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Abstract
AIM: To evaluate the effect of an intravenous bolus 
of mannitol in altering brain metabolites, brain water 
content, brain parenchyma volume, cerebrospinal 
fluid (CSF) volume and clinical signs in controls and 
in patients with acute liver failure (ALF) and acute-
on-chronic liver failure (ACLF), by comparing changes 
in conventional magnetic resonance imaging (MRI),  
in vivo  proton magnetic resonance spectroscopy (PMRS) 
and diffusion tensor imaging (DTI) before and after its 
infusion. 

METHODS: Five patients each with ALF and ACLF in 
grade 3 or 4 hepatic encephalopathy and with clinical 
signs of raised intracranial pressure were studied along 
with five healthy volunteers. After baseline MRI, an 
intravenous bolus of 20% mannitol solution was given 
over 10 min in controls as well as in patients with 
ALF and ACLF. Repeat MRI for the same position was 
acquired 30 min after completing the mannitol injection.
RESULTS: No statistically significant difference was 
observed between controls and patients with ALF 
and ACLF in metabolite ratios, DTI metrics and brain 
volume or CSF volume following 45 min of mannitol 
infusion. There was no change in clinical status at the 
end of post-mannitol imaging.
CONCLUSION: The osmotic effect of mannitol did not 
result in significant reduction of brain water content, 
alteration in metabolite ratios or any change in the 
clinical status of these patients during or within 45 min 
of mannitol infusion. 
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INTRODUCTION
Liver failure is a life-threatening condition following 
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severe hepatocellular injury that affects many other 
organ systems, most notably the brain and kidneys[1]. 
Liver failure may develop in the absence of  pre-existing 
liver disease i.e. acute liver failure (ALF) or when an 
acute insult is superimposed on a chronic liver disorder 
[acute-on-chronic liver failure (ACLF)[2,3]. Cerebral edema 
leading to raised intracranial pressure (ICP) is known 
to be a major complication in patients with ALF[4]. The 
pathophysiological mechanisms underlying development 
of  cerebral edema and ICP in ALF are multifactorial[5,6]. 
Though the occurrence and nature of  cerebral edema 
in ACLF is not well studied, anecdotal evidence from 
patients with ACLF suggests that hyponatremia is 
implicit in the progression to cerebral edema[7].

Presently, osmotic therapy is widely used to control 
cerebral edema and raised ICP. Mannitol is the most 
frequently used osmotically active agent in clinical 
practice[8]. It acts by increasing blood osmolarity, thereby 
establishing a concentration gradient across the intact 
blood-brain barrier (BBB) that forces movement 
of  water from the edematous brain tissue to the 
intravascular space[9]. In controlled trials, mannitol has 
been shown to decrease the raised ICP level in ALF 
patients and is associated with improved survival[10]. 
Other experimental studies have suggested that mannitol 
infusion reduces the water content and volume of  
normal, but not of  infarcted brain tissue[11,12]. 

Noninvasive imaging techniques such as magnetic 
resonance imaging (MRI) and computed tomography 
(CT) have been used to evaluate the brain water content 
changes after mannitol administration. Increased brain 
density of  both edematous peritumoral white matter 
as well as normal gray and white matter on CT scans 
has been attributed to mannitol induced reduction in 
brain water content in patients with cerebral tumors[13]. 
Similarly, MR scans in patients with cerebral tumors 
detect reduced longitudinal relaxation time (T1) in 
edematous peritumoral white matter after mannitol 
infusion, which correlates with decrease in water 
content[14].

Newer MR imaging techniques such as proton 
magnet ic resonance spectroscopy (PMRS) and 
diffusion tensor imaging (DTI) are considered to be 
more sensitive and accurate in assessing the changes in 
brain metabolites and brain water content within the 
intracellular and extracellular compartments[15]. Changes 
in brain osmolytes detected by the PMRS are indirect or 
proxy evidence for cerebral edema. PMRS changes (i.e. 
reduction of  choline, myoinositol and N-acetyl aspartate 
peaks and increase in Gln-Glx peak) are well-known 
in liver cirrhosis and chronic liver failure, conditions 
where there is sufficient time for organic osmolytes to 
compensate for increased intracellular osmolarity caused 
by astrocytic accumulation of  glutamine[16]. PMRS 
changes in ALF are not well documented and are unlikely 
to be so clear-cut since rapid onset of  the syndrome does 
not allow sufficient time for compensatory mechanisms 
to counterbalance rapid changes in osmolarity due to 
rapid and massive accumulation of  astrocytic glutamine 
in this condition[17]. In patients with hyponatremia, 

PMRS has revealed significantly lower levels of  the 
organic osmolyte myoinositol which would normally 
compensate for the rising intracellular glutamine seen 
with acute liver injury[18].

DTI is a technique that is able to reveal and quantify 
the direction of  water mobility in tissues, which in 
white matter is normally anisotropic because of  axonal 
fibers running in parallel. The two commonly used 
DTI metrics are fractional anisotropy (FA) and mean 
diffusivity (MD). FA reflects the degree of  anisotropy 
due to the hindrance of  water molecules mobility caused 
by various physical barriers. MD is a measure of  tissue 
water diffusivity and is dependent upon interactions 
between water molecules and the structural components 
at cellular and subcellular level[19]

..
To the best of  our knowledge, this is the first 

study evaluating the effect of  mannitol on brain water 
content using DTI and PMRS in controls as well as in 
patients with ALF and ACLF. We hypothesize that the 
effect of  bolus infusion of  mannitol in reducing brain 
water content will be reflected by changes measured by 
conventional MRI, in-vivo PMRS and DTI. Since the 
peak effect of  a single bolus in mobilizing fluid from 
tissues to the intravascular compartment according to 
the osmotic gradient is observed at about 45 min after 
infusion[14], it was decided to evaluate the effect of  
intravenous bolus of  mannitol during the baseline MRI 
scan (pre-mannitol study) and after the completion of  
mannitol administration (post-mannitol study). The 
parameters compared between controls and patients, 
before and after mannitol infusion were (1) relative 
metabolite alterations in the right parietal region using 
in-vivo PMRS, (2) brain water content using DTI metrics, 
and (3) changes in the brain parenchyma volume as 
well as cerebrospinal fluid (CSF) volume. Changes were 
further correlated with the clinical outcome.

MATERIALS AND METHODS
Patients
In this study, we have included 5 ALF patients (3 males, 
2 females; range, 14-46 years), and 5 ACLF patients 
(4 males, 1 female; range, 24-48 years). The patients 
with diagnosis of  ALF and ACLF were admitted to 
the Gastroenterology intensive care ward and those 
who were clinically stable underwent imaging protocol. 
ALF was diagnosed in the presence of  jaundice and 
encephalopathy with jaundice-to-encephalopathy 
interval being < 4 wk, and in the absence of  clinical 
and radiological evidence of  cirrhosis[20]. ACLF was 
diagnosed when there was acute hepatitis defined by 
abrupt (<4 wk) rise in serum bilirubin to ≥ 10 mg/dL 
and ALT to ≥ 5 times of  normal (≥ 200 IU/L) on a 
patient with clinical, biochemical or ultrasonographic 
evidence of  chronic liver disease (ascites, nodular and 
irregular liver, patent portal vein and portosystemic 
collaterals). Upper gastrointestinal endoscopy was done 
in the patients who recovered from encephalopathy 
to look for portal hypertension (esophageal varices 
≥ grade Ⅱ) as evidence of  chronic liver disease. The 



etiology, baseline clinical profile and biochemical profile 
of  ALF has been shown in Tables 1 and 2, respectively. 
All the patients had acute viral hepatitis; none of  them 
had drug induced hepatitis. The etiology of  acute 
and chronic liver disease, baseline clinical profile and 
biochemical profile in ACLF patients has been shown 
in Tables 3 and 4, respectively. None of  these patients 
had history of  prior neurological illness. Patients with 
history of  significant alcohol intake over the previous 
six months were excluded since de-compensation could 
have been related to recent alcohol intake. Patients with 
ultrasonographic evidence of  a mass lesion in the liver 
(hepatocellular carcinoma), portal vein thrombosis or 
biliary obstruction, or suspected sepsis at presentation 
were excluded, since the liver decompensation could 
have been related to these factors. Serum specimens were 
obtained from the study subjects and stored at -70℃  
until analysis. Etiological tests for cause of  both acute 
hepatitis and chronic liver disease were done in patients 
with ALF and ACLF. These included IgM anti-hepatitis 
E virus, IgM anti-Hepatitis A virus (HAV), HBsAg, 
IgM anti-HAV, anti-HCV, antinuclear antibodies, anti 
smooth muscle antibodies, anti LKM, anti-mitochondrial 
antibodies, serum feritin, and Wilson’s disease work-up. 

Healthy controls
Five healthy controls (3 males, 2 females; range, 18-50 
years) were also included in this study, who had no 
history of  neurological or psychiatric illness, alcohol or 
drug abuse, and head injury or liver disease. 

Management
Close monitoring and meticulous optimization of  all 
metabolic derangements identified were done in all 
patients. Oxygenation was continuously monitored 
in each patient using pulse oximetry. Blood glucose 
level was monitored 6-hourly using a glucometer. Vital 
parameters, neurologic status and signs of  raised ICP 
were checked 4-hourly. Raised ICP was diagnosed 
in presence of  decerebrate posturing alone or, when 
two out of  four of  the following criteria were met, i.e. 
hypertension (supine blood pressure > 150/90 mmHg), 
bradycardia (pulse rate < 10/min for the expected pulse 
rate for the given body temperature), pupillary changes 
and neurogenic hyperventilation (hyperventilation in 
absence of  metabolic or respiratory cause)[21]. ICP 
recordings were not done in any of  these patients. 
However, the diagnosis of  raised ICP was based on 
the clinical signs, imaging features of  cytotoxic and 
interstitial edema on DTI. Sedation or muscle paralyzing 
agents were not used. We did not treat seizures 
prophylactically nor looked for subclinical seizures as 
prophylactic therapy for seizures as well as monitoring 
by EEG is not recommended in the management of  
ALF[22,23]. Arterial ammonia was measured in heparinized 
plasma by enzymatic method (RANDOX lab Ltd, 
UK) immediately before or within 6 h of  imaging. 
Prior to infusion of  mannitol infusion any metabolic 
derangement identified was corrected and all patients 
had been receiving standard anti-coma measures as well 

as other supportive measures such as head end elevation, 
oxygen supplementation, dextrose infusion to maintain 
normoglycemia. We did not hyperventilate our patients 
because this is not an established method for decreasing 
raised ICP, and our second aim was to see the effect 
of  mannitol so we tried to avoid all other methods of  
decreasing ICP mentioned in literature[23,24].

An intravenous bolus of  20% mannitol solution  
(1 g/kg body weight) was given in controls as well as 
patients with ALF and ACLF after a baseline MRI 
scan (pre-mannitol study) for 10 min. After 30 min of  
mannitol injection, repeat MRI (post-mannitol study) for 
the same position was acquired. In post-mannitol study, 
both conventional T2-weighted and T1-weighted spin-
echo (SE) imaging took a total time of  2.14 min and 
1.34 min respectively, in vivo PMRS was done in 3.45 min 
and DTI data was acquired after 9.36 min and therefore 
the effect of  mannitol was seen between 30-46 min  
(including time). The head was strapped to prevent 
any artifacts related to motion. The study protocol 
was approved by the institutional Ethics Committee 
and written informed consent was obtained from each 
subject or the nearest kin after explaining the nature of  
investigation to be carried out.

MRI protocol
Imaging was performed on a 1.5 tesla MRI scanner 
(Signa Lx Echo speed plus, General Electric Healthcare 
Technologies, Milwaukee, WI) equipped with an actively-
shielded whole body magnetic field gradient set (allowing 
up to 33 mT/m) equipped with a quadrature birdcage 
receive and transmit radio frequency head coil. The 
routine imaging studies included the following: fast spin 
echo (FSE) T2-weighted images with repetition time 
(TR)/echo time (TE)/number of  excitations (NEX) = 
6000 ms/85 ms/4, and T1-weighted SE images with 
TR/TE/NEX = 1000 ms/14 ms/2. A total of  36 
contiguous 3 mm thick axial sections were acquired with 
a 240 mm × 240 mm field of  view (FOV) and image 
matrix of  256 × 256. 

In vivo proton MR spectroscopy
The controls, ALF and ACLF patients underwent  
in vivo PMRS during the pre-mannitol study and post-
mannitol study after the completion of  intravenous 
mannitol administration to determine the changes in 
the brain metabolites. Spectra were obtained by using 
a water suppressed localized single voxel SE sequence 
with TR/TE = 3000 ms/35 ms. A voxel of  2 cm × 2 cm 
× 2 cm was located mainly in the right parietal region 
of  the brain[25] in all the cases, containing part of  white 
matter and gray matter (putamen and caudate nucleus) 
(Figure 1A). After global shimming, voxel shimming 
was performed, and a full width at half  maximum of  
4-6 Hz was achieved in all the cases. For evaluation and 
quantification of  all individual spectra, the LC-Model 
software package (Version 6.0; Stephen Provencher, 
Ontario, Canada) was used for processing the MRS 
data. The process of  determining peak intensities of  the 
different metabolites is described in detail elsewhere[26]. 
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The metabolite ratios of  N-acetylaspartate (NAA), 
choline (Cho), glutamine (Gln), glutamine/glutamate 
(Glx), and myoinositol (mI) were calculated with respect 
to creatine (Cr).

DTI protocol
DTI data were acquired using a single-shot echo-planar 
dual SE sequence with ramp sampling[27]. The diffusion-
weighted acquisition parameters were: b-factor =  
0 s/mm2, 1000 s/mm2, slice thickness = 3 mm with no gap, 
number of  slices = 34-38, FOV = 240 mm × 240 mm,  
TR = 8 s, TE = 100 ms and NEX = 8. The acquisition 
matrix was 128 × 80 and the homodyne algorithm was 
used to construct the k-space data to 128 × 128 and 
zero-filled to generate an image matrix of  256 × 256. 
The diffusion tensor encoding used was the balanced ro-
tationally invariant[28] dodecahedral scheme with 10 uni-
formly distributed directions over the unit hemisphere. 

DTI data processing and analysis
The magnitude averaged data were transferred to a 
workstation for further analysis. In general, the DTI 
data analysis involves three major steps: pre-processing, 
processing, and post-processing. 

Data pre-processing 
The data were distortion corrected for shear, scale, 
rotation, and translation using the Automated Image 
and Registration package[29]. The removal of  scalp to 
isolate the brain in the collected raw images was done, 
in all the cases, by an automated stripping procedure[30]. 
Subsequent DTI processing did not require any filtering, 
as justified by the absence of  unprocessed voxels. 

Data processing 
The distortion corrected data were then interpolated 
to attain isotropic voxels and decoded to obtain the 
tensor field for each voxel. The tensor field data were 
then diagonalized using the analytical diagonalization 
method[31] to obtain the eigenvalues (λ1, λ2 and λ3) 
and the three orthonormal eigenvectors (e1, e2 and e3). 
The orthogonality of  the computed eigenvectors and 
the correctness of  the eigenvalues were checked using 
random sampling at a number of  voxels. The correctness 
observed was up to an order of  10-17, indicating that 
no iterative refinement of  the computed eigenvalues/
vectors was needed. The tensor field data was then used 
to compute the DTI metrics such as mean diffusivity 
(Equation 1) and fractional anisotropy (Equation 2) for 
each voxel.
MD = (λ1 + λ2 + λ3)/3              Equation 1
FA(λ1, λ2, λ3) = Sqrt{[(λ1 - λ2)

2 (λ2 - λ3)
2 (λ1 - λ3)

2]/2(λ1
2 

+ λ2
2 + λ3

2)}                              Equation 2

Data post-processing and quantification
JAVA based software was used to calculate various DTI 
derived metrics (MD and FA)[32]. To show homogenous 
distribution of  metabolites within the brain, we selected 
major white matter and deep gray matter regions 
for region-of-interest(s) (ROI’s) analysis, because it 

has been reported in the previous studies that the 
changes are widespread in both the gray and the white 
matter in patients with hepatic encephalopathy[33]. For 
quantitative analysis, the DTI derived FA and MD maps 
were displayed and overlaid on images with different 
contrasts to facilitate the ROI’s placement. Elliptical 
and/or rectangular ROI’s varying from 2 × 2 and 6 × 6 
pixels were placed on right and left anterior (ALIC) and 
posterior (PLIC) limb of  internal capsule, right and left 
caudate nuclei (CN), right and left putamen (P), right 
and left thalamus (TH), right and left periventricular 
white matter of  frontal (FWM) and occipital (OWM) 
lobes, right and left cingulum and corpus callosum (CC)  
at the level of  third ventricle for DTI metrics quantifi-
cation in these controls as well as patients (Figure 1E). 
Rectangular ROI’s were also placed at the level of  frontal 
cortex, parietal cortex and occipital cortex to quantify 
the various DTI metrics.

The total brain volume changes (brain parenchyma 
as well as CSF volume) before and after the intravenous 
infusion of  mannitol was also measured in all subjects 
on the T2-weighted images using the in-house JAVA 
based software. 

Statistical analysis
Before statistical analysis, left and right measurements for all 
regions were pooled together. Mann-Whitney rank sum test 
was performed between the pre-mannitol study and post-
mannitol study to see the statistical significant difference in 
the metabolite ratios (with respect to Cr), DTI metrics (FA 
and MD), brain parenchyma volume as well as CSF volume 
for controls (n = 5), ALF (n = 5) and ACLF (n = 5) patients. 
A P value of  less than or equal to 0.05 was considered to 
be statistically significant. All the statistical analyses were 
performed using the statistical package for social sciences. 
(SPSS, V12, Inc, Chicago, USA).

RESULTS
Imaging findings
All patients in ALF and ACLF groups had grade 3 
or grade 4 hepatic encephalopathy when they were 
subjected to MRI study after excluding all the metabolic 
factors which might contribute to altered mental state. 
All of  these patients had imaging features of  cytotoxic 
and interstitial edema on DTI suggestive of  raised ICP. 
These patients were then treated with mannitol infusion 
and repeat MRI for the same position was acquired as 
shown in Tables 5-7, respectively. We compared the 
clinical signs and MR changes in both group of  patients 
as well as controls pre and post mannitol infusion. 
None of  the patients with ALF and ACLF showed 
significant clinical improvement in terms of  the grade of  
encephalopathy and appearance of  defined clinical signs 
of  cerebral edema and MR findings. 

In vivo MR spectroscopy
The mean metabolites ratios calculated for the controls, 
ALF patients and ACLF patients are shown in Table 5. 
In all these subjects, no statistical significant difference 
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was observed in the ratios of  NAA/Cr, Cho/Cr, Gln/
Cr, Glx/Cr, and mI/Cr between the pre-mannitol study 
(Figure 1B) and post-mannitol study (Figure 2B).

Changes in DTI metrics 
The mean MD and FA values extracted from ROI’s  
in controls, ALF patients and ACLF patients are 
summarized in Tables 6 and 7, respectively. None of  the 
DTI metrics showed any significant difference between 
the pre-mannitol study (Figure 1C and D) and post-
mannitol study (Figure 2C and D) in controls as well as 
ALF and ACLF patients.

Changes in total brain volume
In all subjects, no significant change was found in 
both brain parenchyma volume as well as CSF volume 
before mannitol administration and at 45 min after the 
completion of  mannitol infusion (Table 8).

DISCUSSION
In case of  patients with abnormal liver function or liver 
failure, detoxification of  ammonia into glutamine by 
glutamine synthetase occurs in the brain astrocytes[34,35]. 
It has been reported that the facilitated transport system 

Case Age/Sex   Etiology Grade of HE Jaundice-HE 
interval (d)

HE duration at 
presentation (d)

             Clinical features of raised ICP

DP HT B PC NH
1   24/M Hepatitis E          4         7            2  +  + -   -   +
2   14/M Hepatitis B          4         8            2  +  + -   +   +
3   24/F Hepatitis B          4       23            2  +  + +   +   +
4   46/F Hepatitis E          4         2            2  +  + +   +   +
5   25/F Hepatitis E          3         2            1  +  + -   -   -

Table 1  Clinical profile of acute liver failure patients

HE: Hepatic encephalopathy; DP: Decerebrate posture; HT: Hypertension; B: Bradycardia; PC: Pupillary changes; NH: Neurogenic hyperventilation.

Case  Serum 
bilirubin 
(mg/dL)

ALT 
(U/L)

AST
(U/L)

ALP
(U/L)

INR   Serum
  sodium 
(mmol/L)

  Serum 
potassium 
(mmol/L)

  Serum 
creatinine 
 (mg/dL)

  Blood sugar 
(mg/dL, range)

  Blood 
 ammonia 
(μmol/dL)

1   13.3      242      349        134  1.8     142     3.8      1.2       110-186
2   26.4    1020      920        120  8.2     146     4.7      1.2       130-194       438
3   28.6      206      156        140  6.8     140     4.9      0.6         98-178       150
4   15.3    1688      276        210  5.5     145     4.3      0.6       130-188       265
5   21.5      232      142        146  2.8     143     3.6      0.4         88-176       182

Table 2  Biochemical profile of acute liver failure patients

ALT: Alanine transaminase; AST: Aspartate transaminase; ALP: Alkaline phosphatase; INR: International normalized ratio. 

Table 3  Clinical profile of acute-on-chronic liver failure patients

Case Age/Sex                Etiology Grade 
of HE

Jaundice-HE 
interval (d)

HE duration at 
presentation (d)

   Clinical features of raised ICP

Acute Chronic DP HT B PC NH
1   48/M Hepatitis E Cryptogenic     3       17           2  +  + -   -   +
2   48/M Hepatitis E Chronic Hepatitis B     4       15           3  +  + -   +   +
3   24/F Hepatitis E Autoimmune     3       22           1  +  - -   -   +
4   45/F Hepatitis E Chronic Hepatitis C     3       13           2  +  + -   +   +
5   28/F Hepatitis E Chronic Hepatitis B     3         7           2  +  + -   -   +

HE: Hepatic encephalopathy; DP: Decerebrate posture; HT: Hypertension; B: Bradycardia; PC: Pupillary changes; NH: Neurogenic hyperventilation.

Table 4  Biochemical profile of acute-on-chronic liver failure patients

Case   Serum 
bilirubin 
(mg/dL)

ALT
(U/L)

AST
(U/L)

SAP
(U/L)

INR   Serum 
  sodium 
(mmol/L)

  Serum 
potassium 
(mmol/L)

  Serum 
creatinine 
(mg/dL)

      Blood 
      sugar 
(mg/dL, range) 

    Blood 
  ammonia 
(μmole/dL)

Child 
score

MELD 
 score

1    18.8      346      274      148 2.6      143       3.7      1.2        130-194        180 12/15    30
2    17.2      254      142      165 2.4      144       4.9      0.9          98-210        280 13/15    29
3    25.7      636      524      164 3.7      136       4.5      0.5          98-166        261 13/15    33
4    25.1      240      320        97 3.9      145       3.9      0.9        108-210        310 14/15    34
5    10.2      279      151        79 2.25      137       4.3      0.8          89-189        210 13/15    24

ALT: Alanine transaminase; AST: Aspartate transaminase; SAP: Serum alkaline phosphatase; INR: International normalized ratio; MELD: Modified end 
stage liver disease.
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Region Study
Control (n  = 5) ALF patient (n  = 5) ACLF patient  (n  = 5)

Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P

ALIC 0.36 ± 0.05 0.37 ± 0.04 0.60 0.30 ± 0.03 0.30 ± 0.02 0.47 0.32 ± 0.02 0.33 ± 0.02 0.56
PLIC 0.49 ± 0.05 0.48 ± 0.05 0.60 0.33 ± 0.02 0.34 ± 0.01 0.12 0.45 ± 0.03 0.40 ± 0.03 0.08
CN 0.11 ± 0.00 0.11 ± 0.00 0.47 0.09 ± 0.01 0.09 ± 0.01 0.60 0.08 ± 0.01 0.09 ± 0.01 0.56
P 0.09 ± 0.01 0.09 ± 0.01 0.92 0.06 ± 0.01 0.07 ± 0.01 0.92 0.06 ± 0.02 0.08 ± 0.01 0.15
TH 0.15 ± 0.01 0.14 ± 0.01 0.12 0.12 ± 0.00 0.12 ± 0.01 0.92 0.14 ± 0.01 0.15 ± 0.03 0.77
FWM 0.31 ± 0.03 0.30 ± 0.03 0.92 0.30 ± 0.03 0.32 ± 0.07 0.92 0.32 ± 0.04 0.36 ± 0.07 0.56
OWM 0.38 ± 0.06 0.38 ± 0.07 0.92 0.38 ± 0.04 0.37 ± 0.05 0.92 0.35 ± 0.04 0.31 ± 0.02 0.15
CC 0.53 ± 0.04 0.54 ± 0.06 0.92 0.44 ± 0.06 0.45 ± 0.02 0.35 0.50 ± 0.04 0.51 ± 0.05 0.77
Cingulum 0.36 ± 0.03 0.37 ± 0.04  0.75 0.44 ± 0.07 0.41 ± 0.03 0.25 0.38 ± 0.03 0.36 ± 0.03 0.56
Frontal cortex 0.12 ± 0.01 0.11 ± 0.00 0.47 0.12 ± 0.04 0.12 ± 0.04 0.60 0.14 ± 0.02 0.11 ± 0.02 0.08
Parietal cortex 0.12 ± 0.01 0.12 ± 0.01 0.75 0.11 ± 0.01 0.10 ± 0.01 0.75 0.14 ± 0.01 0.11 ± 0.03 0.39
Occipital cortex 0.11 ± 0.02 0.12 ± 0.03 0.47 0.14 ± 0.05 0.10 ± 0.03 0.25 0.10 ± 0.05    0.13 ± 0.03 0.39

Table 6  Summary of fractional anisotropy values (mean ± SD) from different white and gray matter regions in controls, patients 
with acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) before the intravenous infusion of mannitol (pre-mannitol 
study) and after receiving mannitol (post-mannitol study)

ALIC: Anterior limb of internal capsule; PLIC: Posterior limb of internal capsule; CN: Caudate nuclei; P: Putamen; TH: Thalamus; FWM: Frontal white 
matter; OWM: Occipital white matter; CC: Corpus callosum.

operates to maintain the normal level of  the nitrogen-
rich osmolytes[36]. This process is energy dependent 
and requires normal metabolic conditions to operate. 
However, in case of  patients with liver failure such 
a favorable milieu is not present. This suggests the 
increased concentration of  nitrogen-rich compounds 
in brain of  patients with liver failure, as also reported 
in previous studies[37,38]. It has been reported that the 
increased concentration of  glutamine in these patients is 
associated with increased brain water content resulting 
in cerebral edema[39,40]. The use of  hypertonic solutions 
for pulling out water initially from extracellular space 
and eventually from the intracellular compartment, along 
with clinical improvements in these patients, has been 
reported[41].

In the present study, no significant change in the 
relative concentration of  various metabolites in controls, 
ALF and ACLF patients after mannitol administration 
was observed, and this finding was associated with 
no change in the brain water content as well as in the 
clinical condition of  patients. It has been reported that 
decreased myoinositol concentration is associated with 
compensatory response to the osmotic gradient induced 
by the high level of  glutamine[17]. In case of  controls 
and ALF patients, no significant decrease in mI/Cr 

ratio after mannitol infusion suggests that the osmotic 
gradient due to mannitol might not be able to shift the 
myoinositol osmolyte across the BBB to compensate 
the intracellular osmolarity caused by accumulation of  
astrocytic glutamine. In case of  ACLF patients, the slight 
increase in Gln/Cr, Glx/Cr and mI/Cr was seen after 
the infusion of  mannitol; however, it did not reach the 
level of  statistical significance. This further confirms 
that the osmotic gradient due to mannitol is not able 
to influence the efflux of  organic osmolytes across the 
BBB. The lack of  significant change in PMRS findings 
may be due to the fact that this was an acute study in 
which the pre- and post-mannitol studies were spaced 
45 min apart. It is well known that the proxy changes 
of  cerebral edema picked up by PMRS (i.e. depletion 
of  choline, myoinositol, N-acetyl aspartate) are due to 
osmolyte shifts that occur over a prolonged timeframe 
and not in minutes[42,43]

.
We did not find any significant change in the DTI 

metrics (FA and MD) in controls as well as in patients 
with ALF and ACLF at 45 min after the completion of  
mannitol administration. In controls, insignificant change 
in either FA or MD values in normal brain tissues (white 
matter and gray matter) suggest that mannitol has no 
effect on the microstructural integrity and brain water 

Metabolites Study
Control (n  = 5) ALF patient (n  = 5) ACLF patient (n  = 5)

Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P

NAA/Cr 1.25 ± 0.16 1.23 ± 0.17 0.92      1.20 ± 0.13 1.27 ± 0.32 0.75 0.90 ± 0.35 0.58 ± 0.29 0.18
Cho/Cr 0.24 ± 0.06 0.24 ± 0.08 0.75      0.18 ± 0.09 0.16 ± 0.07 0.47 0.20 ± 0.05 0.20 ± 0.03 0.75
Gln/Cr 1.44 ± 1.06 1.18 ± 0.94 0.35      3.04 ± 1.32 2.52 ± 1.56 0.25 1.44 ± 0.30 2.42 ± 1.44 0.60
Glx/Cr 2.84 ± 0.98 2.70 ± 1.21 0.60      4.46 ± 1.48 4.38 ± 1.61 0.92 2.85 ± 0.70 3.85 ± 2.13 0.35
mI/Cr 0.57 ± 0.48 0.49 ± 0.34 0.92      0.56 ± 0.15 0.47 ± 0.16 0.18 0.41 ± 0.17 0.89 ± 1.14 0.81

Table 5  Peak integrals relative to those of creatine (mean ± SD) in right parietal white and gray matter in healthy controls, acute 
liver failure (ALF) patients and acute-on-chronic liver failure (ACLF) patients before the intravenous infusion of mannitol (pre-
mannitol study) and after receiving mannitol (post-mannitol study)

Cr: Creatine; NAA: N-acetylaspartate; Cho: Choline; Gln: Glutamine; Glx: Glutamine/glutamate; mI: Myoinositol.
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content. This finding is in line with the previous study, 
which showed no change in the brain water content 
in normal white matter and cortex of  patients with 
cerebral tumors[14]. The possible explanation could be 
due to the high hydraulic resistance of  the capillaries 
in the normal brain tissues, and therefore mannitol 
might not be able to withdraw water osmotically from 
normal brain tissues[14]. Cascino et al have shown that the 
increased brain density of  both edematous peritumoral 
white matter and normal gray and white matter on CT 
is related to the mannitol induced reduction in brain 
water content in patients with cerebral tumors[13]. They 
found that the maximum changes occurred after 36 min 
of  mannitol infusion[13]. Bell et al showed that mannitol 
significantly reduced longitudinal relaxation time (T1) of  
oedematous peritumoral white matter and tumor tissue 
but did not have any significant effect on the normal 
white matter or cortex[14]. The maximum decrease in 
brain water content was found after 30 min of  mannitol 
infusion, which was associated with the reduction in T1 
values[14].

The effect of  mannitol in patients with liver failure 
depends on the nature of  cerebral edema. It has been 
reported that the nature of  cerebral edema in case 
of  ALF is predominantly cytotoxic along with some 
interstitial component[44]. However, the nature of  
cerebral edema in ACLF has yet to be described. The 
result from unpublished data suggests the predominant 
interstitial component of  edema in ACLF[45]. In a 

previous study, the reduction in brain water content 
has been reported after mannitol administration in 
ALF patients by the observed decrease in ICP, as well 
as reversal of  the clinical signs and concluded that the 
operative edema is of  the cytotoxic type that resolved 
after mannitol treatment[10]. However, in the current 
study no change in the FA and MD values in patients 
with ALF and ACLF suggests any effect of  mannitol on 
the brain water content along with the microstructural 
integrity. The BBB is known to be disrupted in both 
conditions of  ALF and ACLF resulting in the interstitial 
component of  cerebral edema. The tight endothelial 
junctions of  the BBB open in both these conditions; 
however, the extent to which these endothelial junctions 
of  BBB open is different. Hartwell et al also have 
reported no significant change in the water content of  
the edematous white matter after mannitol infusion in 
cats. This finding was explained based on the changes 
in the BBB that extended beyond the region of  central 
necrosis induced by the cold lesion, which may have 
resulted in the disturbance of  osmotic gradient[12]. In our 
study, no change in the brain water content as depicted 
by no change in the MD values in ALF and ACLF 
patients after mannitol infusion can be explained on 
the basis of  the disruption of  BBB due to the presence 
of  interstitial component of  cerebral edema. This may 
affect the mannitol induced osmotic gradient across 
the BBB and result in no withdrawal of  water from the 
edematous brain tissue to the intravascular space.

Region Study

Control (n  = 5) ALF patient (n  = 5) ACLF patient (n  = 5)

Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P

ALIC 0.76 ± 0.07 0.76 ± 0.05 0.60 0.68 ± 0.02 0.68 ± 0.02 0.75 0.72 ± 0.02 0.71 ± 0.08 0.56
PLIC 0.74 ± 0.06 0.75 ± 0.05 0.75 0.67 ± 0.03 0.67 ± 0.02 0.92 0.65 ± 0.03 0.65 ± 0.04 0.77
CN 0.73 ± 0.02 0.74 ± 0.02 0.75 0.68 ± 0.01 0.69 ± 0.02 0.92 0.69 ± 0.02 0.69 ± 0.09 0.25
P 0.69 ± 0.01 0.70 ± 0.06 0.25 0.64 ± 0.03 0.63 ± 0.01 0.47 0.69 ± 0.02 0.69 ± 0.06 0.39
TH 0.72 ± 0.03 0.71 ± 0.03 0.92 0.66 ± 0.02 0.66 ± 0.04 0.92 0.71 ± 0.02 0.74 ± 0.05 0.56
FWM 0.77 ± 0.06 0.76 ± 0.07 0.75 0.67 ± 0.01 0.66 ± 0.05 0.92 0.65 ± 0.02 0.66 ± 0.13 0.25
OWM 0.76 ± 0.05 0.76 ± 0.07 0.92 0.66 ± 0.03 0.66 ± 0.05 0.75 0.76 ± 0.11 0.68 ± 0.05 0.56
CC 0.74 ± 0.07 0.74 ± 0.07 0.92 0.74 ± 0.09 0.74 ± 0.08 0.92 0.77 ± 0.09 0.77 ± 0.09 0.77
Cingulum 0.72 ± 0.05 0.72 ± 0.09 0.75 0.72 ± 0.10 0.72 ± 0.04 0.75 0.73 ± 0.03 0.70 ± 0.06 0.56
Frontal cortex 0.69 ± 0.07 0.69 ± 0.04 0.92 0.68 ± 0.04 0.68 ± 0.05  0.92 0.65 ± 0.05 0.70 ± 0.03 0.08
Parietal cortex 0.68 ± 0.06 0.68 ± 0.05 0.92 0.68 ± 0.01 0.68 ± 0.03 0.47 0.69 ± 0.04 0.63 ± 0.04 0.08
Occipital cortex 0.67 ± 0.07 0.67 ± 0.06 0.92 0.66 ± 0.02 0.66 ± 0.05 0.92 0.69 ± 0.06 0.62 ± 0.03 0.15

Table 7  Summary of mean diffusivity values (mean ± SD) in units of 10-3 mm2/s from different white and gray matter regions 
in controls, patients with acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) before the intravenous infusion of 
mannitol (pre-mannitol study) and after receiving mannitol (post-mannitol study)

ALIC: Anterior limb of internal capsule; PLIC: Posterior limb of internal capsule; CN: Caudate nuclei; P: Putamen; TH: Thalamus; FWM: Frontal white 
matter; OWM: Occipital white matter; CC: Corpus callosum.

Volume Study
Control (n  = 5) ALF Patient (n  = 5) ACLF Patient (n  = 5)

Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P Pre-mannitol Post-mannitol P
Brain volume 1303.47 ± 54.95 1308.88 ± 64.95 0.75 1130.76 ± 86.73 1162.39 ± 77.75 0.47 1096.85 ± 79.55 1076.90 ± 71.63 0.60
CSF volume   84.05 ± 4.88   85.10 ± 6.46 0.60     73.77 ± 19.72     73.27 ± 19.53 0.47     76.77 ± 18.68     83.84 ± 22.09  0.12

Table 8  Change in brain volume and cerebrospinal fluid (CSF) volume values (mean ± SD) in units of cubic centimeter from 
different white and gray matter regions in controls, patients with acute liver failure (ALF)  and acute-on-chronic liver failure (ACLF) 
before the intravenous infusion of mannitol (pre-mannitol study) and after receiving mannitol (post-mannitol study)
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Our above results are further supported by no 
significant change in the brain parenchyma volume 
and CSF volume in controls and patients with ALF 
and ACLF. In our study, we have explained the action 
of  mannitol only on the basis of  the osmotic gradient 
across the BBB, which is known to affect the brain 
volume of  the normal tissue[11]. The cerebral blood 
flow is an important hemodynamic parameter that is 
shown to be reduced after mannitol administration[46,47]. 
Although in our study we do rule out the possibility 
of  an osmotic gradient across the BBB, other vascular 
factors such as changes in cerebral blood flow, blood 
viscosity and oxygen delivery at the tissue level might be 
responsible for the effects of  mannitol[12]. However, in 
our patients we did not quantify the cerebral blood flow 
and ICP. The use of  ICP monitoring in ALF is a subject 
of  ongoing debate. ICP monitoring is used variably 
across the world, with some centers not considering it 
useful and other using it regularly. In our study and, in 
fact, in most of  the centers in our country direct ICP 
measurement is not used. The clinical signs used in 
our study are the reliable clinical signs of  raised ICP, 
provided that other causes like brain hemorrhage or 
intracranial space occupying lesion which may cause 
raised ICP are excluded. However, these clinical signs are 

not uniformly present in all cases, but if  at all present 
these signs are suggestive of  raised ICP. In our study, all 
the patients had these clinical signs. In a landmark study, 
Canalese et al measured cerebral edema by the presence 
of  defined clinical signs as well as continuous monitoring 
of  ICP in two different groups in their study[10]. Among 
the patients who received mannitol, cerebral edema was 
considered to have developed in 17 patients, in nine on 
evidence from continuous intracranial monitoring and 
in eight on the basis of  clinical signs[10]. In those patients 
who died, ICP was monitored with either clinical signs 
of  cerebral edema or direct measurement; when brain 
autopsy was done, a close correlation was found between 
the evidence of  cerebral edema in life and findings at 
the autopsy of  brain, whereas there was no evidence of  
correlation in the four other patients whose ICP was 
not raised and who had no clinical features of  cerebral 
edema[10]. Acharya et al in their study of  clinical profile 
of  ALF patients and predictors of  mortality from 
tropical country had also used similar clinical signs to 
monitor cerebral edema[21]. The AASLD guidelines for 
management of  ALF mentioned ICP monitoring either 
by direct measurement or by obvious clinical signs[23]. 
Stravitz et al reported that there are insufficient data to 
recommend ICP monitor placement in all patients with 
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Figure 1  Conventional magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI) were performed at three days after the onset of encephalopathy in a 
29-year-old man with acute liver failure (ALF) before the mannitol administration. A: Axial T2-weighted imaging at the level of third ventricle does not show any visible 
abnormality; B: Localized proton spectrum from 2 cm × 2 cm × 2 cm voxel placed on right parietal region (A) shows the metabolite ratios with respect to Cr (NAA/Cr 
= 1.35, Cho/Cr = 0.34, Gln/Cr = 2.57, Glx/Cr = 4.12, mI/Cr = 0.45); C: Mean diffusivity (MD) map, [anterior limb of internal capsule (ALIC) = 0.68, posterior limb of 
internal capsule (PLIC) = 0.65, caudate nuclei (CN) = 0.67, putamen (P) = 0.60, thalamus (TH) = 0.66, frontal white matter (FWM) = 0.66, occipital white matter (OWM) 
= 0.67, corpus callosum (CC) = 0.60, cingulum = 0.70, frontal cortex = 0.63, parietal cortex = 0.70, occipital cortex = 0.63]; D: Fractional anisotropy (FA) map, (ALIC 
= 0.32, PLIC = 0.34, CN = 0.09, putamen = 0.08, thalamus = 0.11, FWM = 0.33, OWM = 0.38, CC = 0.53, cingulum = 0.45, frontal cortex = 0.16, parietal cortex = 
0.10, occipital cortex = 0.12). The cut off value for the color-coded FA for display is kept at 0.2 (E) above which the color-coded regions reflect the white matter only 
[red (right-left), green (anterior-posterior), and blue (superior-inferior)]. Cho: Choline; Cr: Creatine; Gln: Glutamine; Glx: Glutamine/glutamate; mI: Myoinositol; NAA: 
N-acetylaspartate.
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The osmotic effect of  mannitol in the reduction 
of  brain water content does not have any significant 
immediate effect on the clinical status in ALF and 
ACLF patients. The effect of  other vascular factors 
that may alter the ICP indirectly will be the subject for 
future study to assess the mannitol effect using other 
noninvasive techniques such as perfusion imaging. 

This is a first pilot study to see the direct effect of  
mannitol in ALF and ACLF patients. The conclusion of  
our study is that mannitol does not have an early effect 
(single dose effect seen in 45 min).  However, we cannot 
conclude by saying that mannitol does not have any 
role in the management of  ALF and ACLF patients, as 
previous studies[10] have shown that average response to 
mannitol therapy comes after 3 doses. Therefore, from 
our study, we cannot comment upon the delayed effect 
of  mannitol with multiple doses. We plan to study the 
delayed effect of  mannitol with more than one dose of  
mannitol in future. 

COMMENTS
Background
Cerebral edema plays a major role in the outcome of both acute liver failure 
(ALF) and acute-on-chronic liver failure (ACLF). Bolus intravenous infusion of 
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Figure 2  Repeat MRI and DTI were performed after 30 min of mannitol infusion on the same ALF patient as in Figure 1 to look for any mannitol effect on imaging. In 
post-mannitol study, the effect of mannitol was quantified between 30-46 min. A: Axial T2-weighted image; B: Localized proton spectrum from the same region as in 
Figure 1A shows NAA/Cr = 1.83, Cho/Cr = 0.29, Gln/Cr = 2.60, Glx/Cr = 4.57, mI/Cr = 0.32; C: Mean diffusivity (MD) map, [anterior limb of internal capsule (ALIC) = 0.67,  
posterior limb of internal capsule (PLIC) = 0.70, caudate nuclei (CN) = 0.70, putamen (P) = 0.63, thalamus (TH) = 0.62, frontal white matter (FWM) = 0.66, occipital 
white matter (OWM) = 0.60, corpus callosum (CC) = 0.70, cingulum = 0.72, frontal cortex = 0.69, parietal cortex = 0.66, occipital cortex = 0.62]; D: Fractional 
anisotropy (FA) map, (ALIC = 0.32, PLIC = 0.34, CN = 0.08, putamen = 0.06, thalamus = 0.13, FWM = 0.30, OWM = 0.43, CC = 0.46, cingulum = 0.40, frontal 
cortex = 0.10, parietal cortex = 0.12, occipital cortex = 0.08) at the level of third ventricle. E: There is no significant change in the MD and FA values, and metabolite 
ratios mentioned here compared to what is mentioned in Figure 1. Cho: Choline; Cr: Creatine; Gln: Glutamine; Glx: Glutamine/glutamate; mI: Myoinositol; NAA: 
N-acetylaspartate.

ALF; however, according to these authors all patients 
who are candidate for orthotopic liver transplantation 
(OLT) should undergo ICP monitoring[20]. In our study, 
all the patients were managed conservatively and none 
had finances for OLT. Nevertheless, it is true without 
ICP monitoring we can not quantify ICP, and this is one 
of  limitations of  our study since we did not measure 
ICP. However, the monitoring of  response can be done 
by improvement of  clinical signs or reduction of  ICP, 
and obviously reduction in ICP would have been the 
best way to see the amount of  response. There is no 
relationship of  dosing of  mannitol according to the 
severity of  ICP. AASLD guidelines suggested the main 
role of  ICP monitoring to detect early rise in intracranial 
pressure even before the development of  clinical signs, 
and ICP should be maintained below 20-25 mmHg if  
possible. So once clinical features of  raised ICP appear, 
it means intracranial pressure has significantly raised[23].

The absence of  changes in the clinical status of  these 
patients further supports that there is likely no significant 
effect of  mannitol on their clinical management in this 
time window. However, the effect of  mannitol over days 
is more difficult to assess due to other co-variates used 
for its management that might also contribute for the 
survival of  some of  these patients.
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mannitol has been widely used to treat episodes of raised intracranial pressure 
(ICP) in these conditions. However, there are no data available regarding the 
effect of mannitol infusions on brain water content in ALF and ACLF, using 
sensitive imaging techniques.  
Research frontiers
This is a pilot study to see the acute effect of mannitol in ALF and ACLF 
patients. The conclusion of our study is that mannitol does not have an early 
effect (single dose effect seen in 45 min). However, we cannot conclude by 
saying that mannitol does not have any role in the management of ALF and 
ACLF patients, as previous studies have shown that average response to 
mannitol therapy comes after three doses of mannitol. Therefore, from our 
study, we cannot comment upon the late effect of mannitol with multiple doses. 
The osmotic effect of mannitol in the reduction of brain water content does not 
have any significant immediate effect on the clinical status in ALF and ACLF 
patients. The effect of other vascular factors that may alter the ICP indirectly 
will be the subject for future study to assess the mannitol effect using other 
noninvasive techniques such as perfusion imaging.
Innovations and breakthroughs
This is the first study evaluating the effect of mannitol on brain water 
content using diffusion tensor imaging (DTI) and proton magnetic resonance 
spectroscopy (PMRS) in controls as well as in patients with ALF and ACLF. 
We hypothesize that the effect of bolus infusion of mannitol in reducing brain 
water content will be reflected by changes measured by conventional magnetic 
resonance effect (MRI), in vivo PMRS and DTI. Since the peak effect of a 
single bolus in mobilizing fluid from tissues to the intravascular compartment 
according to the osmotic gradient is observed at about 45 min after infusion, it 
was decided to evaluate the effect of intravenous bolus of mannitol during the 
baseline MRI scan (pre-mannitol study) and after the completion of mannitol 
administration (post-mannitol study).
Applications
Conventional MRI, DTI and PMRS can be used as a diagnostic modality to 
demonstrate the raised ICP in ALF and ACLF patients noninvasively. The 
purpose of this paper is to establish whether mannitol has any role in the 
reduction of brain water content, alteration in metabolite ratios or any change in 
the clinical status of ALF and ACLF patients during or within 45 min of mannitol 
infusion, and to know about the exact duration and dose of mannitol to show 
response after therapy.
Peer review
This is the first study evaluating the effect of mannitol on brain water content 
using DTI and PMRS in controls as well as in patients with ALF and ACLF. The 
osmotic effect of mannitol in the reduction of brain water content does not have 
any significant immediate effect on the clinical status in ALF and ACLF patients. 
The effect of other vascular factors that may alter the ICP indirectly will be the 
subject for future study to assess the mannitol effect using other noninvasive 
techniques such as perfusion imaging.
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