
Background 
To evaluate predictors of acute kidney injury (AKI) and their predictive performance during man-
nitol infusion, and the impact of AKI on in-hospital mortality of neurocritically ill patients. 
Methods 
This was a retrospective, observational study of patients who were admitted at a tertiary university 
hospital, Seoul, Republic of Korea, neurosurgical intensive care unit (ICU) from January 2013 to 
December 2019. We included neurosurgical patients on mannitol infusion admitted in the ICU 
The primary endpoint was the occurrence of AKI. 
Results 
A total of 3,964 patients were included in the final analysis. AKI was detected in 540 (13.6%) pa-
tients on mannitol infusion. Measured osmolality and osmolar gap were significantly higher in pa-
tients with AKI than those without (both p< 0.001). However, the predictive power of the two in-
dicators was similar and were both weak predictors of AKI (both C-statistic <0.650). In the multi-
variable analysis, maximal measured osmolality, chronic kidney disease, Acute Physiology and 
Chronic Health Evaluation II score on ICU admission, use of vasopressor, use of glycerin, me-
chanical ventilation, and invasive ICP monitoring were significantly associated with AKI. In-hos-
pital mortality was significantly higher in patients with AKI than those without (11.1% vs. 1.4%, 
p< 0.001). 
Conclusion 
Based on our findings, kidney injury may be associated with poor clinical outcomes in neurosurgi-
cal and neurocritically ill patients, and monitoring serum osmolality and osmolar gap remains im-
portant in the prevention of kidney injury for patients on mannitol infusion. Moreover, clinical 
factors related to ICU management and pre-existing renal disease may aggravate AKI during man-
nitol infusion. 
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INTRODUCTION 

Mannitol infusion is commonly used in the treatment of cerebral 
edema and elevated intracranial pressure (ICP) in patients with 
traumatic brain injury, ischemic stroke, intracranial hemorrhage, 
infection of the central nervous system, and brain tumor1-4). Rapid 
infusion of high doses of mannitol can effectively reduce ICP5,6) in 
a dose-dependent manner5,6). However, various complications 
such as acute kidney injury (AKI), electrolyte imbalance, volume 
depletion, hypotension, and rebound elevated ICP may occur in 
long-term use and high doses of mannitol infusion2). While manni-
tol may show renal protective benefits in specific indications, it has 
also been implicated in renal toxicity therapy7). The renal toxicity 
may be aggravated by dehydration or preexisting renal impair-
ment7) and extreme hyperosmolality may cause acute kidney inju-
ry (AKI)1). Therefore, it is necessary to monitor electrolytes, blood 
urea nitrogen, creatine, serum osmolality, and osmolar gap (OG) 
while using mannitol to prevent AKI and other mannitol infusion 
side effects2).  

However, there are limited well-designed clinical studies that 
prove the exact relationship between mannitol infusion and kidney 
injury, and the AKI risk factors during mannitol infusion in neuro-
critically ill patients1). In this study, we aimed to evaluate the clini-
cal factors related to AKI during mannitol infusion and the impact 
of AKI on in-hospital mortality of neurocritically ill patients. In ad-
dition, we evaluated the effectiveness of serum osmolality and OG 
in predicting AKI during mannitol infusion. 

MATERIALS AND METHODS 

Study population and design 
This was a retrospective, single-center, observational study of pa-

tients who were admitted at the Samsung Medical Center, Seoul, 
Republic of Korea, neurosurgical intensive care unit (ICU) from 
January 2013 to December 2019. This study was approved by the 
Samsung Medical Center Institutional Review Board (IRB) (No. 
SMC 2020-09-082). Patients’ records were reviewed and analyzed 
according to the Declaration of Helsinki. The requirement of in-
formed consent was waived by the IRB due to the study’s retro-
spective nature. We included neurosurgical patients who were on 
mannitol infusion during their ICU admission and on postopera-
tive management, following brain tumor, subarachnoid hemor-
rhage, cerebral vascular surgery, intracerebral hemorrhage, cerebral 
infarction, traumatic brain injury or infection of the central nervous 
system. The patients’ laboratory data including serum osmolality, 
sodium, urea, glucose, creatinine, and glomerular filtration rate 
(GFR) should have been obtained within 7 days from ICU admis-

sion. We excluded patients who had end-stage renal disease with 
renal replacement therapy, insufficient medical records, a ‘do not 
resuscitation’ order, transferred to other hospitals, or with un-
known prognosis. 

Definitions and outcomes 
In this study, the baseline characteristics such as comorbidities, 

behavioral risk factors, ICU management, and laboratory data were 
collected retrospectively using Clinical Data Warehouse. Our cen-
ter constructed a “Clinical Data Warehouse Darwin-C” designed 
for the investigators to search and retrieve de-identified medical re-
cords from electronic archives. 

The laboratory data were obtained at least once daily from all 
the neurosurgical patients. Assessment of kidney function was 
based on the GFR using the Modification of Diet in Renal Disease 
4-variable formula8). The Acute Kidney Injury Network (AKIN) 
criteria were used to define perioperative acute renal dysfunction9). 
“Stage 1” was defined as an increase of creatinine by ≥  0.3 mg/dL 
or 1.5–1.9 times, “stage 2” as an increase of creatinine 2.0–2.9 
times, and “stage 3” as an increase of creatinine 3 times from base-
line (or serum creatinine of more than or equal to 4.0 mg/dL with 
an acute increase of at least 0.5 mg/dL). Given wide variation in in-
dications and timing of initiation of renal replacement therapy, in-
dividuals who receive renal replacement therapy are considered to 
have met the criteria for stage 3 irrespective of the stage they are in 
at the time of renal replacement therapy9). Calculated osmolality 
(mOsm/kg) was defined as: serum sodium level (mEq/L) ×  2 + 
(glucose[mg/dL]/18) + (blood urea nitrogen [mg/dL]/2.8)2). 
The osmolar gap (OG) was defined as the difference between the 
measured osmolarity and the calculated osmolality2). End-stage 
renal disease was defined as on dialysis or GFR < 30 mL/min/1.73 
m2 for at least 12 weeks10). 

In this study, the primary endpoint was the occurrence of AKI9).  

Statistical analyses  
All data are presented as mean ±  standard deviation for contin-

uous variables or frequencies and proportions for categorical vari-
ables. Data were compared using Student’s t-test for continuous 
variables and Chi-square test or Fisher’s exact test for categorical 
variables. A stepwise multiple logistic regression was performed to 
obtain a statistically meaningful predictor of in-hospital mortality. 
Predictive performance of serum osmolality and OG was assessed 
using areas under the curve (AUCs) of receiver operating charac-
teristic (ROC) curves for sensitivity vs. 1-specificity. AUCs were 
compared using the nonparametric approach published by De-
Long et al.11) for two correlated AUCs. All the tests were two-sid-
ed and p values of less than 0.05 were considered statistically signif-
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icant. All the statistical analyses were performed with R Statistical 
Software version 4.0.2 (R Foundation for Statistical Computing, 
Vienna, Austria). 

RESULTS 

Baseline characteristics 
A total of 3,964 patients were included in the final analysis. AKI 

was detected in 540 (13.6%) patients on mannitol infusion. The 
mean age of all the patients was 51.9 ±  16.3 years and 41.4% of pa-
tients were male. Malignancy (53.8%) and hypertension (29.6%) 
were the most common comorbidities, while brain tumor (44.1%) 

was the most common reason for ICU admission (Table 1). 

Clinical outcomes of the overall study population 
Measured osmolalities were significantly higher in patients with 

AKI than those without AKI (all p <  0.001). Maximal osmolar gap 
and creatinine were also significantly higher in patients with AKI 
than those without (both p <  0.001). GFR was significantly lower 
in patients with AKI than those without (86.3 ±  35.3 vs.100.0 ±  
22.8, p <  0.001) (Table 2). In-hospital and ICU mortality were 
significantly higher in patients with AKI than those without 
(11.1% vs. 1.4%, p <  0.001 and 8.1% vs. 0.9%, p <  0.001, respec-
tively). The length of ICU stay was also longer in the AKI group 

Table 1. Comparison between the groups according to the surgery or not

Variables Non-AKI (n = 3424) AKI (n = 540) p value
Patient demographics
 Age (year) 52.0±15.4 51.5 ±21.0 0.518
 Sex, male 1,427 (41.7) 215 (39.8) 0.442
Comorbidities
 Malignancy 1,835 (53.6) 298 (55.2) 0.52 
 Hypertension 992 (29.0) 181 (33.5) 0.036
 Diabetes mellitus 295 (8.6) 64 (11.9) 0.019
 Chronic kidney disease 59 (1.7) 36 (6.7) <0.001
 Cardiovascular disease 37 (1.1) 16 (3.0) 0.001
 Chronic liver disease 49 (1.4) 18 (3.3) 0.003
Behavioral risk factors
 Current alcohol consumption 851 (24.9) 112 (20.7) 0.044
 Current smoking 387 (11.3) 47 (8.7) 0.085
Cause of ICU admission <0.001
 Brain tumor 1,533 (44.8) 216 (40.0)
 Microvascular decompression 932 (27.2) 25 (4.6)
 Vascular surgery 528 (15.4) 54 (10.0)
 Intracerebral hemorrhage 96 (2.8) 60 (11.1)
 Subarachnoid hemorrhage 79 (2.3) 64 (11.9)
 Traumatic brain injury 70 (2.0) 57 (10.6)
 Spinal surgery 82 (2.4) 25 (4.6)
 Central nervous system infection 19 (0.6) 12 (2.2)
 Cerebral infarction 12 (0.4) 6 (1.1)
 Others 73 (2.1) 21 (3.9)
APACHE II score on ICU admission 2.1±3.4 4.2±5.2 <0.001
Glasgow Coma Scale on ICU admission 14.8 ±1.1 13.7 ±3.0 <0.001
ICU management
 Mechanical ventilation 314 (9.2) 215 (39.8) <0.001
 Invasive ICP monitoring 153 (4.5) 116 (21.5) <0.001
 Use of glycerin* 288 (8.4) 152 (28.1) <0.001
 Use of vasopressors 23 (0.7) 40 (7.4) <0.001

Data are presented as numbers (%) or means ± standard deviations.
AKI: Acute kidney injury, ICU: Intensive care unit, APACHE: Acute Physiology and Chronic Health Evaluation, ICP: Intracranial pressure, ICP: Intracranial 
pressure.
*Some patients received more than one hyperosmolar agent.
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Table 2. Measured osmolality and osmolar gap

Variables Non-AKI (n = 3424) AKI (n = 540) p value
Measured osmolality
 mOsm day1 298.6 ± 8.8 303.4± 14.4 <0.001
 mOsm day 2 299.3 ± 9.3 304.1 ± 19.3 <0.001
 mOsm day 3 299.2 ± 11.6 306.1 ± 21.2 <0.001
 mOsm day 4 297.8 ± 12.9 305.0 ± 19.3 <0.001
 mOsm day 5 296.9 ± 14.9 303.9± 20.2 <0.001
 mOsm day 6 294.8 ± 13.3 301.3± 19.2 <0.001
 mOsm day 7 293.3± 13.2 299.7± 18.5 <0.001
 mOsmmax 301.4± 10.6 310.9 ± 21.2 <0.001
Osmolar gap
 OG day 1 2.4 ± 7.1 3.2± 8.8 0.051
 OG day 2 1.1± 7.2 2.9± 10.0 <0.001
 OG day 3 1.6 ± 7.6 3.2 ± 10.4 0.027
 OG day 4 2.4± 7.8 2.2 ± 10.5 0.897
 OG day 5 2.6 ± 6.8 2.8 ± 10.2 0.771
 OG day 6 1.9± 7.4 4.6 ± 11.4 0.040
 OG day 7 2.5 ± 8.0 3.6± 9.3 0.423
 OGmax 4.4± 8.1 8.5 ± 11.5 <0.001
 Crmax 0.7 ± 0.3 1.1 ± 1.5 <0.001
 GFRmin 100.0 ± 22.8 86.3± 35.3 <0.001

Data are presented as numbers (%) or means ± standard deviations.
AKI: Acute kidney injury, mOsm: Measured osmolality, mOsmmax: Maximal 
measured osmolality, OG: Osmolar gap, OGmax: Maximal osmolar gap, 
Crmax: Maximal creatinine, GFRmin: Minimal glomerular filtration rate.

Table 3. Clinical outcome according to Acute kidney injury

Variables Non-AKI (n = 3424)
AKI

Stage 1 (n = 435) Stage 2 (n = 74) Stage 3 (n = 31) p value
In-hospital mortality 47 (1.4) 29 (6.7) 17 (23.0) 14 (45.2) <0.001
28-day mortality 51 (1.5) 30 (6.9) 18 (24.3) 13 (41.9) <0.001
ICU mortality 31 (0.9) 22 (5.1) 12 (16.2) 10 (32.3) <0.001
ICU length of stay (hour) 12.6±14.9 34.1±109.0 38.6 ±49.0 22.5 ±24.7 <0.001
Hospital length of stay (day) 34.6±109.3 116.5 ±234.2 166.7 ±262.2 135.8±188.0 <0.001

Data are presented as numbers (%) or means ± standard deviations.
AKI: Acute kidney injury, ICU: Intensive care unit.

Table 4. Multivariable logistic regression of clinically relevant variables 
associated with acute kidney injury

Variables Adjusted odds ratio (95% CI)* p value
mOsmmax 1.02 (1.01 – 1.03) <0.001
OGmax 1.01 (1.00 – 1.02) 0.166
Chronickidney disease 2.26 (1.35 – 3.69) 0.001
APACHE II score 1.05 (1.02 – 1.07) <0.001
Use of vasopressor 2.86 (1.55 – 5.35) 0.001
Use of glycerin 1.72 (1.30 – 2.25) <0.001
Mechanical ventilation 2.96 (2.30 – 3.80) <0.001
Invasive ICP monitoring 3.09 (2.28 – 4.16) <0.001
CI: Confidence interval, mOsmmax: Maximal measured osmolality, 
OGmax: Maximal osmolar gap, APACHE: Acute Physiology and Chronic 
Health Evaluation, ICP: iIntracranial pressure, ICU: Intensive care unit.
*Adjusted for osmolality, osmolar gap, age, sex, comorbidities, cause of 
ICU admission, utilization of organ support modalities, use of invasive ICP 
monitoring device, hyperosmolar therapy, and APACHE II score.

than non-AKI group (124.5 ± 236.1hr vs. 34.6 ±109.3hr, p<0.001) 
(Table 3). In the multivariable analysis, maximal measured osmo-
lality (adjusted odds ratio [OR]: 1.02, 95% confidence interval 
[CI]: 1.01 – 1.03), chronic kidney disease (adjusted OR: 2.26, 
95% CI: 1.35 – 3.69), Acute Physiology and Chronic Health Eval-
uation (APACHE) II score on ICU admission (adjusted OR: 1.05, 
95% CI: 1.02 – 1.07), use of vasopressor (adjusted OR: 2.86, 95% 
CI: 1.55 – 5.35), use of glycerin (adjusted OR: 1.72, 95% CI: 1.30 
– 2.25), mechanical ventilation (adjusted OR: 2.96, 95% CI: 2.30 
– 3.80), and invasive ICP monitoring (adjusted OR: 3.09, 95% CI: 
2.28 – 4.16) were significantly associated with AKI (Table 4).In 

the ROC curve analysis associated with the prediction of AKI, 
there was no significant difference between the AUC of maximal 
measured osmolality (C-statistic: 0.646, 95% CI: 0.430 – 0.829) 
and that of the maximal osmolar gap (C-statistic: 0.633, 95% CI: 
0.581 – 0.630) (p =  0.396) (Fig. 1). 

DISCUSSION 

In this study, we investigated the clinical factors related to AKI 
during mannitol infusion and the impact of AKI on in-hospital 
mortality of neurosurgical patients and neurocritically ill patients. 
AKI was detected in 13.6% of all the patients on mannitol infusion, 
and the measured osmolarities and OG were significantly higher in 
patients with AKI than those without. Notably, the predictive pow-
er of the two indicators was similar, and both were weak predictors 
of AKI. In the multivariable analysis, maximal measured osmolali-
ty, chronic kidney disease, APACHE II score on ICU admission, 
use of vasopressor, use of glycerin, mechanical ventilation, and in-
vasive ICP monitoring were significantly associated with AKI. Fi-
nally, in-hospital mortality and ICU mortality were significantly 
higher in patients with AKI than those without AKI.  
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Several reports have demonstrated that high doses and long-
term usage of mannitol could easily result in kidney injury1) and 
therefore, it is necessary to monitor the level of serum mannitol 
during hyperosmolar therapy. However, while serum osmolality 
and OG are commonly used to monitor mannitol toxicity and to 
prevent AKI2), there is no routine monitoring protocol for serum 
level of mannitol. Mannitol infusion may be skipped or stopped 
with high serum osmolality and OG. In general, it is known that 
OG is a superior predictor of AKI2) than serum osmolality. On 
contrary, the results of the present study showed that the predictive 
power of the two indicators is similar, and both are weak predictors 
of AKI. Clinical factors related to ICU management and pre-exist-
ing kidney injury were associated with AKI than serum osmolarity 
and OG. Therefore, monitoring of serum osmolality and OG may 
still be important, but clinical factors and pre-existing renal disease 
may be more important in predicting AKI in the management of 
neurocritically ill patients. 

In the previous study, AKI was a common and severe complica-
tion in the medical and surgical ICUs with high morbidity and 
mortality 12). Furthermore, AKI may be associated with increased 
costs and prolonged length of stay in the ICU and hospital12). AKI 
has also proven to be a major cause of poor clinical outcomes in 
ischemic stroke, subarachnoid hemorrhage, and traumatic brain 
injury patients 12-15). Moreover, mortality increased in proportion 

to the severity of AKI in neurocritically ill patients, and sepsis and 
chronic kidney disease were associated with AKI in neurocritically 
ill patients12) Similarly, in this study, the clinical outcomes, clinical 
factors related to ICU management and CKD were also associated 
with AKI in neurocritically ill patients. 

This study has several limitations. First, this was a retrospective 
review of medical records using data extracted from a Clinical Data 
Warehouse. The nonrandomized nature of the registry data might 
have resulted in a selection bias. Second, while long-term and high 
doses of mannitol infusion may cause AKI, but the total amount of 
infused mannitol was factored in the analysis. Third, mild AKI was 
more common than moderate and severe AKI in this study. Finally, 
the distribution of neurosurgical diseases in the postoperative 
group was different from that of the general neurosurgical ICU 
group, and the proportion of patients with brain tumors was par-
ticularly high. 

CONCLUSION 

The results of the present study showed that kidney injury is as-
sociated with poor clinical outcomes in neurosurgical and neuro-
critically ill patients, and monitoring serum osmolality and OG re-
mains important in preventing kidney injury in patients on manni-
tol infusion. Moreover, clinical factors related to ICU management 
and pre-existing renal disease were shown to aggravate AKI. There-
fore, during mannitol infusion in neurosurgical and neurocritically 
ill patients, careful monitoring of laboratory tests and clinical fac-
tors related to ICU management can reduce kidney injury. 
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