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Abstract

Introduction Cerebral edema after ischemic stroke is

frequently treated with mannitol and hypertonic saline

(HS); however, their relative cerebrovascular and meta-

bolic effects are incompletely understood, and may operate

independent of their ability to lower intracranial pressure.

Methods We compared the effects of 20% mannitol and

23.4% saline on cerebral blood flow (CBF), blood volume

(CBV), oxygen extraction fraction (OEF), and oxygen

metabolism (CMRO2), in nine ischemic stroke patients

who deteriorated and had >2 mm midline shift on imag-

ing. 15O-PET was performed before and 1 h after

administration of randomly assigned equi-osmolar doses of

mannitol (1.0 g/kg) or 23.4% saline (0.686 mL/kg).

Results Baseline CBF values (ml/100g/min) in the infarct

core, periinfarct region, remaining ipsilateral hemisphere,

and contralateral hemisphere in the mannitol group were

5.0 ± 3.9, 25.6 ± 4.4, 35.6 ± 8.6, and 45.5 ± 2.2, respec-

tively, and in the HS group were 8.3 ± 9.8, 35.3 ± 10.9,

38.2 ± 15.1, and 35.2 ± 12.4, respectively. There was a

trend for CBF to rise in the contralateral hemisphere after

mannitol from 45.5 ± 12.2 to 57.6 ± 21.7, P = 0.098, but

not HS. CBV, OEF, and CMRO2 did not change after

administration of either agent. Change in CBF in the

contralateral hemisphere after osmotic therapy was strongly

correlated with baseline blood pressure (R2= 0.879,

P = 0.002).

Conclusions We conclude that at higher perfusion

pressures, osmotic agents may raise CBF in non-ischemic

tissue. We conclude that at higher perfusion pressures,

osmotic agents may raise CBF in non-ischemic tissue.
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Introduction

Following ischemic stroke, patients with large hemispheric

infarction are at particularly high risk for neurological

deterioration from cerebral edema [1]. The mortality for

middle cerebral artery (MCA) infarction with massive

brain edema (malignant MCA infarction) can be as high as

80% with conservative therapy [2]. While mortality may be

reduced by early hemicraniectomy in selected patients [3],

medical therapy aimed at lowering intracranial pressure

(ICP), reversing edema and maintaining cerebral perfusion,

remains a key component in management of these patients.

Osmotic agents such as mannitol and hypertonic saline

(HS) are frequently administered to patients with post-

stroke edema and are recommended by the American Heart

Association (AHA) guidelines [4]. Mannitol and HS are

effective at lowering ICP [5, 6], although data regarding

their effect on outcome are limited [7].

Conflicting theories exist as to how osmotic agents act to

reduce ICP. One hypothesis is that osmotic agents act pri-

marily by reducing brain water [8]. However, an alternate

hypothesis is that they act by reducing viscosity, lowering
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cerebrovascular resistance, leading to compensatory vaso-

constriction and a fall in cerebral blood volume (CBV) [9].

In addition osmotic agents may have cerebrovascular

and metabolic effects independent of their effect on ICP.

These effects may be as important as their ability to lower

ICP following stroke. It is well known that herniation in

stroke patients usually occurs when ICP is normal [10]; yet,

osmotic agents are effective at reversing clinical herniation

[11]. In experimental models of stroke and cerebral edema,

mannitol improves CBF even when ICP is not elevated

[12–14]. Few data exist in humans, limiting our ability to

understand how to optimally utilize osmotic therapy. Fur-

thermore, the relative efficacy of different agents has rarely

been studied in randomized head-to-head comparisons

using equi-osmolar doses, which has hampered our ability

to select an optimal agent to both control ICP and maintain

cerebral perfusion.

To understand the relative cerebrovascular and metabolic

effects of mannitol and HS, we measured CBF, CBV, oxygen

extraction fraction (OEF), and cerebral metabolic rate for

oxygen (CMRO2) using 15O positron emission tomography

(PET) before and after administration of a large equi-

osmolar dose of either 20% mannitol or 23.4% saline in

patients who had deteriorated secondary to cerebral edema

following an ischemic stroke. We sought to determine

whether (1) equi-osmolar doses of mannitol and 23.4% sal-

ine had similar effects on regional CBF, CBV, and CMRO2

and (2) further understand the mechanism by which osmotic

agents act by determining whether they reduce CBV.

Methods

Eligible Patients

Adult (C18 years old) patients with acute hemispheric

ischemic stroke were screened to identify those at risk for

edema (NIH Stroke Scale [NIHSS] score C11). Those who

developed clinical worsening (fall of C2 points on the

Glasgow Coma Scale [GCS] or C4 points on the NIHSS)

and/or repeat imaging demonstrating midline shift of

>2 mm at the pineal gland or septum pellucidum were

eligible to be enrolled in the study. Exclusion criteria

included renal failure (serum creatinine >1.5 mg/dl),

congestive heart failure, cardiac ischemia, and pregnancy.

The Human Research Protection Office and Radioactive

Drugs Research Committee of Washington University

approved the study.

Clinical Management

Patients with large hemispheric stroke were monitored

closely for signs of clinical deterioration. The decision to

initiate osmotic therapy was made based on neurological

deterioration associated with cerebral edema and radio-

graphic evidence of increased midline shift. Patients who

failed to respond to osmotic therapy were considered for

hemicraniectomy based on age, co-morbidities, and wishes

of the patient and family. Intubation was performed in

patients with marked impairment of consciousness (typi-

cally GCS <9), inability to maintain an adequate airway

or mange secretions.

The patients were treated in a consistent manner by a

single neurointensive care team. Mannitol (20%) was

administered intravenously by intermittent boluses (starting

at a dose of 1 gm/kg every 6 h). Patients were weighed

daily; fluid balances were assessed frequently; and intra-

venous fluids were adjusted to keep the overall fluid balance

even. Additional adjustments were made in patients with

large insensible losses of fluid, with the aim of maintaining

a constant intravascular volume. Measurements of serum

electrolytes, osmolality, the osmotic gap were performed

two to four times a day during osmotic therapy.

Study Protocol

Using sealed envelopes, patients were randomized to

receive either mannitol or HS. The study was timed so that

the osmotic agent given for the PET study would be

administered at the same time they would normally have

received their next dose of osmotic agent.

Baseline measurements of NIHSS score, GCS, osmo-

lality, and electrolytes, and PET imaging were performed.

Then 1.0 g/kg of 20% mannitol or 0.686 ml/kg of 23.4%

saline (equi-osmolar doses) was infused over 15 min. One

hour after beginning the infusion, measurement of NIHSS,

GCS, and PET imaging were repeated.

In order to maintain stable volume status, patients had

urine output measured and any net negative fluid balance

(the difference between the urine output and the volume of

infused intravenous fluids and mannitol) was corrected by

infusing an equivalent amount of isotonic saline prior to the

PET imaging. Serum osmolality and electrolytes were

measured again 4 h after completion of mannitol or HS

infusion.

PET Methods

All patients were studied on the Siemens CTI ECAT

EXACT HR 47 PET Scanner located in the Neurology-

Neurosurgery Intensive Care Unit (NNICU). A neuroin-

tensivist was present throughout the study, and all ongoing

therapies were continued throughout the duration of the

study. During the PET study, every effort was made to

maintain a constant physiological state. At the time of each

image acquisition, physiological data were recorded.
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Each scan was acquired in the two-dimensional mode.

An individual transmission scan was obtained and used

for subsequent attenuation correction of emission scan

data. All scans were calibrated for conversion of PET

counts to quantitative radiotracer concentrations, as previ-

ously described [15].

Regional CBF was measured by bolus injection of 15O-

labeled water using an adaptation of the Kety autoradio-

graphic method [15, 16]. Regional CBV was measured

using a brief inhalation of 15O-labeled carbon monoxide

[17, 18] while CMRO2 and oxygen extraction fraction

(OEF) were derived from the CBF and CBV measurements

and an inhalation of 15O-labeled oxygen [19]. Quantitative

measurements of arterial oxygen content (CaO2) were

obtained by oximetry.

PET Processing

All PET scans for each patient were co-registered and

aligned to the initial baseline CBF study using Automated

Image Registration software (AIR, Roger Woods, University

of California, Los Angeles, CA). In five patients (three

mannitol and two hypertonic saline), CT images obtained

within 12 h of the PET study were available for analysis and

were realigned with the PET images. Using the individual

CT images, an image mask was created that included the

brain below the superior sagittal sinus down to the level of

the pineal gland. In addition, regions were hand drawn on the

CT images to correspond to the following: infarct core—

center of the hypodensity; peri-infarct region—an approxi-

mately 1 cm wide band adjacent to the edge of the infarct;

ipsilateral—remaining ipsilateral hemisphere after removal

of infarct and peri-infarct regions, and the entire contralateral

hemisphere. These regions were superimposed on aligned

PET images for analysis. In four subjects CT images were no

longer available and regions were identified on the PET CBF

images. In those cases the regions identified were limited to

the infarct and contralateral hemisphere.

Data Analysis

Continuous clinical and physiological variables and

regional PET values were compared using 2-tailed paired

t-tests. The relationship between physiological variables

and change in CBF following osmotic therapy was tested

with Pearson’s correlation coefficient.

Results

The clinical characteristics of the nine patients are sum-

marized in Table 1. All had suffered large hemispheric

infarction (left sided in eight) involving most or all of the

MCA territory and had received mannitol following clini-

cal deterioration attributed to cerebral edema. All but one

(eight of nine) received mannitol therapy prior to the PET

study. The average dose of mannitol for the 24 h prior to

the PET study was 2.5 ± 0.9 g/kg. None had received

hypertonic saline.

The NIHSS had deteriorated from a median of 22 (range

15–30) at the time of admission to 25 (range 15–35) at the

time of the PET study. The range of the individual changes

in NIHSS was +18 to -2, and four patients had developed

pupillary asymmetry. Average midline shift on the CT

performed closest to the time of the PET study was

7.9 ± 7.3 mm. Two patients had undergone a hemicrani-

ectomy. During the PET study all were intubated, none

were on vasoactive agents, and eight of nine were sedated

with intermittent boluses of fentanyl.

Blood pressure, arterial pCO2, arterial oxygen content,

temperature, and renal function at baseline were not signif-

icantly different and remained stable in both groups

following administration of either mannitol or HS (Table 2).

At 4 h osmolality rose in both groups, but sodium concen-

tration rose significantly only in the HS group in response to

the single dose administered during the PET study.

There were no significant changes in CBF, CBV, OEF,

or CMRO2 in the infarct core, peri-infarct or ipsilateral

regions following administration of either mannitol or HS.

In the contralateral hemisphere there was a trend for CBF

to increase following mannitol (Table 3), although the

differences were not statistically significant. No such trend

was evident following HS.

Examination of individual patient values of change in

CBF in the non-ischemic ipsilateral and contralateral

hemispheres revealed a range of responses with no effect in

some patients and CBF rising more than 50% in others.

There was an obvious relationship between baseline mean

blood pressure at the time of the PET study and change in

CBF following osmotic therapy in non-infarcted tissue.

The percentage change in CBF in the contralateral and non-

ischemic ipsilateral hemispheres following osmotic therapy

was highly correlated with mean blood pressure at the time

of the study (R2 = 0.787, P = 0.001, see Fig. 1).

Discussion

When blood flow is restored to infarcted brain tissue, the

dead cells swell, causing an increased mass within the

brain. Edema starts to develop within hours of stroke onset,

peaks at 2–5 days, and then gradually resolves [20]. With

large infarcts, the swelling can damage and displace brain

structures and compromise CBF. This can cause additional

brain injury, herniation, and is a primary cause of early

death after MCA stroke.

Neurocrit Care (2011) 14:11–17 13

123



In some experimental models of ischemic stroke, man-

nitol reduces infarct size, edema, and neurological deficit

[21, 22]. Mannitol and hypertonic saline reduce elevated

ICP in stroke patients [23–25]; yet, their impact on out-

come is less clear. While noting the lack of convincing

evidence of efficacy, the AHA guidelines [4] and others

recommend the use of osmotic agents to treat post-stroke

edema.

There are two proposed mechanisms through which

osmotic agents may act to lower ICP: (1) by reducing brain

water or (2) by reducing CBV. Mannitol doses of

0.75–1.25 g/kg reduce brain water from 79.61 to 77.96% in

normal rabbits [26]. In a model of head injury, mannitol

and 7.5% saline produced similar reductions in brain water

[27]. In a series of ischemic stroke patients, we previously

reported shrinkage of the contralateral hemisphere (reduc-

tion of 8.0 ± 0.4%) following mannitol [28]. These

studies, however, did not allow us to determine whether the

fall in brain volume was due to a reduction in brain water

or blood volume.

The alternate theory is based on the observation that

mannitol produces a rapid constriction of both arterioles

and venules on the surface of the brain [9]. Mannitol

shrinks red blood cells and increases their deformity,

reducing viscosity [29, 30], an effect that is independent of

changes in hematocrit [31]. The reduced viscosity leads to

compensatory vasoconstriction to maintain stable CBF a

fall in CBV and thus ICP.

In this study of osmotic agents in patients with post-

stroke edema we found that osmotic agents produce a

variable effect on CBF, which appears to be modulated by

blood pressure. At normal blood pressures osmotic agents

had minimal effect on CBF, but when blood pressure was

elevated, osmotic agents resulted in an impressive rise in

CBF. In addition, our data indicate that neither mannitol

nor 23.4% saline led to a fall in CBV, arguing against

Table 1 Clinical characteristics

NIHSS NIH Stroke Scale score,

MCA middle cerebral artery

Mannitol Hypertonic (23.4%) saline Total

N 5 4 9

Age (years) 64 ± 12 62 ± 11 63 ± 12

Male 3 2 5

White/African American 2/3 2/2 4/5

Admission NIHSS 23 (15–30) 22 (17–28) 23 15–30

% MCA territory involved 75 ± 10 60 ± 10 68 ± 10

Midline shift (mm) 5.6 ± 5.2 10.5 ± 9 7.9 ± 7.3

Hemicraniectomy 2 0 2

Interval from ictus (h) 65.5 ± 15.2 74.3 ± 17.0 69.9 ± 15.6

Table 2 Physiological and laboratory characteristics during the PET study

Mannitol Hypertonic (23.4%) saline

Baseline After mannitol Baseline After HS

MAP (mm Hg) 113 ± 19 113 ± 14 98 ± 11 103 ± 11

PaCO2 (mm Hg) 38 ± 8 40 ± 6 32 ± 7 30 ± 8

PaO2 (mm Hg) 103 ± 21 98 ± 25 135 ± 11 115 ± 5

CaO2 (mm Hg) 16.0 ± 1.9 15.9 ± 1.7 16.3 ± 3.2 15.9 ± 3.4

Hemoglobin (gm/dl) 11.9 ± 1.4 12.0 ± 1.5 12.1 ± 2.4 11.1 ± 2.4

Temperature (oC) 37.8 ± 0.7 37.8 ± 0.6 37.9 ± 0.5 38.0 ± 0.6
aNa (mEq/L) 144.5 ± 9.3 146.5 ± 8.4 139.8 ± 6.1 147.3 ± 4.8*
aGlucose (mg/dL) 130.5 ± 33.1 177.8 ± 52.3 167.0 ± 71.3 171.0 ± 84.2
aBUN (mg/dL) 7.3 ± 2.5 9.3 ± 3.2 14.5 ± 7.7 14.5 ± 4.8
aCreatinine (mg/dL) 0.67 ± 0.10 0.70 ± 0.08 1.0 ± 0.41 0.93 ± 0.45
aOsmolality (mOsm/L) 301.3 ± 14.1 309.8 ± 19.8* 304.5 ± 16.3 317.0 ± 14.8*

MAP mean arterial pressure, PaCO2 partial pressure of carbon dioxide, PaO2 partial pressure of oxygen, CaO2 arterial oxygen content,

Na sodium concentration, BUN blood urea nitrogen

* P < 0.05 compared to baseline
a Four hours after osmotic agent
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the theory that they reduce ICP by producing cerebral

vasoconstriction.

Few studies (none in patients with ischemic stroke) have

assessed the CBF and metabolic response to osmotic

therapy. In experimental models of head injury, intrave-

nous boluses of 0.5 g/kg of mannitol led to a consistent rise

in CBF and metabolism that was out of proportion to the

reduction in ICP [32]. In head injury patients, mannitol

either had no effect or slightly increased CBF [33, 34], but

did not improve metabolism. In another study 0.5 gm/kg of

mannitol resulted in a modest increase in CBF but no

change in oxygen or glucose metabolism [35]. While

mannitol reduces ICP and improves cerebral perfusion

pressure, this does not necessarily lead to improved jugular

venous saturation or brain tissue oxygen tension [36].

The relationship we found between blood pressure and

change in CBF has not been previously reported and might

explain some of the variability in the literature. That it

occurred in the non-infarcted ipsilateral and contralateral

hemispheres is of particular importance since it involved

presumably normal brain regions. There was no change in

blood pressure as a result of the administration of the

osmotic agent to account for the rise in CBF. This suggests

that with high perfusion pressures (a mean blood pressure

of *130 mm Hg in these patients), the vasoconstrictive

response to a fall in viscosity is lost. At moderate perfusion

pressures, reduced viscosity is compensated for by vaso-

constriction. However, when CPP is near the upper limits

of autoregulation cerebral resistance arterioles are close to

maximally constricted and the ability to respond to the rise

in CBF due to reduced viscosity is limited. This observa-

tion is preliminary and should be interpreted with caution.

Further study is needed to better define the relationship and

understand its therapeutic implications.

Table 3 Regional cerebrovascular and metabolic response to mannitol and hypertonic saline

Stroke Mannitol Hypertonic Saline (HS)

Baseline After mannitol P value Baseline After HS P value

Infarct core

CBF (ml/100 g/min) 5.0 ± 3.9 6.3 ± 5.2 0.213 8.3 ± 9.8 9.7 ± 11.2 0.344

CBV (ml/100 g/min) 1.55 ± 0.56 1.91 ± 1.05 0.196 1.58 ± 0.74 1.64 ± 0.81 0.612

OEF 0.19 ± 0.07 0.18 ± 0.14 0.974 0.27 ± 0.01 0.39 ± 0.13 0.362

CMRO2 (ml/100 g/min) 0.17 ± 0.11 0.15 ± 0.17 0.829 0.22 ± 0.37 0.38 ± 0.49 0.216

Peri-infarct

CBF (ml/100 g/min) 25.6 ± 4.4 30.2 ± 5.6 0.049 35.3 ± 10.9 37.2 ± 6.0 0.678

CBV (ml/100 g/min) 3.48 ± 0.25 4.45 ± 0.90 0.171 3.95 ± 1.60 4.23 ± 1.87 0.375

OEF 0.29 ± 0.08 0.21 ± 0.05 0.313 0.33 ± 0.09 0.52 ± 0.10 0.395

CMRO2 (ml/100 g/min) 1.11 ± 0.40 0.94 ± 0.21 0.571 1.63 ± 0.26 2.85 ± 1.32 0.352

Ipsilateral hemisphere (minus infarct and peri-infarct)

CBF (ml/100 g/min) 35.6 ± 8.6 43.0 ± 12.7 0.114 38.2 ± 15.1 40.1 ± 10.0 0.59

CBV (ml/100 g/min) 4.57 ± 0.41 6.07 ± 1.51 0.163 4.92 ± 1.86 5.29 ± 2.31 0.441

OEF 0.27 ± 0.004 0.18 ± 0.07 0.244 0.35 ± 0.07 0.53 ± 0.13 0.414

CMRO2 (ml/100 g/min) 1.46 ± 0.44 1.10 ± 0.28 0.412 1.92 ± 0.63 3.27 ± 1.89 0.373

Contralateral hemisphere

CBF (ml/100 g/min) 45.5 ± 12.2 57.6 ± 21.7 0.098 35.2 ± 12.4 36.9 ± 7.27 0.574

CBV (ml/100 g/min) 4.30 ± 0.50 5.29 ± 1.42 0.104 3.49 ± 0.85 3.41 ± 1.26 0.791

OEF 0.39 ± 0.15 0.31 ± 0.10 0.209 0.33 ± 0.09 0.46 ± 0.15 0.220

CMRO2 (ml/100 g/min) 2.55 ± 0.58 2.61 ± 0.60 0.802 1.82 ± 0.69 2.81 ± 1.49 0.105

CBF cerebral blood flow, CBV cerebral blood volume, OEF oxygen extraction fractions, CMRO2 cerebral metabolic rate for oxygen
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and percent change in CBF in contralateral hemisphere CBF after

osmotic therapy
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This article has a number of weaknesses. The number of

subjects is small and we did not study the time course of

the cerebrovascular response to osmotic agents, which may

change dynamically over time. However, strengths of this

study include random allocation of eligible patients to equi-

osmolar doses of the two agents and evaluation of regional

effects using PET. We were also able to address, for the

first time in humans, the mechanism of action (effect on

CBV) of these agents. Finally through this approach we

were able to identify a previously unreported potential

relationship between blood pressure and cerebrovascular

response to osmotic therapy.

In summary, we found that the degree of rise in CBF in

the contralateral hemisphere in ischemic stroke patients

following osmotic therapy appears to be mediated by blood

pressure. We found no support for the theory that osmotic

agents reduce CBV.

Acknowledgment This study was supported by NIH S03596610.

References

1. Ropper AH, Shafran B. Brain edema after stroke. Clinical syn-

drome and intracranial pressure. Arch Neurol. 1984;41(1):26–9.

2. Hacke W, et al. ‘Malignant’ middle cerebral artery territory

infarction: clinical course and prognostic signs. Arch Neurol. 1996;

53(4):309–15.

3. Vahedi K, et al. Early decompressive surgery in malignant

infarction of the middle cerebral artery: a pooled analysis of three

randomised controlled trials. Lancet Neurol. 2007;6(3):215–22.

4. Adams HP Jr, et al. Guidelines for the early management of

adults with ischemic stroke: a guideline from the American

Heart Association/American Stroke Association Stroke Council,

Clinical Cardiology Council, Cardiovascular Radiology and

Intervention Council, and the Atherosclerotic Peripheral Vascular

Disease and Quality of Care Outcomes in Research Interdisci-

plinary Working Groups: the American Academy of Neurology

affirms the value of this guideline as an educational tool for

neurologists. Stroke. 2007;38(5):1655–711.

5. Schwarz S, et al. Effects of hypertonic saline hydroxy ethyl starch

solution and mannitol in patients with increased intracranial

pressure after stroke. Stroke. 1998;29(8):1550–5.

6. Francony G, et al. Equimolar doses of mannitol and hypertonic

saline in the treatment of increased intracranial pressure. Crit

Care Med. 2008;36(3):795–800.

7. Bereczki, D., et al., Mannitol for acute stroke. Cochrane Database

Syst Rev. 2007; 3: CD001153.

8. Toung TJ, et al. Increases in lung and brain water following

experimental stroke: effect of mannitol and hypertonic saline.

Crit Care Med. 2005;33(1):203–8.

9. Muizelaar JP, et al. Mannitol causes compensatory cerebral

vasoconstriction and vasodilation in response to blood viscosity

changes. J Neurosurg. 1983;59:822–8.

10. Frank JI. Large hemispheric infarction, deterioration, and intra-

cranial pressure. Neurology. 1995;45(7):1286–90.

11. Koenig MA, et al. Reversal of transtentorial herniation with

hypertonic saline. Neurology. 2008;70(13):1023–9.

12. Johnston IH, Harper AM. The effect of mannitol on cerebral blood

flow An experimental study. J Neurosurg. 1973;38(4):461–71.

13. Shirane R, Weinstein PR. Effect of mannitol on local cerebral

blood flow after temporary complete cerebral ischemia in rats.

J Neurosurg. 1992;76(3):486–92.

14. Vinas FC, Dujovny M, Hodgkinson D. Early hemodynamic

changes at the microcirculatory level and effects of mannitol

following focal cryogenic injury. Neurol Res. 1995;17(6):465–8.

15. Herscovitch P, Markham J, Raichle ME. Brain blood flow mea-

sured with intravenous H2
(15)O. I. Theory and error analysis.

J Nucl Med. 1983;24(9):782–9.

16. Raichle ME, et al. Brain blood flow measured with intravenous

H2
(15)O. II. Implementation and validation. J Nucl Med. 1983;

24(9):790–8.

17. Martin WR, Powers WJ, Raichle ME. Cerebral blood volume

measured with inhaled C15O and positron emission tomography.

J Cereb Blood Flow Metab. 1987;7(4):421–6.

18. Videen TO, et al. Brain blood volume, flow, and oxygen utili-

zation measured with O-15 radiotracers and positron emission

tomography: revised metabolic computations. J Cereb Blood

Flow Metab. 1987;7(4):513–6.

19. Mintun MA, et al. Brain oxygen utilization measured with O-15

radiotracers and positron emission tomography. J Nucl Med.

1984;25(2):177–87.

20. Shaw CM, Alvord EC Jr, Berry RG. Swelling of the brain fol-

lowing ischemic infarction with arterial occlusion. Arch Neurol.

1959;1:161–77.

21. Paczynski RP, et al. Multiple-dose mannitol reduces brain water

content in a rat model of cortical infarction. Stroke. 1997;28(7):

1437–43.

22. Karibe H, Zarow GJ, Weinstein PR. Use of mild intra ischemic

hypothermia versus mannitol to reduce infarct size after tempo-

rary middle cerebral artery occlusion in rats. J Neurosurg. 1995;

83(1):93–8.

23. Candelise L, Colombo A, Spinnler H. Therapy against brain

swelling in stroke patients. A retrospective clinical study on 227

patients. Stroke. 1975;6(4):353–6.

24. Santambrogio S, et al. Is there a real treatment for stroke?

Clinical and statistical comparison of different treatments in 300

patients. Stroke. 1978;9(2):130–2.

25. Suarez JI, et al. Treatment of refractory intracranial hypertension

with 23.4% saline. Crit Care Med. 1998;26(6):1118–22.

26. Meyer FB, et al. Treatment of experimental focal cerebral

ischemia with mannitol. Assessment by intracellular brain pH,

cortical blood flow, and electroencephalography. J Neurosurg.

1987;66(1):109–15.

27. Freshman SP, et al. Hypertonic saline (7.5%) versus mannitol: a

comparison for treatment of acute head injuries. J Trauma. 1993;

35(3):344–8.

28. Videen TO, et al. Mannitol bolus preferentially shrinks non-

infarcted brain in patients with ischemic stroke. Neurology.

2001;57(11):2120–2.

29. Kiesewetter H, et al. The single erythrocyte rigidometer (SER) as a

reference for RBC deformability. Biorheology. 1982;19(6):737–53.

30. Hijiya N, Horiuchi K, Asakura T. Morphology of sickle cells

produced in solutions of varying osmolarities. J Lab Clin Med.

1991;117(1):60–6.

31. Burke AM, et al. The effects of mannitol on blood viscosity.

J Neurosurg. 1981;55(4):550–3.

32. Brown FD, et al. Detailed monitoring of the effects of mannitol

following experimental head injury. J Neurosurg. 1979;50(4):

423–32.

33. Muizelaar JP, Lutz HA III, Becker DP. Effect of mannitol on ICP

and CBF and correlation with pressure autoregulation in severely

head-injured patients. J Neurosurg. 1984;61(4):700–6.

34. Fortune JB, et al. Effect of hyperventilation, mannitol, and ven-

triculostomy drainage on cerebral blood flow after head injury.

J Trauma. 1995;39(6):1091–7.

16 Neurocrit Care (2011) 14:11–17

123



35. Soustiel JF, et al. Comparison of moderate hyperventilation and

mannitol for control of intracranial pressure control in patients with

severe traumatic brain injury—a study of cerebral blood flow and

metabolism. Acta Neurochir (Wien.). 2006;148(8):845–51.

36. Hartl R, et al. Mannitol decreases ICP but does not improve

brain-tissue pO2 in severely head-injured patients with intracra-

nial hypertension. Acta Neurochir Suppl. 1997;70:40–2.

Neurocrit Care (2011) 14:11–17 17

123


	Cerebral Hemodynamic and Metabolic Effects of Equi-Osmolar Doses Mannitol and 23.4% Saline in Patients with Edema Following Large Ischemic Stroke
	Abstract
	Introduction
	Methods
	Results
	 Conclusions

	Introduction
	Methods
	Eligible Patients
	Clinical Management
	Study Protocol
	PET Methods
	PET Processing
	Data Analysis

	Results
	Discussion
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


