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OBJECTIVES: Mannitol and hypertonic saline are used to treat raised
intracerebral pressure in patients with traumatic brain injury, but their possible effects on kidney function and mortality are unknown.
DESIGN: A post hoc analysis of the erythropoietin trial in traumatic brain
injury (ClinicalTrials.gov NCT00987454) including daily data on mannitol
and hypertonic saline use.
SETTING: Twenty-nine university-affiliated teaching hospitals in seven
countries.
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PATIENTS: A total of 568 patients treated in the ICU for 48 hours without
acute kidney injury of whom 43 (7%) received mannitol and 170 (29%)
hypertonic saline.
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INTERVENTIONS: None.
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MEASUREMENTS AND MAIN RESULTS: We categorized acute
kidney injury stage according to the Kidney Disease Improving Global
Outcome classification and defined acute kidney injury as any Kidney
Disease Improving Global Outcome stage-based changes from the
admission creatinine. We tested associations between early (first 2 d)
mannitol and hypertonic saline and time to acute kidney injury up to
ICU discharge and death up to 180 days with Cox regression analysis.
Subsequently, acute kidney injury developed more often in patients receiving mannitol (35% vs 10%; p < 0.001) and hypertonic saline (23%
vs 10%; p < 0.001). On competing risk analysis including factors associated with acute kidney injury, mannitol (hazard ratio, 2.3; 95% CI,
1.2–4.3; p = 0.01), but not hypertonic saline (hazard ratio, 1.6; 95% CI,
0.9–2.8; p = 0.08), was independently associated with time to acute
kidney injury. In a Cox model for predicting time to death, both the use of
mannitol (hazard ratio, 2.1; 95% CI, 1.1–4.1; p = 0.03) and hypertonic
saline (hazard ratio, 1.8; 95% CI, 1.02–3.2; p = 0.04) were associated
with time to death.
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CONCLUSIONS: In this post hoc analysis of a randomized controlled
trial, the early use of mannitol, but not hypertonic saline, was independently
associated with an increase in acute kidney injury. Our findings suggest
the need to further evaluate the use and choice of osmotherapy in traumatic brain injury.
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raumatic brain injury (TBI) is a global health
challenge (1–3). Severely injured TBI patients
require intensive care and may develop intracranial hypertension (ICHT), which is commonly
treated with osmotic agents such as mannitol and
hypertonic saline (HTS) (4, 5). Mannitol increases
plasma volume and reduces blood viscosity resulting in cerebral vasoconstriction in areas with intact
autoregulation. Furthermore, it has an osmotic effect
with water removal from cells of areas with an intact
blood-brain barrier (6). Finally, mannitol infusion
causes a transient increase in serum osmolarity and
a shift of intracellular fluid, which decreases intracranial volume (6). Mannitol, however, has side effects including diuresis, electrolyte disturbances, reduction in
glomerular filtration ratio (GFR), and may contribute
to hypovolemia and renal failure (7, 8). The most recent TBI management guidelines published by the
Brain Trauma Foundation recommend using mannitol
in patients with intracerebral pressure (ICP) monitoring and ICHT and in patient with clinical suspicion of
pending herniation (9). The alternative osmotic agent,
HTS, may have certain advantages over mannitol (10).
As a plasma expander, HTS increases intravascular
volume and blood pressure (5, 11). Although, its routine use in the early phase of TBI care does not appear
to improve outcome (12), its effect on the kidney may
be less injurious than that of mannitol.
Given the above considerations, we hypothesized
that there may be a differential association between
renal and clinical outcomes and the administration
of mannitol and HTS and that erythropoietin in TBI
(EPO-TBI) trial may provide sufficient data to investigate this issue. The EPO-TBI trial (ClinicalTrials.gov
NCT00987454) was a randomized controlled multicenter trial comparing the effect of erythropoietin
with placebo in intensive care patients with moderateto-severe TBI. We performed a post hoc analysis of
EPO-TBI trial dataset to evaluate associations between
the use of osmotic therapy with time to acute kidney
injury (AKI) as the primary outcome and time to mortality as secondary outcome.

METHODS
The current study is a post hoc study of the EPO-TBI
study a randomized controlled trial conducted in multiple centers between 2010 and 2014 (13). Patients
treated in ICU with moderate or severe TBI were
Critical Care Medicine
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screened and included based on strict inclusion and
exclusion criteria (14). The included patients received
either weekly doses of 40,000 international units of
subcutaneous epoetin alfa (Eprex Janssen-Cilag Pty
Ltd, Titusville, NJ) or placebo (0.9% sodium chloride).
Ethical Assessment, Consent, and Trial
Registration
Ethical approval was obtained at all EPO-TBI study
sites. The patient’s next of kin or legal representative gave
informed consent to participation according to local
requirements. The trial was registered at ClinicalTrials.
gov (NCT00987454), the Australian and New Zealand
Clinical Trials Registry (ACTRN12609000827235),
and European Drug Regulatory Authorities Clinical
Trials (011-005235-22).
Data Collection
The study used a web-based case-record form that
included detailed data on patient characteristics, injury mechanism, prehospital care, and immediate
hospital management (14). Collected data on illness severity included the International Mission for
Prognosis and Analysis of Clinical Trials (IMPACT)
in TBI risk score, the Injury Severity Score (ISS), and
the Acute Physiology And Chronic Health Evaluation
(APACHE) score (15). Daily data collected included
serum creatinine values, amount and concentration of
daily infused mannitol and HTS, whether the patient
had an ICP monitor in place, and whether therapeutic
hypothermia or hyperventilation was used. In addition, the number of daily hours with an ICP higher
than 20 mm Hg was prospectively recorded.
AKI by the Kidney Disease Improving Global
Outcomes Classification and Study Outcomes
Renal function was estimated using daily creatinine
levels and categorized according to the Kidney Disease
Improving Global Outcomes (KDIGO) (16) classification. We used the first measured creatinine level as the
baseline for the assessment of KDIGO during ICU stay.
We also estimated preinjury creatinine levels using the
modification of diet in renal disease study equation
using patient gender and age and an assumed GFR of
75 mL/min for the back calculation (17).
The primary outcome of the study was any AKI,
which was defined as the occurrence of any KDIGO
www.ccmjournal.org
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stage during ICU care up until 21 days. The exposure
of interest was treatment with mannitol or HTS during the first 48 hours. We decided to focus on early
mannitol and HTS use, given the unclear evidence
regarding late mannitol use in TBI patients (18, 19).
We defined no AKI at ICU discharge as the absence of
KDIGO stages 1–3 on the day of ICU discharge. We
also calculated changes in creatinine after the first 48
hours and compared absolute creatinine levels during
days 3–5. The secondary outcome was time to death
beyond day 2. Tertiary outcomes included 6-month
survival and neurologic function at 6 months with the
Glasgow Outcome Scale extended (GOSE). We defined
good outcome as a GOSE of 5–8 on a scale of 1–8.
Sample Size
As a post hoc analysis, a priori sample size calculations
were not performed. In a previous article, however, we
discussed the power of the EPO-TBI trial to identify
relevant AKI among the included patients (20). Based
on observed frequencies, this study had greater than
80% power (two-sided p = 0.05) to detect hazard ratio
(HR) of 2.1 for HTS and 3.7 for mannitol.
Categorical data were compared using chi-square
tests with results reported as counts and percentages.
Continuous variables were compared using the MannWhitney U test with results reported as medians (interquartile range). The relationship between mannitol use
and time to the development of AKI was determined
using multivariable Fine and Gray regression controlling for death (or discharge) as a competing risk with
results reported as HRs (95% CI) and presented as cumulate incidence plots with comparison using Gray’s
test. Time to death was analyzed using Cox proportional hazards regression with results reported as HRs
(95% CI) and presented as Kaplan-Meier curves with
comparison using log-rank tests. To account for baseline imbalance, each patient’s propensity (probability)
of receiving mannitol was determined by logistic regression controlling for imbalanced variables (region,
mass lesion evacuation, ICP monitoring, therapeutic
hypothermia, hyperventilation during the first 48 hr,
and the proportion of time ICP exceeding 20 mm Hg
of hours monitored during the first 2 d). All multivariable models were adjusted for site as a random effect,
HTS usage in the first 2 days, each patient’s propensity
to receive mannitol, and previously described covariates for AKI (20) and mortality (21) (gender, injury
e396     www.ccmjournal.org

mechanism motorcycle or pedestrian accident, TBI
severity by IMPACT risk, ISS score, and APACHE II
score). To determine effects of overlap between mannitol and HTS, an interaction between mannitol usage
and HTS was fitted to the models.
In the model predicting time to AKI, we included
patients in the ICU for at least 2 days and excluded
AKI occurring during those 2 days. For the mortality
model, we excluded patients discharged from the ICU
during the first 2 days.
The following multivariable sensitivity analyses
were performed:
1) Logistic regression considering AKI and mortality
as binomial outcomes.
2) Using estimated preinjury creatinine to determine
AKI instead of day 1 values.
3) Using volume of mannitol and HTS.
Statistical analyses were performed using SPSS Version
24.0 (IBM Corp. Released 2013. IBM SPSS Statistics
for Windows, Version 22.0, IBM Corp., Armonk, NY)
and SAS version 9.4 (SAS Institute, Cary, NC).

RESULTS
Mannitol and HTS Use During the First 2 Days
The EPO-TBI trial included a total of 606 patients. Of
these, 578 remained in the ICU beyond 2 days with
568 without AKI (Fig. 1). Using admission creatinine as baseline, 82 patients (14%) developed AKI at
a median time of 6 days (interquartile range [IQR],
3–8 d) from injury. The corresponding incidence of
AKI defined using the estimated creatinine as baseline was 83 patients (14%), with a median time to AKI
of 6 days (IQR, 3–9 d). Of the 568 study patients, 183
(32%) received osmotherapy during the first 2 days. Of
these, 140 (77%) received only HTS, 13 (7%) received
only mannitol, and 30 (16%) received both (Fig. 1)
(Supplemental Figs. 1 and 2, Supplemental Digital
Content 1, http://links.lww.com/CCM/G110).
The median amount of mannitol administered
during the first 2 days was 200 mL (100–325 mL).
The most common mannitol concentration was 20%
(26/49 [53%]) followed by 25% (21 /49 [43%]) and
15% (2/49 [4%]). The median daily amount of mannitol by weight was 0.5 g/kg (IQR, 0.3–0.8 g/kg). The
median volume of HTS infused during the first 2 days
was 200 mL (IQR, 97.5–933 mL). The most common
April 2021 • Volume 49 • Number 4
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Figure 1. Flow chart of the development of acute kidney injury (AKI) by Kidney Disease Improving Global Outcome (KDIGO) beyond
day 3 in patients who did and did not receive early mannitol and remained in the ICU.

concentration of HTS used was 3% (49%) followed by
23.4% (27%) and 20% (16%).
Detailed data of patients receiving mannitol and
HTS compared with those who did not can be found in
Supplemental Table 1 (Supplemental Digital Content 1,
http://links.lww.com/CCM/G110). Supplemental
Table 2 (Supplemental Digital Content 1, http://
links.lww.com/CCM/G110) shows the independent
predictors of mannitol used to develop the propensity score. There were differences in mannitol use between countries (p < 0.001). Mannitol use was most
common in Saudi-Arabia (15%), followed by Europe
(7%), Australia (5%), and New Zealand (0%). A similar difference was seen regarding HTS use (p < 0.001).
In New Zealand, 41% of patients received HTS, compared with 39% in Saudi-Arabia, 34% in Australia, and
9% in Europe.
Kidney Function in Patients Who Did and Did
Not Receive Mannitol or HTS
AKI occurred in 15 of 43 mannitol-treated patients
(35%) and in 57 of 525 those not treated with mannitol (10%) (p < 0.001). The proportion of patients
developing AKI over time based on early mannitol
use is shown in Figure 2. Absence of AKI on ICU discharge was more common in those not given mannitol
Critical Care Medicine

(Table 1). On competing risk regression, early mannitol
use was independently associated with time to AKI (HR,
2.3; 95% CI, 1.2–4.3; p = 0.01) (Table 2) (Supplemental
Fig. 3, Supplemental Digital Content 1, http://links.
lww.com/CCM/G110). In contrast, the early use of
HTS was not associated with time to AKI (HR, 1.6; 95%
CI, 0.9–2.8; p = 0.08). Sensitivity analysis using a multivariable logistic model predicting any AKI resulted
in similar results with early mannitol being associated
with AKI (odds ratio, 2.9; 95% CI, 1.3–6.7; p = 0.01)
(Supplemental Table 3, Supplemental Digital Content 1,
http://links.lww.com/CCM/G110). Additional models
with AKI assessed with the estimated preinjury creatinine resulted in similar findings with early mannitol
predicting time to AKI (HR, 2.1; 95% CI, 1.1–4.0;
p = 0.02) (Supplemental Table 4, Supplemental Digital
Content 1, http://links.lww.com/CCM/G110).
In a model including the same covariates but with
volumes of osmotherapy, the volume of mannitol (per
100 mL) was associated with time to AKI (HR, 1.2; 95%
CI, 1.02–1.3; p = 0.03). No associations was seen with
HTS (per 100 mL) regarding time to AKI (HR, 1.02;
95% CI, 0.98–1.06; p = 0.25) (Supplemental Table 5,
Supplemental Digital Content 1, http://links.lww.com/
CCM/G110). All interactions p values for the association between mannitol and HTS use with AKI were
nonsignificant.
www.ccmjournal.org

    e397

Skrifvars et al

Figure 2. Cumulative proportion of patients with acute kidney injury (AKI) after day 2 indexed by early use of mannitol. HR = hazard
ratio, KDIGO = Kidney Disease Improving Global Outcome.

Patient Survival
Patients who received mannitol or HTS had higher
mortality (Table 1). The survival plots of patients
who received early mannitol and HTS are shown in
Supplemental Figures 4 and 5 (Supplemental Digital
Content 1, http://links.lww.com/CCM/G110). In a
multivariable model including markers of severity of
injury and the propensity score for mannitol use, early
mannitol (HR, 2.1; 95% CI, 1.1–4.1; p = 0.03) and HTS
(HR, 1.8; 95% CI, 1.02–3.2; p = 0.04) were associated
with time to death (Table 3). Similar findings were
seen in a logistic regression model predicting death before 180 days (Supplemental Table 6, Supplemental
Digital Content 1, http://links.lww.com/CCM/G110).
In a model using the same covariates, the volume of
mannitol (per 100 mL HR, 1.2; 95% CI, 1.04–1.45;
p = 0.01), but not the volume of HTS (HR, 0.99;
95% CI, 0.93–1.05; p = 0.66), was associated with
time to death. (Supplemental Table 7, Supplemental
Digital Content 1, http://links.lww.com/CCM/G110).

DISCUSSION
Key Findings
In a post hoc analysis of data collected in a multicenter
trial, we found a significant independent association
between early mannitol use and AKI with risk appearing associated with the dose of mannitol. We found no
such association with HTS. In addition, we demonstrated that both mannitol and HTS were associated
e398     www.ccmjournal.org

with increased mortality, when controlling for injury
severity and complexity of TBI care. Our findings highlight the need to further evaluate the role and choice of
osmotherapy in TBI.
Relationship to Previous Studies
A recently published study from The Collaborative
European Neuro Trauma Effectiveness Research in TBI
including 4,500 TBI patients showed that AKI defined
according to KDIGO criteria occurred in 10% (22).
The development of AKI was associated with both
higher mortality and a lower likelihood of good neurologic long-term outcome. Interestingly, as in our study,
mannitol but not HTS was significantly associated
with development of AKI in patients staying longer
than 72 hours. Mannitol-induced AKI may be related
to increased serum osmolarity (23). This typically
develops 12 hours to 7 days following administration
and increases with repeated doses (24). Kim et al (25)
observed that 10% of patients with intracerebral hemorrhage administered mannitol developed AKI. Factors
associated with risk of AKI were age over 70 years
and the pre-existing signs of decreased kidney function such as a GFR less than 60 mL/min/1.73 m2.
Lin et al (26) showed that in stroke patients, higher
mannitol doses appeared associated with increased
AKI risk. Experimental studies demonstrate that HTS
can induce vasoconstriction and decreased renal blood
flow, mediated by an increase in blood sodium and
chloride (27, 28). Although hyperchloremia has been
April 2021 • Volume 49 • Number 4
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TABLE 1.

Detailed Renal and Clinical Outcomes of Indexed by Osmotherapy Use
Kidney Function
and Outcome

Mannitol
(n = 43)

No Mannitol
(n = 525)

HTS
(n = 170)

No HTS
(n = 398)

Any AKI after 2 d, n (%)

15 (35)

57 (11)

< 0.001

37 (22)

35 (9)

Absolute change in
creatinine between day 3
and 5 (µmol/L), median
(interquartile range)

1
(4.5–11)

–2
(–7 to 3)

0.003

–1
(–6 to 5)

–2
(–7 to 2)

0.005

Proportional change in
creatinine between day
3 and day 5 (%), median
(interquartile range)

1
(–5 to 18)

–3
(–10 to 4)

0.003

–0.1
(–9 to 9)

–3
(–10 to 3)

0.003

Median highest creatinine,
median (interquartile range)

73 (63–97)

72 (62–84)

0.25

72 (64–89)

72 (62–83)

0.04

Days to highest Kidney
Disease Improving Global
Outcome stage, median
(interquartile range)

6 (5–9)

7 (5–10)

0.53

7 (5–9)

7 (5–11)

0.96

Renal replacement therapy,
n (%)

1 (2)

6 (1)

0.50

3 (2)

4 (1)

0.45

< 0.001

157 (92)

509 (97)

p

p

< 0.001

Lack of AKI at ICU
discharge, n (%)

35 (81)

387 (97)

< 0.008

ICU LOS, median
(interquartile range)

14 (8–22)

13 (8–20)

0.62

13 (9–21)

13 (6–20)

0.17

Hospital LOS, median
(interquartile range)

27 (9–62)

26 (15–46)

0.96

28 (14–51)

25 (15–43)

0.38

ICU death, n (%)

12 (28)

45 (9)

< 0.001

30 (18)

27 (7)

< 0.001

Hospital death, n (%)

14 (33)

54 (10)

< 0.001

33 (19)

35 (9)

< 0.001

6-mo mortality, n (%)

14 (33)

62 (12)

< 0.001

36 (21)

40 (10)

< 0.001

Good outcome neurologic
outcome (Glasgow
Outcome Scale extended
5–8), n (%)

13 (31)

289 (56)

0.002

75 (44)

227 (58)

0.003

AKI = acute kidney injury, HTS = hypertonic saline, LOS = length of stay.

Data regarding creatinine at day 5 were missing in 59 patients on day 5 and in 23 patients on day 3.

shown to be associated with AKI in critically ill patient, no study has so far shown such a relationship between HTS therapy and AKI (29).
We acknowledge that the most common AKI
observed in this study was KDIGO stage 1. Thus, the
clinical relevance of this may be challenged. However,
stage 1 AKI has been associated with a subsequent
Critical Care Medicine

greater risk of chronic kidney disease (30). In addition,
the EPO-TBI study excluded patients with a high risk
of AKI such as the elderly and those with pre-existing
severe renal impairment (14). Furthermore, the prevalence of AKI in this sample of TBI patients (10%)
was similar to previous studies of AKI after TBI (31)
but considerably lower than in patients with major
www.ccmjournal.org
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TABLE 2.

Competing Risk Regression for the Time to Development of Acute Kidney Injury
Variables

Univariate HR
(95% CI)

p

Multivariate HR
(95% CI)

p

Age

1.00 (0.99–1.02)

0.66

1.01 (0.99–1.03)

0.20

Female

0.14 (0.03–0.57)

0.006

0.13 (0.03–0.53)

0.005

Motorcycle or pedestrian accident

1.97 (1.22–3.16)

0.005

1.81 (1.12–2.92)

0.02

Injury Severity Score

1.01 (0.99–1.03)

0.51

1.01 (0.98–1.04)

0.50

International Mission for Prognosis and
Analysis of Clinical Trials score

1.02 (1.01–1.03)

0.003

1.02 (1.00–1.03)

0.03

Acute Physiology And Chronic Health
Evaluation II score

1.02 (0.99–1.05)

0.25

1.00 (0.96–1.03)

0.80

Any hypertonic saline day 1 or 2a

2.52 (1.59–4.00)

0.001

1.63 (0.94–2.84)

0.08

Any mannitol day 1 or 2a

3.52 (2.00–6.21)

< 0.001

2.27 (1.19–4.33)

0.01

Propensity to receive mannitol

1.04 (1.03–1.05)

< 0.0001

1.03 (1.01–1.04)

0.001

HR = hazard ratio.
a
Interaction between mannitol and hypertonic saline p = 0.81.

TABLE 3.

Cox Proportional Hazards Regression for Time to Death
Variables

Univariate HR
(95% CI)

p

Multivariate HR
(95% CI)

p

Age

1.03 (1.02–1.05)

0.0001

1.02 (1.01–1.04)

0.005

Female

1.16 (0.65–2.06)

0.62

0.96 (0.52–1.79)

0.90

Motorcycle or pedestrian accident

1.12 (0.66–1.89)

0.68

1.20 (0.69–2.08)

0.52

Injury Severity Score

1.01 (0.99–1.03)

0.23

1.00 (0.98–1.03)

0.70

International Mission for Prognosis and
Analysis of Clinical Trials score

1.04 (1.03–1.05)

< 0.0001

1.03 (1.01–1.04)

0.0001

Acute Physiology And Chronic Health
Evaluation II score

1.09 (1.06–1.12)

< 0.0001

1.07 (1.03–1.11)

0.0009

Any hypertonic saline day 1 or 2a

2.30 (1.47–3.58)

0.0002

1.80 (1.02–3.17)

0.04

Any mannitol day 1 or 2a

3.29 (1.84–5.87)

0.0001

2.13 (1.10–4.12)

0.03

Propensity to receive mannitol

1.03 (1.02–1.05)

< 0.0001

1.02 (1.01–1.04)

0.006

HR = hazard ratio.
a
Interaction between mannitol and hypertonic saline p = 0.56.
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trauma (32). It is plausible that the renal effects of
mannitol use in TBI patients with a higher AKI risk,
such as patients with diabetes and hypertension, may
be considerable.
After adjustment for severity of illness, we found a
statistically significant association between early mannitol and HTS use with mortality. It is however plausible that mannitol was used in the more severe cases
with pending herniation and those requiring immediate neurosurgery. Nonetheless, concerns regarding
mannitol and HTS use in TBI are not new. It has been
suggested that repeated mannitol use may result in disruption of the blood-brain barrier and rebound brain
edema due to a reverse osmotic gradient (33, 34). In a
recent multicenter study by Anstey et al (35) involving around 100 severe TBI patients, a difference in outcome was seen in patients treated only with mannitol
compared with those treated only with HTS.
Implications of Study Findings
In this post hoc analysis of a randomized controlled
trial, early mannitol use was less frequent than the use
of HTS. Our findings suggest the early use of mannitol, but not HTS, is associated with the development
of subsequent AKI. Furthermore, for mortality, the directional effect favors the use of HTS over mannitol.
Taken together with previous published observations,
our findings support further assessment of mannitol’s
safety and efficacy in TBI patients. Until the findings of
such full assessments become available, caution should
be exercised in its use, especially in patients with additional known risk factors for AKI.

CONCLUSIONS
In TBI patients, the early use of mannitol, but not HTS,
was independently associated with an increased incidence of AKI. The study design precludes conclusions
about causality. However, our findings suggest that
HTS may be a safer option than mannitol for the treatment of ICHT in TBI, especially in the presence of additional AKI risk factors. Furthermore, they imply the
need to further evaluate the role and choice of osmotherapy in TBI.
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