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	 Background:	 Elevated intracranial pressure is one of the most common problems in patients with diverse intracranial disor-
ders, leading to increased morbidity and mortality. Effective management for increased intracranial pressure is 
based mainly on surgical and medical techniques with hyperosmolar therapy as one of the core medical treat-
ments. The study aimed to explore the effects of continuous micro-pump infusions of 3% hypertonic saline 
combined with furosemide on intracranial pressure control.

	 Material/Methods:	 We analyzed data on 56 eligible participants with intracranial pressure >20 mmHg from March 2013 to July 
2014. The target was to increase and maintain plasma sodium to a level between 145 and 155 mmol/L and 
osmolarity to a level of 310 to 320 mOsmol/kg.

	 Results:	 Plasma sodium levels significantly increased from 138±5 mmol/L at admission to 151±3 mmol/L at 24 h (P<0.01). 
Osmolarity increased from 282±11 mOsmol/kg at baseline to 311±8 mOsmol/kg at 24 h (P<0.01). Intracranial 
pressure significantly decreased from 32±7 mmHg to 15±6 mmHg at 24 h (P<0.01). There was a significant 
improvement in CPP (P<0.01). Moreover, central venous pressure, mean arterial pressure, and Glasgow Coma 
Scale slightly increased. However, these changes were not statistically significant.
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Background

Intracranial hypertension is a common complication in many 
neurological diseases. Causes of intracranial hypertension in-
clude intracranial factors such as cerebral ischemia/hemor-
rhage, trauma, brain tumor, cerebral edema, and hydroceph-
alus, while extracranial factors include hypoxia, hypercarbia, 
hyperpyrexia, seizures, and drugs or their metabolites [1]. A 
series of measures are needed to control raised intracrani-
al pressure (ICP) above 20 to 25 mmHg. The most commonly 
used approach to the treatment of ICP is medical management, 
including techniques such as sedation, hyperventilation, hy-
pothermia, and hyperosmolar therapy, which is based on the 
generation of an osmotic concentration gradient between the 
blood and brain tissue, being the first-line treatment. In gener-
al, hypertonic saline, mannitol, and furosemide are the 3 most 
commonly used agents in the treatment of raised ICP. However, 
emergent surgical management should be considered in cas-
es that are refractory to medical management.

Over the last 3 decades, mannitol has been the most wide-
ly used hyperosmolar dehydrating agent for the treatment 
of elevated ICP [2,3] due to its rheologic and osmotic effects. 
However, adverse effects such as the rebound effect, serum 
electrolyte imbalance, acute tubular necrosis, and renal fail-
ure, lead to certain restrictions in clinical practice [4]. In addi-
tion, previous studies have indicated that, following excessive 
infusion, mannitol may pass from the blood vessels into the 
brain tissue, causing further brain swelling and increased ICP.

In recent years, hypertonic saline (HS) concentrations ranging 
from 3% to 23.4% have been used with increasing frequency 
in the treatment of intracranial hypertension caused by various 
causes. Studies have shown that, HS, not mannitol, should be 
considered the gold-standard medical therapy for intracranial 
hypertension.[3,5–9]. Furthermore, administration of manni-
tol can further reduce body perfusion and blood pressure (BP) 
due to its diuretic effect; thus, in such circumstances HS has 
a clear advantage over mannitol. HS solutions can effective-
ly lower ICP while preserving normal BP and cerebral perfu-
sion pressure (CPP). Potential adverse effects associated with 
HS infusion include myelinolysis, acute heart or renal failure, 
acute pulmonary edema, and serum electrolyte imbalance [10].

Furosemide, a traditional diuretic agent, is also commonly 
used to reduce elevated ICP by reducing the water content 
and thus the brain bulk in neurological patients. Furosemide 
is usually used in combination with mannitol; however, to the 
best of our knowledge, few studies have explored the effects 
of micro-pump-infused HS combined with furosemide on ICP 
control. We hypothesized that co-administration of furose-
mide would enhance the ICP-lowering properties of HS infu-
sion through a marked increase in serum osmolarity and a 

decrease in brain water content. The aim of the study was to 
retrospectively investigate the efficacy and safety of 3% HS + 
furosemide delivered via continuous micro-pump infusion for 
controlling elevated ICP.

Material and Methods

We performed a single-center retrospective study from March 
2013 to July 2014 in the Neurological Intensive Care Unit (NICU) 
of the Fourth Military Medical University Tangdu Hospital, 
China. All procedures were approved by the Institutional 
Investigational Review board at the Fourth Military Medical 
University.

Patients

A total of 56 neurosurgical patients (26 males, 30 females) 
were enrolled in the study. All patients with ICP >20 mmHg 
were treated with continuous 3% HS + furosemide infusion 
adapted to a defined target of plasma sodium and osmolarity. 
All ICP values were acquired by ventricular ICP monitors (the 
ventricular catheter connected to an external strain gauge). 
The inclusion and exclusion criteria are summarized in Table 1.

General care

All patients received the standard intensive care management. 
Critically ill patients were kept in a semirecumbent position 
and patients with GCS <9 scores or a rapid deterioration in 
neurological status were mechanically ventilated. As agitation 

Inclusion criteria

1. Patients with ventricular ICP monitors

2. The value of ICP remained constantly >20 mmHg

3. Age 18 years or older and less than 90 years

4. Patients with central venous line

Exclusion criteria

1. Hyponatremia or hypopotassium

2. Clinical and radiological signs of brain herniation

3. Patients with coagulopathy

4. �Initial plasma sodium >150 mmol/L and serum osmolarity 
>320 mosm/kg

5. Heart failure, renal failure, or pulmonary edema

6. Pregnancy, lactation, or parturition

Table 1. Inclusion and exclusion criteria in the study.

ICP – intracranial pressure.
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and pain may significantly increase BP and ICP, all patients 
were treated with midazolam (starting dose of 0.2 mg/kg/h, 
increased as needed) for sedation and fentanyl (starting dose 
of 2 μg/kg/h, increased as needed) for analgesia. If necessary, 
patients were treated with the neuromuscular blocking agent, 
vecuronium (0.1 mg/kg). We ensured normoglycemia and kept 
the body temperature between 36.0°C and 37.0°C. All patients 
were subjected to blood gas analysis at least once a day and 
expiratory end-tidal (Et) CO2 was continuously monitored to 
avoid hypoxemia, hypoventilation, or hyperventilation. All pa-
tients used invasive monitoring devices to measure arterial 
pressure. During the period of infusion, mean arterial pressure 
(MAP) was maintained at ³70 mmHg and the CPP at ³60 mmHg, 
as CPP=MAP-ICP. Systolic BP was maintained between 120 and 
160 mmHg. To avoid hypervolemia or hypovolemia, a central 
venous catheter was needed to help evaluate volume status 
and maintain central venous pressure (CVP) of 4–12 cm H2O.

Study protocol

Continuous micro-pump administration of 3% HS solution and 
furosemide was performed when ICP value exceeded the 20 
mmHg threshold. Infusion of 3% HS solution and furosemide 
was started at rates of 25 mL/h and 2 mg/h, respectively, with 
both agents administered simultaneously. Plasma sodium and 
serum osmolarity levels were tested at least every 4 h. The tar-
get was to increase and maintain plasma sodium to a level be-
tween 145 and 155 mmol/L and osmolarity to a level of 310 to 
320 mOsmol/kg. Furthermore, plasma sodium levels were to be 
elevated by a maximum of 15 mmol/L in the first 24 h of ad-
ministration. Infusion was continued until: (a) the level of plas-
ma sodium was greater than 155 mmol/L; (b) serum osmolarity 
was greater than 320 mOsmol/kg; (c) the value of ICP remained 
constant at <15 mmHg for at least 24 h; (d) pulmonary edema, 
acute heart or renal failure and other side-effects associated 
with the infusion of both drugs limited their use. Once the ICP 
fell below 15 mmHg for at least 24 h, the target of plasma so-
dium was gradually decreased by <5 mmol/L daily to reach the 
normal range over 2–3 days. In the process, if the ICP increased 
obviously with the decrease in plasma sodium levels, the plasma 
sodium values were returned to an appropriate level. When con-
trol of ICP was poor, as the continuous osmotherapy failed with 
the ICP remained >20 mmHg 30 min, the patients were treated 
in accordance with guidelines [11], including repeated boluses 
of 125 to 250 mL of 20% mannitol, pentobarbital (loading dose 
of 3–10 mg/kg, by infusing at a rate of 1 mg/kg per min) adapt-
ed to the ICP evolution, and continuous cerebrospinal fluid (CSF) 
drainage or decompressive craniectomy should be discussed.

Data collection

Data collected from each eligible patient included plasma so-
dium and osmolarity, serum potassium, and potential adverse 

effects associated with HS + furosemide administration, such 
as acute heart failure, acute renal injury (defined by a increase 
in serum creatinine concentration at least 200% compared 
with that at admission) or failure, pulmonary edema, plasma 
electrolyte imbalance, coagulopathy disorder, phlebitis, and 
central pontine myelinolysis. Therefore, serum creatinine and 
blood urea nitrogen (BUN), troponin, activated partial throm-
boplastin time (APTT), international normalized ratio, neuro-
logical consciousness assessment (Glasgow Coma Scale, GCS), 
temperature, glucose, and blood gas analysis were tested ev-
ery 4 h. Furthermore, brain and chest CT scans and electrocar-
diography (ECG) were performed daily as a part of routine in-
tensive care unit management. CVP, MAP, ICP and CPP were 
monitored continuously throughout the infusion.

Statistical analysis

Statistical tests were performed with the SPSS 16.0 soft-
ware. Continuous variables were tested for normality by the 
Kolmogorov-Smirnov test. Normally distributed data are report-
ed as mean and mean percentage and compared by one-way 
ANOVA. Non-parametric data are reported as median and inter-
quartile range (IQR) values and were analyzed using the Kruskal-
Wallis test. P<0.05 was considered statistically significant.

Results

Patient characteristics

A total of 56 neurosurgical patients (26 males, 30 females) 
with standard intensive care management were recruited ac-
cording to the inclusion criteria in the study.

As shown in Table 2, baseline characteristics include age, sex, 
body weight, initial heart rate (HR), ICP, MAP, CPP, CVP, GCS 
score, plasma sodium, and osmolarity levels.

Effect on plasma sodium and osmolarity

Evolution of plasma sodium and osmolarity over time are shown 
in Figure 1. Plasma sodium levels significantly increased from 
138±5 mmol/L at admission to 142±4 mmol/L at 4 h (P<0.05; 
Figure 1A), and to 147±5 mmol/L at 12 h (P<0.05 vs. 4 h). 
Plasma sodium continuously increased to 151±3 mmol/L at 
24 h (P<0.01 vs. 0 h). Subsequently, the HS infusion rate was 
decreased from 25 mL/h to 15 mL/h, while the furosemide 
infusion rate was unchanged, and the plasma sodium val-
ue remained stable at that level. Osmolarity increased from 
282±11 mOsmol/kg at baseline to 294±12 mOsmol/kg at 4 h 
(P<0.05; Figure 1B), and to 302±9 mOsmol/kg at 12 h (P<0.05 
vs. 4 h), then remaining stable at 311±8 mOsmol/kg until 24 h 
(P<0.01 vs. 0 h).
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Effect on CVP, MAP, ICP, CPP and GCS

CVP slightly increased from 7 (4–9) cmH2O at admission to 9 
(5–11) cmH2O (P=0.512) at 4 h. Similarly, MAP increased from 
82±16 mmHg to 85±11 mmHg (P=0.331) at 4 h and remained 
stable over the observation period. However, these changes 
were not statistically significant.

ICP decreased to <20 mmHg in 76.8% (43 of 56) of all pa-
tients, while decreased ICP was not achieved in 23.2% (13 
of 56) of patients who received additional treatment such as 
20% mannitol, deep sedation, and decompressive craniecto-
my for ICP control. As shown in Figure 2A, maximal changes 
in ICP were detected at 1 h. ICP significantly decreased from 
32±7 mmHg to 23±9 mmHg at 1 h (P<0.01 vs. 0 h) after in-
fusion, and from 19±7 mmHg at 4 h to 17±9 mmHg at 8 h 
(P<0.05 vs. 4 h), and to 15±6 mmHg at 24 h (P<0.01 vs. 0 h). 
Subsequently, ICP remained stable during the period of infu-
sion. Rebound ICP was observed in 2 of 43 (4.7%) patients 
who succeeded in achieving the target. There was a signifi-
cant improvement in CPP, from 64±7 mmHg to 75±9 mmHg 
at 1 h (P<0.01 vs. 0 h; Figure 2B). Subsequently, the improve-
ment was stably maintained during the whole study period. 

Parameters

Female, n (%) 	 30	 (54)

Age (years), (IQR) 	 66	 (58–78)

Weight (kg), (IQR) 	 67	 (51–85)

GCS (scores), (IQR) 	 7	 (4–12)

CPP (mmHg), (SD) 	 64±7

MAP (mmHg), (SD) 	 85±16

HR (bpm), (IQR) 	 82	 (51–107)

CVP (cmH2O), (IQR) 	 8	 (6–9)

ICP (mmHg), (SD) 	 23±7

Plasma sodium (mmol/L), (SD) 	 139±5

Osmolarity (mOsmol/kg), (SD) 	 282±11

Table 2. Baseline characteristics.

IQR – interquartile range; HR – heart rate; GCS – Glasgow Coma 
Scale; MAP – mean arterial pressure; CPP – cerebral perfusion 
pressure; ICP – intracerebral pressure; CVP – central venous 
pressure.

170

160

150

140

130

120
0 4 12 24

Infusion time (hours)
48 60

Pl
as

m
a s

od
iu

m
 (m

m
ol

/L
)

340

320

300

280

260

240
0 4 12 24

Infusion time (hours)
48 60

Os
m

ol
ar

ity
 (m

Os
m

ol
/k

g)

A B

Figure 1. �(A) Plasma sodium and (B) osmolarity recordings over time during the continuous 3% HS and furosemide infusion. Results 
are given for the first 48 h of infusion.
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Figure 2. �(A) Intracranial pressure (ICP) and (B) cerebral perfusion pressure (CPP) recordings over time during the continuous 3% HS 
and furosemide infusion. Results are provided for the first 36 h of infusion.
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Moreover, the mean GCS scores increased from 7 (4–12) be-
fore infusion, up to 9 (5–13) (P=0.421) at 24 h.

Adverse effects

Complications associated with HS + furosemide infusion were 
as follows. Overall, no instances of hypernatremia (plasma so-
dium >155 mmol/L) were recorded, but hypopotassium oc-
curred in 6 (10.7%) patients. Acute renal injury, but not renal 
failure, occurred in 2 (3.6%) patients. The drug infusion pro-
duced no clinically relevant changes in troponin, internation-
al normalized ratio, or APTT and the ECG results remained un-
changed. No cases of acute heart failure, pulmonary edema, 
hypercarbia or hypoxemia, phlebitis, and central pontine my-
elinolysis were recorded.

Discussion

Hypo-sodium and hypo-osmolarity occurs frequently in neuro-
logical patients, especially in patients using excessive diuretics 
[12]. Hyperosmolar therapy with either mannitol or HS is rec-
ommended for treating raised ICP [13–15], with mannitol re-
placing other osmotic agents as the mainstay of this therapy.

More recently, HS at various concentrations (3%, 7.2%, 10%, 
and 23.4%) has become prevalent for the clinical treatment 
of raised ICP without diuresis; however, the optimal adminis-
tration and concentration, as well as timing and application 
schedule, remains unclear. Recently, Muizelaar et al. [16] re-
ported that no major adverse effects were observed in criti-
cally ill patients with severe stroke treated with continuous 
infusion of 3% HS. In the NICU, we found that continuous mi-
cro-pump administration of 3% HS + furosemide effectively 
reduced ICP. Experimental and clinical evidence has demon-
strated HS reduces ICP and improves CPP [17], which makes 
it an interesting alternative to mannitol. In accordance with 
these studies, we demonstrated that HS + furosemide infu-
sion decreased ICP and improved CPP without severe hyper-
natremia. Interestingly, the mechanism of ICP reduction may 
be associated with the Na+ osmotic concentration gradient 
between the brain tissue and the blood. HS administration 
increases body perfusion, while HS itself has no diuretic ef-
fect, and this may weaken the ICP-lowering effects. Combining 
HS with furosemide increases intravascular osmolarity, caus-
ing the transfer of fluid from the brain tissue compartment to 
the intravascular compartment along the osmolarity gradient 
[18–20], and leading to a reduction in the water content with-
out causing a volume overload, which may lead to various sys-
temic adverse effects [21]. However, trials exploring the ICP-
lowering effects of 3% HS + furosemide infusion are scarce. 
In the present retrospective study, we investigated the safe-
ty and efficacy of continuous 3% HS + furosemide infusion to 

increase serum sodium and osmolarity to the levels required 
to reduce ICP to <15 mmHg.

The target in the present study was to increase and maintain 
plasma sodium to a level of 145 to 155 mmol/L and osmolarity 
of 310 to 320 mOsmol/kg. The selection of these targets was 
based on previous studies in which these ranges effectively 
decreased ICP without major adverse effects [22]. Of note, a 
decline in ICP correlating with an increase in plasma sodium 
and osmolarity was observed. The target values for plasma so-
dium and osmolarity levels were reached at 24 h.

In the study, 23.2% (13 of 56) patients failed to achieve the 
target ICP level, mainly because 3% HS had no an immediate 
lowing-ICP effect like mannitol. Furthermore, our team ana-
lyzed the data from these patients, and found that all these 
ICP values had been declining over time. However, the rate of 
lowing ICP was slow. As a result, 3% HS was not an appropri-
ate choice in treating acute intracranial hypertension. Despite 
the small sample size, we recommend that 3% HS + furose-
mide infusion could be beneficial with ICP less than 30 mmHg. 
However, more comprehensive and rigorous studies are need-
ed to further explore the best applicable scope of 3% HS + fu-
rosemide in the treatment of intracranial hypertension.

A previous study reported that a bolus of osmotherapy increas-
es cerebrospinal fluid osmolarity, which may increase the risk 
of ICP rebound [23]. Mannitol (20%) produced a rapid lowering 
of ICP, and the osmotic effect is delayed for 15–30 min after 
administering an intravenous bolus. The effect on ICP persist-
ed for a variable period of 90 min to 6 h or more, depending 
on the clinical condition. In the present trial, it can be specu-
lated that the low rate of rebound ICP observed (2 of 43 pa-
tients; 4.7%) is due to the stable maintenance of hyperos-
molarity by continuous HS infusion. Although the immediate 
ICP-lowing effects of 3% HS + furosemide were not observed, 
continuous infusion produced a prolonged reduction in the ICP.

Potential adverse effects of 3% HS + furosemide administration 
include central pontine myelinolysis, phlebitis, hypernatremia, 
hyperosmolarity, hypokalemia, pulmonary edema, heart fail-
ure, renal failure, and coagulopathy [5,18]. Hypokalemia (plas-
ma hypokalemia <3.5 mmol/L) were observed in 6 (10.7%) pa-
tients and this may be attributed to the continuous furosemide 
infusion. However, due to frequent monitoring every 4 h, seri-
ous outcomes were avoided by timely potassium supplemen-
tation. Acute renal injury, but not renal failure, was observed 
in 2 (3.6%) patients; however, it is not clear whether these ef-
fects were caused by HS infusion, since various drugs were 
included in the infusion; more in-depth studies are required 
to further explore this issue. Cases of pulmonary edema and 
heart failure did not occur, which may be because of the di-
uretic effect of furosemide. With the decline in ICP, the mean 
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GCS scores increased from 7 (4–12) to 9 (5–13). HS adminis-
tration carries the risk of central pontine myelinolysis if there 
is a rapid transition from hyponatremia to hypernatremia [24]. 
In the present study, hyponatremia was excluded before ad-
ministration of HS; therefore, no instances of central pontine 
myelinolysis were recorded.

Specifically, no patients suffered from severe hypernatremia 
during the whole period of infusion. According to previous 
studies, continuous infusion of 3% HS in traumatic brain inju-
ry patients decreased ICP but induced severe hypernatremia, 
which reached 180 mmol/L, resulting in neurological compli-
cations and renal failure [25,26]. Continuous furosemide infu-
sion leads to a marked decrease in Na+ reabsorption from the 
thick ascending limb of the renal medulla, resulting in the low 
incidence of hypernatremia observed in our study.

Some limitations of our study should be noted. First, ours 
was a retrospective study with no control groups; thus, a pro-
spective randomized study is required to confirm our find-
ings. Second, although the thresholds for plasma sodium and 
osmolarity were chosen based on previous studies, confir-
mation that these values represent the optimal range is re-
quired. Third, the inclusion and exclusion criteria in the study 
may not provide a complete and accurate assessment of the 
therapeutic response of both agents after infusion. Finally, the 

long-term neurological outcome and mortality was not inves-
tigated and the sample size (56 patients) was small. A larger 
and more complete study is required to elucidate the full ef-
fects of 3% HS + furosemide infusion.

Conclusions

Continuous infusion of 3% HS + furosemide is feasible and 
safe in maintaining ICP within goal in neurological patients 
with raised ICP (>20 mmHg) and appears to be a promising 
ICP-lowering therapy. Further prospective, random, and double-
blind studies should be performed to confirm the full effects 
of the combination of 3% HS and furosemide infusion in the 
treatment of elevated ICP before widespread use is advocated.
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