 6- and 24-h
lactate normalization rates (OR 0.45 [95% CI 0.33-0.61] and OR 0.60 [9 0.46-.78], respec-
tively). However, chronic kidney disease was not associated with lactate normalization (OR
1.15 [95% CI 0.83-1.59]) and OR 1.04 [0.76-1.44]). Chronic liver and kidney disease did not
differ between the survivor and non-survivor groups. Therefore, although chronic liver disease
may make lactate normalization challenging, physicians should make efforts to achieve lactate
normalization in survivors.

Zhang et al. reported that patients with lactate normalization had a significantly reduced
hazard rate compared to those without normalization (log-rank test: p<0.05). They analyzed
data from a public clinical database collected from the intensive care units (ICUs) of a univer-
sity hospital. The population included all ICU patients with initial arterial blood lactate level
>2 mmol/L. A Cox proportional hazard model was used. The median times for normalization
in total, survivors, and non-survivors were 20.7 [9.6-43.2], 19.9 [9.3-40.7], and 24.7 [11.5—
56.8] h, respectively, and the differences were statistically significant (p<0.001).[3] Although
the populations differed from those in the present study, we also showed a significantly higher
lactate normalization rate within 24 h for survivors than that in non-survivors (60.2% vs.
31.2%, p<0.001).

In our study, of 1,135 septic shock patients who achieved lactate normalization within 24 h
from shock recognition, 806 achieved normalization within 6 h, while 329 did so within 6-24
h. The 28-day mortalities in these groups were 23.4% (105/806) and 10.2% (35/329), respec-
tively, while that in the group of patients that did not achieve normalization within 24 h was
68.8% (309/967). During the early resuscitation period, various factors influence mortality in
septic shock. However, after initial resuscitation lactate goes to more predictable factor. Our
previous study comparing the timelines of lactate levels to predict mortality also showed the
value of late lactate levels after 6 h (OR for 0, 2, 4, 6,and 12 h: 1.17 [95% CI 1.11-1.23], 1.23
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[1.17-1.30], 1.30 [1.22-1.38], 1.33 [1.26-1.42], and 1.24 [1.19-1.30], respectively).[23]
Although lactate normalization rates decreased from 38.3% (806/2,102) at 6 h to 25.4% (329/
1,296) at 6-24 h, they were still high.

This study had several limitations. Since this study used data from a prospective multicenter
registry, the data were fixed and additional data could not be collected. The data on lactate nor-
malization were defined according to the first normalization time and were collected in three
categories: within 6 h, within 24 h, and unable to achieve normalization. Thus, some patients
developed re-hyperlactatemia after early lactate normalization. However, they also responded
to early resuscitation. For the same reasons, lactate measurement time was not controlled.
Some patients who achieved lactate normalization after 6 h from shock recognition might
have already achieved normalization during initial resuscitation.

Conclusions

Early lactate normalization within 6 h as well as delayed lactate normalization within 24 h
from shock recognition was also independently associated with mortality. Lactate normaliza-
tion may have a role in early risk stratification as well as a therapeutic target.

Supporting information

S1 File. Ryoo et al Lactate normalization PLOS ONE.sav. The minimal data set of this
research.
(SAV)

Acknowledgments

Thanks for the Korean Shock Society Investigators, Yoo Seok Park; Kyuseok Kim; Jong Hwan
Shin; Sung Woo Lee; Gu Hyun Kang; Tae Ho Lim; Han Sung Choi.

Author Contributions
Conceptualization: Seung Mok Ryoo, Won Young Kim.

Data curation: Seung Mok Ryoo, Tae Gun Shin, You Hwan Jo, Sung Phil Chung, Jin Ho
Beom, Sung-Hyuk Choi, Young -Hoon Yoon, Byuk Sung Ko, Hui Jai Lee, Gil Joon Suh.

Formal analysis: Seung Mok Ryoo.

Funding acquisition: Seung Mok Ryoo.

Investigation: Won Young Kim.

Methodology: Seung Mok Ryoo.

Project administration: Seung Mok Ryoo, Won Young Kim.
Resources: Ryeok Ahn.

Software: Ryeok Ahn.

Supervision: Tae Gun Shin, You Hwan Jo, Sung Phil Chung, Jin Ho Beom, Sung-Hyuk Choi,
Young -Hoon Yoon, Byuk Sung Ko, Hui Jai Lee, Gil Joon Suh, Won Young Kim.

Validation: Ryeok Ahn, Byuk Sung Ko.
Visualization: Ryeok Ahn.

Writing - original draft: Seung Mok Ryoo, Ryeok Ahn, Won Young Kim.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217857 June 3, 2019 8/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217857.s001
https://doi.org/10.1371/journal.pone.0217857

@ PLOS|ONE

Prognostic ability of lactate normalization in septic shock

Writing - review & editing: Seung Mok Ryoo, Ryeok Ahn, Won Young Kim.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Ryoo SM, Kim WY. Clinical applications of lactate testing in patients with sepsis and septic shock. Jour-
nal of Emergency and Critical Care Medicine. 2018; 2.

Casserly B, Phillips GS, Schorr C, Dellinger RP, Townsend SR, Osborn TM, et al. Lactate measure-
ments in sepsis-induced tissue hypoperfusion: results from the Surviving Sepsis Campaign database.
Crit Care Med. 2015; 43: 567-573. https://doi.org/10.1097/CCM.0000000000000742 PMID: 25479113

Zhang Z, Chen K, Ni H, Fan H. Predictive value of lactate in unselected critically ill patients: an analysis
using fractional polynomials. J Thorac Dis. 2014; 6: 995—1003. https://doi.org/10.3978/j.issn.2072-
1439.2014.07.01 PMID: 25093098

Zhang ZH, Xu X. Lactate Clearance Is a Useful Biomarker for the Prediction of All-Cause Mortality in
Critically lll Patients: A Systematic Review and Meta-Analysis. Critical Care Medicine. 2014; 42:2118—
2125. https://doi.org/10.1097/CCM.0000000000000405 WOS:000340780800036 PMID: 24797375

Jansen TC, van Bommel J, Schoonderbeek FJ, Sleeswijk Visser SJ, van der Klooster JM, Lima AP,

et al. Early lactate-guided therapy in intensive care unit patients: a multicenter, open-label, randomized
controlled trial. Am J Respir Crit Care Med. 2010; 182: 752—761. https://doi.org/10.1164/rccm.200912-
19180C PMID: 20463176

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The Third Inter-
national Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. 2016; 315: 801-810.
https://doi.org/10.1001/jama.2016.0287 PMID: 26903338

Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, et al. Surviving sepsis campaign:
international guidelines for management of severe sepsis and septic shock: 2012. Crit Care Med. 2013;
41: 580-637. https://doi.org/10.1097/CCM.0b013e31827e83af PMID: 23353941

Jones AE, Shapiro NI, Trzeciak S, Arnold RC, Claremont HA, Kline JA, et al. Lactate clearance vs cen-
tral venous oxygen saturation as goals of early sepsis therapy: a randomized clinical trial. JAMA. 2010;
303: 739-746. https://doi.org/10.1001/jama.2010.158 PMID: 20179283

Lyu X, Xu Q, Cai G, Yan J, Yan M. Efficacies of fluid resuscitation as guided by lactate clearance rate
and central venous oxygen saturation in patients with septic shock. Zhonghua Yi Xue Za Zhi. 2015; 95:
496-500. PMID: 25916923

Tian HH, Han SS, Lv CJ, Wang T, Li Z, Hao D, et al. The effect of early goal lactate clearance rate on
the outcome of septic shock patients with severe pneumonia. Zhongguo Wei Zhong Bing Ji Jiu Yi Xue.
2012; 24: 42-45. PMID: 22248751

Yu B, Tian HY, Hu ZJ, Zhao C, Liu LX, Zhang Y, et al. Comparison of the effect of fluid resuscitation as
guided either by lactate clearance rate or by central venous oxygen saturation in patients with sepsis.
Zhonghua Wei Zhong Bing Ji Jiu Yi Xue. 2013; 25: 578-583. https://doi.org/10.3760/cma.j.issn.2095-
4352.2013.10.002 PMID: 24119693

Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al. Surviving Sepsis Campaign:
International Guidelines for Management of Sepsis and Septic Shock: 2016. Crit Care Med. 2017; 45:
486-552. https://doi.org/10.1097/CCM.0000000000002255 PMID: 28098591

Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique MZ, Grieve RD, et al. Trial of early, goal-
directed resuscitation for septic shock. N Engl J Med. 2015; 372: 1301-1311. https://doi.org/10.1056/
NEJMoa1500896 PMID: 25776532

Pro Cl, Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA, et al. A randomized trial of proto-
col-based care for early septic shock. N Engl J Med. 2014; 370: 1683—-1693. https://doi.org/10.1056/
NEJMoa1401602 PMID: 24635773

Investigators A, Group ACT, Peake SL, Delaney A, Bailey M, Bellomo R, et al. Goal-directed resuscita-
tion for patients with early septic shock. N Engl J Med. 2014; 371: 1496—15086. https://doi.org/10.1056/
NEJMoa1404380 PMID: 25272316

Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001 SCCM/ESICM/ACCP/ATS/
SIS International Sepsis Definitions Conference. Crit Care Med. 2003; 31: 1250—1256. https://doi.org/
10.1097/01.CCM.0000050454.01978.3B PMID: 12682500

Jung C, Bueter S, Wernly B, Masyuk M, Saeed D, Albert A, et al. Lactate Clearance Predicts Good Neu-
rological Outcomes in Cardiac Arrest Patients Treated with Extracorporeal Cardiopulmonary Resuscita-
tion. J Clin Med. 2019; 8. https://doi.org/10.3390/jcm8030374 PMID: 30889788

Masyuk M, Wernly B, Lichtenauer M, Franz M, Kabisch B, Muessig JM, et al. Prognostic relevance of
serum lactate kinetics in critically ill patients. Intensive Care Med. 2019; 45: 55—61. https://doi.org/10.
1007/s00134-018-5475-3 PMID: 30478622

PLOS ONE | https://doi.org/10.1371/journal.pone.0217857 June 3, 2019 9/10


https://doi.org/10.1097/CCM.0000000000000742
http://www.ncbi.nlm.nih.gov/pubmed/25479113
https://doi.org/10.3978/j.issn.2072-1439.2014.07.01
https://doi.org/10.3978/j.issn.2072-1439.2014.07.01
http://www.ncbi.nlm.nih.gov/pubmed/25093098
https://doi.org/10.1097/CCM.0000000000000405
http://www.ncbi.nlm.nih.gov/pubmed/24797375
https://doi.org/10.1164/rccm.200912-1918OC
https://doi.org/10.1164/rccm.200912-1918OC
http://www.ncbi.nlm.nih.gov/pubmed/20463176
https://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
https://doi.org/10.1097/CCM.0b013e31827e83af
http://www.ncbi.nlm.nih.gov/pubmed/23353941
https://doi.org/10.1001/jama.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/20179283
http://www.ncbi.nlm.nih.gov/pubmed/25916923
http://www.ncbi.nlm.nih.gov/pubmed/22248751
https://doi.org/10.3760/cma.j.issn.2095-4352.2013.10.002
https://doi.org/10.3760/cma.j.issn.2095-4352.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24119693
https://doi.org/10.1097/CCM.0000000000002255
http://www.ncbi.nlm.nih.gov/pubmed/28098591
https://doi.org/10.1056/NEJMoa1500896
https://doi.org/10.1056/NEJMoa1500896
http://www.ncbi.nlm.nih.gov/pubmed/25776532
https://doi.org/10.1056/NEJMoa1401602
https://doi.org/10.1056/NEJMoa1401602
http://www.ncbi.nlm.nih.gov/pubmed/24635773
https://doi.org/10.1056/NEJMoa1404380
https://doi.org/10.1056/NEJMoa1404380
http://www.ncbi.nlm.nih.gov/pubmed/25272316
https://doi.org/10.1097/01.CCM.0000050454.01978.3B
https://doi.org/10.1097/01.CCM.0000050454.01978.3B
http://www.ncbi.nlm.nih.gov/pubmed/12682500
https://doi.org/10.3390/jcm8030374
http://www.ncbi.nlm.nih.gov/pubmed/30889788
https://doi.org/10.1007/s00134-018-5475-3
https://doi.org/10.1007/s00134-018-5475-3
http://www.ncbi.nlm.nih.gov/pubmed/30478622
https://doi.org/10.1371/journal.pone.0217857

@ PLOS | O N E Prognostic ability of lactate normalization in septic shock

19. Puskarich MA, Trzeciak S, Shapiro NI, Albers AB, Heffner AC, Kline JA, et al. Whole blood lactate kinet-
ics in patients undergoing quantitative resuscitation for severe sepsis and septic shock. Chest. 2013;
143: 1548—1553. https://doi.org/10.1378/chest.12-0878 PMID: 23740148

20. Scott HF, Brou L, Deakyne SJ, Fairclough DL, Kempe A, Bajaj L. Lactate Clearance and Normalization
and Prolonged Organ Dysfunction in Pediatric Sepsis. J Pediatr. 2016; 170: 149-155 e141-144.
https://doi.org/10.1016/j.jpeds.2015.11.071 PMID: 26711848

21. Sterling SA, Puskarich MA, Jones AE. The effect of liver disease on lactate normalization in severe sep-
sis and septic shock: a cohort study. Clin Exp Emerg Med. 2015; 2: 197-202. https://doi.org/10.15441/
ceem.15.025 PMID: 27752598

22. Hernandez G, Ospina-Tascon GA, Damiani LP, Estenssoro E, Dubin A, Hurtado J, et al. Effect of a
Resuscitation Strategy Targeting Peripheral Perfusion Status vs Serum Lactate Levels on 28-Day Mor-
tality Among Patients With Septic Shock: The ANDROMEDA-SHOCK Randomized Clinical Trial.
JAMA. 2019; 321: 654—664. https://doi.org/10.1001/jama.2019.0071 PMID: 30772908

23. Ryoo SM, Ahn R, Lee J, Sohn CH, Seo DW, Huh JW, et al. Timing of Repeated Lactate Measurement
in Patients With Septic Shock at the Emergency Department. Am J Med Sci. 2018; 356: 97-102.
https://doi.org/10.1016/j.amjms.2018.05.002 PMID: 30219168

PLOS ONE | https://doi.org/10.1371/journal.pone.0217857 June 3, 2019 10/10


https://doi.org/10.1378/chest.12-0878
http://www.ncbi.nlm.nih.gov/pubmed/23740148
https://doi.org/10.1016/j.jpeds.2015.11.071
http://www.ncbi.nlm.nih.gov/pubmed/26711848
https://doi.org/10.15441/ceem.15.025
https://doi.org/10.15441/ceem.15.025
http://www.ncbi.nlm.nih.gov/pubmed/27752598
https://doi.org/10.1001/jama.2019.0071
http://www.ncbi.nlm.nih.gov/pubmed/30772908
https://doi.org/10.1016/j.amjms.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/30219168
https://doi.org/10.1371/journal.pone.0217857

