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Introduction

Lactate is the metabolic product of anaerobic glycolysis. 
In situations of low oxygen supply or tissue hypoxia, 
pyruvate will no longer enter into mitochondria for 
aerobic metabolism but will be reduced to lactate, leading 
to increases in arterial blood lactate concentrations (1,2). 
However, hyperlactatemia is not necessarily associated 
with hypoxia. There are varieties of medications that 
have been linked to hyperlactatemia, such as nucleoside 

reverse transcriptase inhibitors, metformin, epinephrine 
and methanol (3,4). Lactate can be produced from all kinds 
of tissues, including skeletal muscle, brain, red blood cell 
and intestine. Critically illness is often associated with 
increased production of in lactate from lung, blood cells and 
splanchnic organs. On the other hand, because lactate is 
primarily cleared via liver and kidney, dysfunction of these 
organs during critical illness also contribute to the elevated 
lactate levels (5).

Due to the high prevalence of hyperlactatemia in 
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critically ill patients, its association with clinical outcome 
has been extensively studied over the past two decades (6).  
In  the  ear ly  1990s ,  Abramson D and coworkers 
demonstrated that lactate levels were strongly associated 
with survival in a cohort study involving 27 patients (7). 
Thereafter, investigations on the association of lactate 
or lactate clearance with clinical outcome increase 
exponentially (8-10). Higher lactate value is consistently 
associated with adverse clinical outcomes and rapid lactate 
clearance after treatment is associated with improved 
outcomes. However, most of these studies are observational 
studies which, whether it is prospective or retrospective, are 
subject to confounding bias. As a result, these studies have 
employed multivariable regression analysis by assuming that 
the effect of lactate on mortality or other clinical outcomes 
were linear. Furthermore, these studies were limited in that 
they predefined a certain time point for lactate clearance, 
and the times varied across studies, making it difficult for 
clinicians to determine when lactate should be rechecked. In 
the current study, fractional polynomial Cox proportional 
hazards model were fitted to investigate the association of 
lactate levels and mortality. This model allows for more 
flexibility in the shape of the curve. Secondly, we will 
investigate how normalization time impacts the clinical 
outcome.

Methods

Database

Our study was an analysis of a large clinical database named 
Multiparameter Intelligent Monitoring in Intensive Care 
II (MIMIC-II, http://physionet.org/mimic2) (11). This 
database is a research archive of data collected from patients 
in intensive care unit (ICU) and is freely accessible for the 
public. The data contained in MIMIC-II was collected at 
the ICUs of Beth Israel Deaconess Medical center in Boston 
from 2001 to 2008. The following data were available: 
demographics, laboratory test, vital sign recording, fluid 
and medical records. The establishment of MIMIC-II 
database was approved by the Institutional Review Boards 
of the Massachusetts Institute of Technology (Cambridge, 
MA, USA) and the Beth Israel Deaconess Medical Center. 
The patient records/information was anonymized and 
de-identified prior to analysis, and informed consent was 
not obtained from each participants. The database was 
continuously updated with the latest version of 2.6 that 
contained records from over 32,000 subjects. Our access 

to the database was approved after completing the NIH 
web-based training course “Protecting Human Research 
Participants” by the author Z.Z. (Certification Number: 
1132877). Data acquisition was completed by using 
Structural Query Language (12).

Study population

All patients contained in MIMIC-II clinical database were 
potentially eligible for the present analysis. Adult patients 
with initial arterial blood lactate >2 mmol/L were included. 
Exclusion criteria included: (I) neonates; and (II) patients 
with missing data on arterial blood lactate. 

Data abstraction and management

Data on following aspects were extracted: age, gender, 
SAPSI-1, sequential organ failure assessment (SOFA), 
admission type (elective,  emergency and urgent), 
comorbidities (congestive heart failure, paralysis, chronic 
pulmonary disease, complicated diabetes, renal failure, 
metastatic cancer), date of ICU admission, date of death, 
ICU mortality and hospital mortality. In order to protect 
health information of individual patients, the database 
had obscured real ages for those aged over 90 years. All of 
them appeared to be 200 years old on first admission. The 
median age for these patients was 91.4 and we use it as a 
surrogate age for them. For patients who discharged alive, 
we obtained the date of death from the Social Security 
Death Index (SSDI) to determine out-of-hospital mortality. 
All measurements of arterial blood lactate and associated 
time were obtained. Lactate normalization was achieved 
when there was at least one measurement of lactate dropped 
below 2 mmol/L. Normalization time was the time interval 
between ICU admission and the time point when lactate 
normalization occurred.

Statistical analysis

Data were expressed as mean and standard error, or 
median and interquartile range as appropriate. Variables 
were compared between patients with and without lactate 
normalization with univariate analysis. Data of normal 
distribution were compared using t test and skewed data 
were compared using Wilcoxon rank-sum test. 28-day 
mortality was used as the primary end point and variables 
were compared between survivors and non-survivors.

The Cox proportional model was built by using 
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purposeful selection of covariates. Variables with P<0.2 
in bivariate analysis and those considered to be clinically 
relevant were included to establish the initial multivariable 
model. The later included the severity scores and age. 
Variables in the initial model would be deleted if P>0.1 
from the Wald test. If the removed covariate produced 
a significant change (>20% change) in the coefficient of 
lactate, it was thought to be a confounder and would be 
remained in the model. Any variable excluded should be 
added back to the model to confirm that it was neither 
statistically significant nor an important confounder. The 
process continued until no covariate could be deleted, and 
the preliminary main effects model had been built up to 
this point (13). To overcome the obstacle in model building 
that the relationship between outcome and predictor 
might be non-linear, the next step was to determine the 
scale of lactate by using fractional polynomials (14,15). 
We first determined the best fitting fractional polynomial 
regression model of second-degree (FP2) by choosing 
power transformations from the set –2, –1, –0.5, 0, 0.5, 
1, 2, 3, where 0 denoted the log transformation. The best 
fitting model was determined using a deviance difference 
test. With closed test procedure (15), the deviance of FP2 

was compared to deviances of the function with omitted 
variable, linear function and FP1. Statistical significance of 
the deviance difference was tested by using χ2 test. Statistical 
analyses were performed using software package Stata 12.0 
(College Station, Texas 77845 USA). Conventional P<0.05 
was considered to be statistically significant.

Results

A total of 6,291 patients were identified to be eligible for 
the present study, including 3,311 patients with lactate 
normalization and 2,980 of non-normalization (Table 1). 
There were no statistically significant differences between 
normalization and non-normalization groups in age, gender, 
comorbidities of paralysis, chronic pulmonary disease, 
complicated diabetes and renal failure. Non-normalization 
was associated with significantly increased risk of death 
irrespective of the time frame for the definition of mortality: 
28-day mortality (35.50% vs. 18.63%; P<0.001), 90-day 
mortality (38.83% vs. 25.79%; P<0.001), ICU mortality 
(23.06% vs. 13.24%; P<0.001) and hospital mortality 
(31.44% vs. 18.77%; P<0.001). Figure 1 displays the Kaplan-
Meier survival curves for 28- and 90-day mortality. The 

Table 1 Characteristics of included patients by lactate normalization categories

Variables Total (n=6,291) Normalization (n=3,311) Non-normalization (n=2,980) P value

Age (years) 63.2±17.9 63.0±17.7 63.5±18.1 0.32

Gender (male, %) 3,610 (57.62) 1,889 (57.17) 1,721 (58.12) 0.448

SAPS-1 17 [13-21] 18 [14-21] 16 [12-21] <0.001

SOFA 8 [5-12] 9 [6-12] 8 [4-11] <0.001

Admission type, n (%) <0.001

Elective 891 (15.13) 446 (13.95) 445 (16.52)

Emergency 4,776 (81.09) 2,649 (82.88) 2,127 (78.95)

Urgent 223 (3.79) 101 (3.16) 122 (4.53)

Comorbidity, n (%)

Congestive heart failure 1,349 (22.95) 837 (26.25) 512 (19.04) <0.001

Paralysis 69 (1.17) 39 (1.22) 30 (1.12) 0.703

Chronic pulmonary disease 836 (14.22) 476 (14.93) 360 (13.39) 0.092

Complicated diabetes 283 (4.82) 157 (4.92) 126 (4.69) 0.670

Renal failure 418 (7.11) 223 (6.99) 195 (7.25) 0.703

Metastatic cancer 285 (4.85) 130 (4.08) 155 (5.76) 0.003

28-day mortality, n (%) 1,675 (26.63) 617 (18.63) 1,058 (35.50) <0.001

90-day mortality, n (%) 2,011 (31.97) 854 (25.79) 1,157 (38.83) <0.001

ICU mortality, n (%) 1,121 (17.88) 438 (13.24) 683 (23.06) <0.001

Hospital mortality, n (%) 1,438 (24.41) 600 (18.77) 838 (31.44) <0.001
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result showed that lactate normalization was associated with 
significantly longer survival time.

Among the 6,291 included patients, there were 1,675 
non-survivors and 4,616 survivors within 28 days (Table 2; 
overall mortality rate: 26.6%). Non-survivors appeared to 
be older (67.9±16.9 vs. 61.5±17.9; P<0.001), had higher 

first SAPS-I (20 vs. 16; P<0.001) and SOFA scores (11 vs. 8; 
P<0.001). Patients admitted to ICU electively were more 
likely to survive (18.71% vs. 4.46%; P<0.001), whereas 
those admitted emergently were more likely to die (91.15% 
vs. 77.70%; P<0.001). With respect to comorbidities, 
patients with congestive heart failure (27.53% vs. 21.42%; 

Table 2 Characteristics of survivors and non-survivors in 28 days

Variables Total (n=6,291) Survivors (n=4,616) Non-survivors (n=1,675) P value

Age (years) 63.2±17.9 61.5±17.9 67.9±16.9 <0.001

Gender (male, %) 3,610 (57.62) 2,676 (58.28) 934 (55.83) 0.083

SAPS-I 17 [13-21] 16 [13-20] 20 [16-24] <0.001

SOFA 8 [5-12] 8 [5-11] 11 [7-14] <0.001

Admission type, n (%)

Elective 891 (15.13) 825 (18.71) 66 (4.46) <0.001

Emergency 4,776 (81.09) 3,426 (77.70) 1,350 (91.15) <0.001

Urgent 223 (3.79) 158 (3.58) 65 (4.39) 0.385

Comorbidity, n (%)

Congestive heart failure 1,349 (22.95) 943 (21.42) 406 (27.53) <0.001

Paralysis 69 (1.17) 53 (1.20) 16 (1.08) 0.713

Chronic pulmonary disease 836 (14.22) 636 (14.45) 200 (13.56) 0.398

Complicated diabetes 283 (4.82) 219 (4.98) 64 (4.34) 0.323

Renal failure 418 (7.11) 261 (5.93) 157 (10.64) <0.001

Weight loss 207 (3.52) 138 (3.13) 69 (4.68) 0.005

Metastatic cancer 285 (4.85) 152 (3.45) 133 (9.02) <0.001

Initial lactate (mmol/L) 4.21±2.65 3.76±2.04 5.43±3.59 <0.001

Lactate normalization, n (%) 3,311 (52.63) 2,694 (58.36) 617 (36.84) <0.001

Time for normalization (hours) 20.7 (9.6-43.2) 19.9 (9.3-40.7) 24.7 (11.5-56.8) <0.001

Figure 1 Kaplan-Meier survival curves of 28-day (A) and 90-day (B) for patients with and without lactate normalization. Patients with 
lactate normalization showed significantly lower hazard (P<0.05).

Kaplan-meier survival estimates Kaplan-meier survival estimates
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P<0.001), renal failure (10.64% vs. 5.93%; P<0.001), weight 
loss (4.68% vs. 3.13%; P=0.005) and metastatic cancer 
(9.02% vs. 3.45%; P<0.001) were more likely to die within 
28 days.

All variables with P<0.2 were entered into proportional 
hazard model for covariate selection. Two models were 
established: one included initial lactate (L0) and the other 
included the time for lactate normalization (T). Fractional 
polynomials of second degree were applied. After model fitting, 
the best powers of L0 among 44 models were -2 and -1 with the 
deviance of 19,944.51 (Table 3). The FP2 model significantly 
improved model fit relative to that without L0 in the model 
(Deviance Difference =76.1, P value <0.001), the linear model 
(Deviance Difference =11.2, P value =0.011) and the FP1 
model with the power of 0.5 (Deviance Difference =10.5,  
P value =0.005). The best powers of T among 44 models 
were 0.5 and 3 with the deviance of 7,965.63. The FP2 
model significantly improved model fit relative to that 
without T in the model (Deviance Difference =17.9,  

P value =0.001), the linear model (Deviance Difference =16.0,  
P value =0.001) and the FP1 model with the power of 
0 (Deviance Difference =6.6, P value =0.037). Figure 2 
displays the fractional polynomial functions adjusted for 
covariates. The results showed that the hazard increased 
with the increase in initial lactate level. The slope was 
most steep from 3 to 8 mmol/L, and after 10 mmol/L the 
slope tempered. With respect to the normalization time, 
the hazard increased with increases in normalization time 
before 150 hours, after that the hazard begin to decrease 
but with wide uncertainty as reflected by the wide 95% 
confidence interval.

Figure 3 displays contour plot showing the relationship 
between normalization time, initial lactate and mortality 
stratified by quartiles of SOFA score. The results showed 
that while the higher initial lactate was consistently 
associated with higher mortality, longer normalization time 
appeared to be associated with higher mortality in patients 
with SOFA >12.

Table 3 Variables included in the Cox proportional hazard regression model

Model 1† Model 2‡

Hazards ratio 95% CI Hazards ratio 95% CI

L0-2 1.13 1.09-1.18 – –

L0-1 0.43 0.34-0.54 – –

T-2 – – 7.42 2.85-19.36

T-1 – – 3.06×10–6 3.01×10–11-0.31

Age (with each one year increase) 1.015 1.011-1.019 1.016 1.010-1.022

Sex (male as the reference) 1.07 0.96-1.20 1.06 0.89-1.27

SAPSI-1 1.07 1.05-1.08 1.05 1.03-1.07

SOFA 1.09 1.07-1.11 1.05 1.02-1.08

Elective 0.25 0.17-0.36 0.38 0.19-0.75

Emergency 1.14 0.87-1.49 1.69 0.97-2.94

Congestive heart failure 0.97 0.82-1.07 0.95 0.78-1.15

Renal failure 1.04 0.85-1.27 1.40 1.05-1.87

Weight loss 1.08 0.83-1.40 0.97 0.65-1.45

Metastatic cancer 2.96 2.44-3.59 2.41 1.71-3.89
†, Deviance: 19,944.51. Best powers of L0 among 44 models fit: –2; –1. The FP2 model significantly improved model fit relative 

to that without lactate in the model (Deviance Difference =76.1, P value <0.001), the linear model (Deviance Difference =11.2,  

P value =0.011) and the FP1 model with the power of 0.5 (Deviance Difference =10.5, P value =0.005). ‡, Deviance: 7,965.63. Best 

powers of time among 44 models fit: 0.5; 3. The FP2 model significantly improved model fit relative to that without normalization 

time in the model (Deviance Difference =17.9, P value =0.001), the linear model (Deviance Difference =16.0, P value =0.001) and 

the FP1 model with the power of 0 (Deviance Difference =6.6, P value =0.037). L0 refers to the initial measurement of lactate after 

ICU entry, and the notation “–1” and “–2” indicates the first and second power of the fractional polynomials. Time refers the time it 

takes for lactate normalization, and the notation “–1” and “–2” indicates the first and second power of the fractional polynomials.
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Figure 3 Contour plot showing the relationship between normalization time, initial lactate and mortality stratified by quartiles of SOFA 
score. The vertical axis represents initial lactate level in unit of mmol/L, and the horizontal axis represents the normalization time in hours. 
The results showed that while the higher initial lactate was consistently associated with higher mortality, longer normalization time appeared 
to be associated with higher mortality in subset with SOFA >12.

Figure 2 Fractional polynomials adjusted for covariates for initial lactate (L0) and normalization time (T). The best powers of L0 among 44 models 
were –2 and –1 with the deviance of 19,944.51, and the best powers of T among 44 models were 0.5 and 3 with the deviance of 7,965.63.
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Discussion

The study showed that both initial lactate and normalization 
time were significantly associated with increased risk of 
death in ICU patients. Higher initial lactate and longer 
normalization time were associated with increased hazard 
of mortality. Commonly employed normalization time for 
predicting mortality ranged from 6 to 72 hours in literatures 
(7,9,16,17), because any prolongation of the time frame may 
be irrelevant for both risk stratification and resuscitation 
guidance. In our study we showed that normalization time 
within 100 hours was positively associated with the hazard.

Our study confirmed previous finding that initial lactate 
was able to predict clinical outcome (18). In patients 
underwent cardiothoracic surgery, Maarslet and colleagues (19)  
found that an increased initial lactate >4.5 mmol/L resulted 
in an odds ratio of 8.4 (95% CI: 1.5-46.1) for mortality. 
Lactate level measured at 6 hours after ICU admission was 
also found to be an independent predictor of complications 
after major cardiothoracic surgery (20). Some investigators 
have compared the predictive value of lactate to complex 
physiological scores in a cohort of cardiothoracic surgery 
patients. They found that the diagnostic performance of 
lactate was significantly superior to these scores, as reflected 
by an area under curve (AUC) of 0.88 for lactate versus 
0.83, 0.79 and 0.76 for SOFA, SAPS II and APACHE II, 
respectively (21). However, these studies used mortality as 
a binary outcome and ignored the survival time, which may 
be biased in situations such as when both groups have the 
same mortality rate but the time to death is significantly 
different. Furthermore, that study is limited by the small 
sample size and the percentage of patients with the target 
event death was only 3.9%, which may potentially increase 
the risk of type I error. In our analysis, we employed Cox-
proportional hazards model to account for the time to event 
variable, instead of simply dichotomizing the outcome as 
alive or death (22).

One strength of the present study is that fractional 
polynomials model was employed to account for the 
potential non-linear relationship between lactate and 
hazard. An important shortcoming in previous studies 
investigating lactate and mortality lies in that the fact that 
none of them examined the model adequacy by testing the 
linear assumption of the covariates with logit function. If 
the linear assumption is violated, the regression model will 
be invalid and odds ratio obtained from the model may 
not be hold true across full ranges of lactate value (14-23). 
Therefore, we used fractional polynomials model to identify 

the best fit model. Our result showed PF(2) with the power 
of –2 and –1 had the smallest deviance. As compared 
with other models (model without lactate, linear, FP1), 
the deviance difference of FP(2) was statistically different 
from others. The result confirmed our hypothesis that the 
relationship between initial lactate and hazard was non-
linear. As shown in Figure 2, the slope of the function is 
steep between 4 to 10 mmol/L, and after that the steepness 
gradually attenuates. This finding suggest that resuscitation 
bundle aiming to improve tissue perfusion and entailing 
lactate clearance can benefit the most for patients with 
lactate level between 4 and 10 mmol/L. For patients with 
very high lactate beyond 15 mmol/L, the probability of 
survival may be small and strenuous resuscitation may add 
little benefit. However, due to the observational nature of 
the present study, this finding is hypothesis-generating and 
requires further validation.

To the best of our knowledge, this was the first study 
investigated the association of normalization time with 
death hazard, and the time was incorporated into the 
model as a continuous variable. Previous studies that 
have explored the time for lactate clearance commonly 
predefined a certain time point at which the lactate value 
was rechecked and subjects were dichotomized into 
groups with and without lactate normalization. This time 
points were defined arbitrarily and varied across studies 
ranging from 6 to 72 hours (7,24-26). This time point was 
chosen probably because this is a time window in which 
aggressive resuscitation strategy may provide benefit. In 
our study, we found that: (I) lactate normalization was an 
indicator of better outcome as compared with those without 
lactate normalization; (II) among patients with lactate 
normalization, the longer it takes for normalization, the 
worse the clinical outcome would be. The second notion 
holds true when normalization time was less than 150 hours,  
and after that the regression model became unstable as 
reflected by a wide confidence band. However, 150-hour 
is long enough for both medical decision making and 
risk stratification in real clinical practice. Nevertheless, 
limitations in analyzing normalization time needs to be 
acknowledged. Because this was an analysis of a large 
clinical database that was not specifically designed for the 
investigation of lactate normalization time, the frequency 
of lactate measurement was completely determined by the 
treating physician. Bias could be introduced in situations 
when one has actually normalized lactate but failed to 
be measured. As a result, such patients were grouped as  
non-normalization. One way to address this shortcoming is 
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to conduct a well-designed prospective study, by predefining 
the frequency and time points of lactate measurements.

Conclusions

In aggregate, our study confirmed previous finding that 
initial lactate was independent predictor of mortality in 
unselected ICU patients. What’s new in our study is that 
we used fractional polynomials to fit the Cox proportional 
hazard model, allowing for more flexibility in the shape of 
the regression line. Secondly, it is for the first time that we 
provided empirical evidence on association of normalization 
time with death hazard. Our study demonstrates that 
normalization time was positively associated with death 
hazard within 150 hours.
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