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Abstract

 

The nature of brain edema in dialysis disequilibrium syn-

drome (DDS) was investigated by diffusion-weighted mag-

netic resonance imaging (DWI). DWI was performed on

normal or bilaterally nephrectomized rats before, and im-

mediately after, hemodialysis. Hemodialysis was performed

 

with a custom-made dialyzer (surface area 150 cm

 

2

 

) against

a bicarbonate-buffered bath for 90 min with or without 70

mM urea. Hemodialysis with non-urea bath decreased

plasma urea by 21 mM, and plasma osmolality by 22 mos-

mol/kg H

 

2

 

O, and increased brain water content by 8.0% (all

 

P

 

 

 

,

 

 0.05), while hemodialysis with urea bath did not affect

plasma urea, osmolality, or brain water content. Three sets

of axial DWI images of the brain were obtained at different

gradient weighing factors with an in-plane resolution of

 

0.39 mm

 

2

 

. The apparent diffusion coefficient (D

 

app

 

) of the

brain water was not affected by bilateral nephrectomy, or by

hemodialysis in normal rats. In nephrectomized rats, brain

D

 

app

 

 was significantly increased after dialysis with non-urea

 

bath (1.15

 

6

 

0.08 vs 0.89

 

6

 

0.07 

 

3

 

 10

 

2

 

9

 

m

 

2

 

/sec, 

 

P

 

 

 

,

 

 0.01). No

significant changes of brain water D

 

app

 

 could be observed af-

ter dialysis with urea bath. The increased D

 

app

 

 associated

with DDS indicates that brain extracellular water increases

and/or intracellular water decreases after hemodialysis. Our

results strongly suggest that the brain edema induced by he-

modialysis in uremic rats is due to interstitial edema rather

than cytotoxic edema. Furthermore, our results support a

primary role for the “reverse urea effect” in the pathogene-

sis of brain edema in DDS. DWI may be a useful diagnostic

tool for DDS in patients with end-stage renal disease. (
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Clin. Invest. 

 

1996. 98:750

 

–
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Introduction

 

Dialysis disequilibrium syndrome (DDS)

 

1

 

 in patients receiving
hemodialysis, as first described by Kennedy et al. (1), has been
observed for more than 30 yr. The syndrome may include
symptoms such as headache, nausea, emesis, blurring of vision,
muscular twitching, disorientation, hypertension, tremors, sei-
zures, and coma (2). Up to now, there has been no diagnostic
test for DDS and its diagnosis in patients with end-stage renal
diseases is mainly based on the exclusion of other possible cen-
tral nervous disorders (3). It is clear that most of the clinical
manifestations of dialysis syndrome are mainly due to brain
swelling occurring as a consequence of the dialysis procedure
(2, 4). The nature of brain edema associated with DDS re-
mains a controversial issue. It has been classified as a cytotoxic
edema by Fishman and Chan (5) and as an osmotic edema by
Milhorat (6). Cytotoxic edema results from a disturbance of
cell volume regulation sufficient to produce an abnormal in-
crease of fluid within the cytoplasm of cells, while an osmotic
edema is characterized by an increase in the extracellular
space due to an osmotic gradient (5, 6).

Moreover, there have been conflicting studies concerning
the physiological mechanisms that lead to the formation the
edema in DDS. Pappius et al. introduced the “reverse urea hy-
pothesis” postulating that a significant urea gradient between
blood and brain after dialysis was responsible for the inflow of
water to the brain (4). On the other hand, Arieff concluded
that the formation of idiogenic osmoles was responsible for the
edema formation (2). The present work using diffusion-
weighted magnetic resonance images (DWI) was undertaken
to characterize the nature and the mechanisms of formation of
brain edema occurring in rats with DDS.

 

The apparent diffusion coefficient (D

 

app

 

) measured by
DWI is sensitive to the hydrodynamic environment of tissue
water (7, 8). Several DWI sequences have been developed that
enable the measurement of the D

 

app

 

 of the brain water. Signifi-
cant use of this technique has already been made in the imag-
ing and diagnosis of stroke (9–12). Most DWI sequences are
based on either a spin echo or a stimulated echo experiment to
which diffusion-sensitizing gradients are added. A very useful
sequence was introduced recently by Mori and van Zijl (13).
This sequence weights image intensity to the trace of the diffu-

 

sion tensor (D

 

xx

 

1

 

D

 

yy

 

1

 

D

 

zz

 

) within a single data acquisition
step. As the trace of the diffusion tensor is invariant upon co-
ordinate rotation, the D

 

app

 

 obtained from this sequence is in-
dependent of patient orientation. This is particularly impor-
tant when measuring D

 

app

 

s in tissue with anisotropic structures
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 D

 

app

 

, apparent diffusion coeffi-
cient; DDS, dialysis disequilibrium syndrome; DWI, diffusion-
weighted images; ROI, region of interest.
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such as gray and white matter of the brain. Using this se-
quence, we monitored the diffusion of brain water in nephrec-
tomized rats before and after hemodialysis and in the presence
or absence of urea in the dialysis bath. The results were com-
pared with those observed in normal rats after hemodialysis
with non-urea bath.

 

Methods

 

Animal models. 

 

All studies received approval from the University of
Arizona Animal Care and Use Committee. Male Sprague-Dawley
rats (Holtzmann Co., Madison, WI) weighing 

 

z

 

 300 g were used in
the study. Animals were divided into five groups: (

 

a

 

) normal controls;
(

 

b

 

) normal rats receiving hemodialysis; (

 

c

 

) uremic rats studied 2 d af-
ter bilateral nephrectomy; (

 

d

 

) uremic rats receiving hemodialysis 2 d
after nephrectomy with standard bicarbonate-buffered dialysate; and
(

 

e

 

) uremic rats receiving hemodialysis with urea-containing dialysate.
Animals in groups 

 

c

 

, 

 

d

 

, and 

 

e

 

 underwent bilateral nephrectomy under
pentobarbital anesthesia (50 mg/kg i.p.), and groups 

 

d

 

 and 

 

e

 

 under-
went dialysis and imaging 2 d later. Bicarbonate-buffered dialysate
was used for groups 

 

b

 

 and 

 

d

 

, while bicarbonate-buffered dialysate
with an addition of urea was used for group 

 

e

 

. The groups of normal
(

 

a

 

) and nephrectomized (

 

c

 

) rats that did not undergo hemodialysis
were used mainly for the measurement of predialysis brain water con-
tent, which is otherwise not available in rats undergoing hemodialysis.

 

Hemodialysis. 

 

Rats were hemodialyzed against bicarbonate-
buffered bath as described by Silver et al. (14) with minor modifica-
tions. The dialysate contained (mM): sodium 142, bicarbonate 35, po-
tassium 3, chloride 115, calcium 2, magnesium 0.75, and glucose 11. In
the group of dialysis with a urea-containing bath, the dialysate con-
tained 70 mM urea, which was approximately the average plasma
urea value of uremic rats. We did not adjust urea concentration ac-
cording to individual urea levels because the individual difference
was not large enough to generate a significant drop of plasma urea
level after dialysis (Table I). The dialysate temperature was main-
tained at 37

 

8

 

C. Hemodialysis using a custom-made cuprophane hol-
low-fiber dialyzer (surface area 150 cm

 

2

 

) was performed via a femoral
artery and vein in rats anesthetized with pentobarbital. Catheters
(PE50; Becton Dickinson, Inc., Parsippany, NJ) were placed in ves-
sels and connected to a dialyzer. Blood and dialysate were circulated

in a counter-current fashion using roller pumps. The dialyzer and ex-
tracorporeal circuit was primed with 3 ml blood from normal rats.
Heparin was given in a 2,000-U bolus, followed by a 1,000-U/h infu-
sion into the arterial line to prevent dialyzer clotting. Dialysate flow
rate was 40 ml/min and blood flow 4 ml/min to achieve a rapid clear-
ance of urea. During dialysis, blood pressure was monitored with a
transducer that was connected to the femoral arterial line. There was
no ultrafiltration and the animals were kept at a constant weight. Any
significant decrease of blood pressure or body weight was treated
with intravenous saline infusion. Dialysis was performed for 90 min.
Rats with stable hemodynamics during the hemodialysis procedure
were used for the DWI studies. At the end of hemodialysis, 0.5 ml
blood was obtained from the arterial line and the rat was discon-
nected from the dialysis circuit. The D

 

app

 

 was then measured using
the isotropic DWI technique. Immediately after DWI, rats were
killed by decapitation. The brain was rapidly removed from the skull.
A cerebral hemisphere was weighed and dried at 100

 

8

 

C for 24 h, and
then reweighed to determine water content (15). Plasma urea level
was determined by the urease method (16), and plasma osmolality by
freezing-point depression (Micro-osmometer; Advanced Instruments
Inc., Needham Heights, MA).

 

Isotropic diffusion-weighted imaging. 

 

For the imaging experi-
ments, the rats were anesthetized and placed in a prone position on
the nuclear magnetic resonance (NMR) probe. Special care was
taken to prevent motion. The head was strongly strapped to the
probe or placed in a custom-made head restraint. A teeth holder was
added to prevent any motion during the DWI experiment. The 90-
min dialysis was performed outside the NMR machine with the rat on
the probe. Typically, no more than 5 to 6 min were necessary to start
the postdialysis DWI experiments. All images were acquired on a
Biospec system (4.7 T/40 cm; Bruker, Karlsruhe, Germany) equipped
with an ASPECT 3000 computer running the imaging software
(TOMIKON; Bruker). A standard 5 cm, double tuned, single turn

 

1

 

H/

 

31

 

P surface coil was used as a transmitter and receiver (Bruker).
The DWI brain images of normal and nephrectomized rats before
and after dialysis were obtained with the sequence shown in Fig. 1.
Because motion is always a concern in DWI, the acquisition of “navi-
gator” echoes was included in the DWI sequence. Navigator echoes
allow the postacquisition correction for bulk animal motion (17, 18).
The four pairs of bipolar diffusion gradient pulses are shaded in gray
in Fig. 1. Before the in vivo experiments, the sequence was calibrated.

 

Table I. Physiological and Biochemical Parameters before and after Hemodialysis

 

Rat groups
Normal

nondialyzed
Normal
dialyzed

Nephrectomized
nondialyzed

Nephrectomized
dialyzed w/o urea

Nephrectomized
dialyzed with urea

 

n 

 

5

 

 6 n 

 

5

 

 6 n 

 

5

 

 6 n 

 

5

 

 6 n 

 

5

 

 5

 

Body weight (gm)

Before dialysis 296±8 304±11 294±9 298±11 290±4

After dialysis — 303±11 — 298±11 289±4

Mean arterial blood pressure (mmHg)

Before dialysis — 96±4 — 91±4 86±5

After dialysis — 93±4 — 93±3 85±6

Plasma urea (mM)

Before dialysis 9±2 8±3 74±7* 71±5* 72±4*

After dialysis — 10±4 — 50±4*

 

‡

 

71±4*

Plasma osmolality (mosmol/kg)

Before dialysis 290±3 289±7 361±8* 356±10* 354±8*

After dialysis — 293±9 — 334±8*

 

‡

 

350±9*

Brain water content (liter/kg dry wt)

Before dialysis 3.69±0.03 — 3.62±0.06 — —

After dialysis — 3.67±0.04 — 3.91±0.08*

 

‡

 

3.63±0.10

Values are means±SEM. *

 

P

 

,

 

0.01 vs normal;

 

 

 

‡

 

P

 

,

 

0.05 vs nephrectomized before dialysis, or nephrectomized after dialysis with urea.
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The correct values for the diffusion coefficients of standard samples
(water, acetone, and DMSO) were determined.

For each normal or nephrectomized rat, three sets of multislice
images were recorded using three different diffusion gradient
strengths, both before and after dialysis. The 

 

b

 

 values for these diffu-
sion gradients were 0.009 

 

3

 

 10

 

9

 

 s/m

 

2

 

, 0.231 

 

3

 

 10

 

9

 

 s/m

 

2

 

, and 0.921 x 10

 

9

 

s/m

 

2

 

, respectively. The images were acquired with an echo time of 96
ms, a repetition time of 0.640 s and four scans. Diffusion time (

 

D

 

) was
10 ms, and diffusion gradient pulse length was 8 ms. The matrix size
was 64 

 

3

 

 64 corresponding to an “in plane resolution” of 0.39 mm

 

2

 

,
with a slice thickness of 5 mm. The total scan time was 2.45 min per
image set.

D

 

a

 

pp

 

s were calculated at each pixel by fitting the intensity values 

 

S

 

to the exponential decay given by Eq. 1,

(1)

where 

 

S

 

0

 

 is the pixel intensity without diffusion weighing and 

 

D

 

a

 

pp

 

 is
the apparent diffusion coefficient. The gradient weighing factor 

 

b

 

 is
defined by

(2)

where 

 

g

 

 is the gyromagnetic ratio, 

 

G

 

 is the gradient strength, 

 

d

 

 is the
duration of a diffusion gradient, and 

 

D

 

 is the time separation between
balanced gradient pairs. The factor of 4 in Eq. 2 arises from the four
pairs of bipolar gradient pulses in the imaging sequence (Fig. 1). Fit-
ting was accomplished using a standard conjugate gradient minimiza-
tion routine. The calculated diffusion maps were generated using the
program Khoros, (Khoral Research Inc,. Albuquerque, NM), running
on a DEC Station-3100 (Digital Equipment Corp., Nashua, NH).

 

Selection of region of interest. 

 

Two regions of 15 to 20 pixels
were selected from the left and right sides of the cerebral cortex in
the middle slice for calculations of the corresponding D

 

app

 

. The first
and third slices were examined to rule out the inclusion of invagina-
tion of macroscopic cerebro-spinal fluid (CSF)-containing space. No
effort was made to discriminate between gray and white matters due
to low resolution. The selection of regions of interest (ROIs) was al-
ways performed using the image with the highest contrast (lowest 

 

b

 

value). To verify that no significant CSF space was included in the
ROI, a smaller ROI (10 pixels) was selected within the original ROI.
If there is a major CSF contamination, because the CSF space in the
outer portions of the larger ROIs should be greater than the smaller,
the D

 

app

 

 

 

of the larger ROI should be higher than that of the smaller
ROI. We found that D

 

app

 

 was not different between the larger and
smaller ROIs either before (0.89

 

6

 

0.07 vs 0.86

 

6

 

0.10 

 

3

 

 10

 

2

 

9

 

 m

 

2

 

/s) or

S S0e
2bDapp=

b 4g
2
G

2
d

2
D

d

3
---– 

 =

 

after (1.15

 

6

 

0.08 vs 1.13

 

6

 

0.12 

 

3

 

 10

 

2

 

9

 

 m

 

2

 

/s) hemodialysis. These ob-
servations confirmed that the original ROIs did not contain the CSF
space surrounding the brain.

 

Statistics. 

 

Data are expressed as means

 

6

 

SD. Differences among
groups for D

 

app

 

 values, brain water content, and plasma analyses were
evaluated using ANOVA. The Student’s paired 

 

t

 

 test was used to as-
sess differences among prenephrectomy, predialysis, and postdialysis
values within a group. Significance was accepted at the 

 

P , 0.05 level.

Results

All rats survived bilateral nephrectomy up to 48 h (n 5 21).
Since hypoxia may affect brain water Dapp, only rats with sta-
ble blood pressure throughout the dialysis procedure were
used for Dapp measurement. 11 out of 21 nephrectomized rats
and 6 out of 7 normal rats that underwent hemodialysis met
this criteria and were analyzed. There were no significant
changes in both body weight and mean arterial blood pressure
after dialysis (Table I). Causes for hemodynamic instability were
multifactorial, including anesthesia, blood leakage, and clotting.

Plasma analyses and brain water content. Plasma urea level,
osmolality, and brain water content (means6SEM) in normal
and nephrectomized rats with and without hemodialysis are
given in Table I. Hemodialysis did not affect plasma urea level
or osmolality in normal rats dialyzed with non-urea dialysate,
or in nephrectomized rats hemodialyzed with urea-containing
dialysate. However, in nephrectomized rats undergoing a dial-
ysis with a non-urea bath, plasma urea decreased from 7165 to
5064 mM, and osmolality decreased from 356610 to 33468
mosmol/kg (both P , 0.01). The urea clearance rate was esti-
mated to be 1.6 ml/min. For analysis of brain water content, a
separate group of normal and nephrectomized rats was used.
The brain water content of nephrectomized rats before hemo-
dialysis was not significantly different from that of normals
rats, while it increased by 8.0% after dialysis in the nephrecto-
mized group dialyzed without urea (P , 0.05). In normal rats
undergoing hemodialysis and in nephrectomized rats dialyzed
with urea, no significant changes were observed in brain water
content.

Diffusion-weighted images. Fig. 2 shows a typical set of
diffusion-weighted images obtained from a nephrectomized
rat after hemodialysis. As the diffusion-weighing increases, the

Figure 1. Spin-echo imaging se-
quence with isotropic diffusion-
weighted and navigator echo for 
motion correction. The shadowed 
gradients are the diffusion gradi-
ents. The other gradients are slice 
select (z), readout (x), and phase 
encoding (y) imaging gradients. The 
first echo is the image spin-echo and 
the second echo is the navigator 
echo. The amount of diffusion 
weighing can be adjusted by chang-
ing D, d, or G (see Methods).
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intensity of the image decreases (Fig. 2, A–C). The larger the
diffusion, the more the signal will be attenuated. As an illustra-
tion, one can see that the bright signal originating from the
CSF within the ventricles in Fig. 2, A–C, is darkened faster
than the surrounding tissues from the cerebral cortex. This is
due to the higher diffusion of water in CSF, relative to cerebral
cortex. The Dapp map with the ROIs indicated by white rectan-
gles is shown in Fig. 2 D. The structural details of the brain
seen in Fig. 2 A can also be observed in the diffusion map re-
flecting the differences in Dapp. The visual inspection of the dif-
fusion map shows a relative homogeneity of Dapp values in the
brain. In Fig. 2 D, the main contrast arises from the CSF in the
horseshoe-shaped region corresponding to the space between

the midbrain and the cerebral hemispheres. The Dapp in CSF is
close to that of pure water at 378C (3.25 3 1029 m2/s, (refer-
ences 19, 20). There is a relatively low contrast between gray
and white matter as the Dapp for white matter is z 87% of Dapp

for gray matter (12).
The results of brain Dapp measurement before nephrec-

tomy, and before and after hemodialysis performed 2 d after
nephrectomy are shown in Table II. Values represent the
means and SEM of the Dapp of the selected regions for all rats
in each group. It was found that the Dapp was not affected by
bilateral nephrectomy (0.8960.07 vs 0.8560.09, and 0.8460.07
vs 0.8160.07 3 1029 m2/s, for groups d and group e, respec-
tively) or by hemodialysis in normal rats (0.8060.07 vs
0.8460.09 3 1029 m2/sec). In nephrectomized rats, brain Dapp

was significantly increased after dialysis with non-urea bath
(1.1560.08 vs 0.8960.07 3 1029 m2/s, P , 0.01, group d), while
no significant changes could be observed when rats were dia-
lyzed with urea-containing dialysate (0.8760.09 vs 0.8460.07
3 1029 m2/s, group e).

Discussion

Cerebral edema is responsible for most of the manifestation of
dialysis disequilibrium syndrome. This has been confirmed
both at autopsy and by computed tomography imaging of the
brain in patients with renal failure who have undergone dialy-
sis (21, 22). Several animal models of DDS have been devel-
oped and brain swelling has been reported in hemodialyzed
dogs (4, 23) and rats (14). In this study, we used a DWI ap-
proach to investigate both the nature and the mechanisms of

Figure 2. (A–C) DWI of the brain of a ne-
phrectomized rat after 90 min of hemodialysis 
obtained at gradient weighing factors b of 
0.009 3 109 s/m2, 0.231 3 109 s/m2, and 0.921 3 
109 s/m2, respectively. (D) Apparent diffusion 
coefficient map generated by fitting the inten-
sity of each pixel to the exponential decay 
given by Eq. 1. The ROIs are indicated by 
white rectangles. The rat was placed in a prone 
position.

Table II. Effect of Hemodialysis on Apparent Diffusion 
Coefficient in Normal and Nephrectomized Rats

Normal
dialyzed w/o urea

n 5 6

Nephrectomized

Rat Groups
dialyzed w/o urea

n 5 6
dialyzed with urea

n 5 5

1029 m2/s

Before nephrectomy — 0.85±0.09 0.81±0.07

Before hemodialysis 0.84±0.09 0.89±0.07 0.84±0.07

After hemodialysis 0.80±0.07 1.15±0.08*‡ 0.87±0.09

Values are means±SEM. *P , 0.01 vs before hemodialysis and before

nephrectomy; ‡P , 0.01 vs normal, dialyzed w/o urea, or nephrecto-

mized, dialyzed with urea.
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the formation of the edema occurring in uremic rats undergo-
ing hemodialysis. In terms of reduction of plasma urea level
and osmolality, and increase of brain water content, our results
of hemodialysis on uremic rats are essentially the same as
those reported by Silver et al. (14). Recently, Arieff (2) argued
that the rat model of hemodialysis could not be used as a
model for DDS because the reduction rate of plasma osmolal-
ity was slower than that required to induce DDS in the dog.
However, our studies confirmed that hemodialysis in uremic
rats causes significant brain edema, while the same procedure
has no effects on normal rats. This edema could be prevented
by dialyzing the nephrectomized rats with a urea-containing
bath. It is possible that the different results between the rat
and dog are due to species differences. Our studies demon-
strate that DWI techniques can be used to measure the
changes in Dapp of the brain water in rats undergoing dialysis.

As mentioned before, the nature of brain edema associated
with DDS remains largely unknown. It has been classified as
an intracellular/cytotoxic edema (5) as well as an extracellular/
osmotic edema (6). A primary mechanism underlying cyto-
toxic swelling is an impairment of the energy-dependent Na1/
K1 pump whose normal role is to exclude Na1 and hence wa-
ter from the intracellular compartment (20, 24). A common
example of cytotoxic brain swelling can be seen in patients suf-
fering from ischemic stroke. The other type of edema, called
osmotic edema, is defined as an abnormal increase of water
content within the extracellular/interstitial compartment of the
brain. It can be generated by an unfavorable osmotic gradient
between the plasma and the interstitial or cerebrospinal fluids
and, in the case of DDS, it could be generated by urea (6).

Our study, by measuring brain water Dapp, provides impor-
tant information about the nature of edema in DDS. Because
the brain contains different compartments of intracellular, ex-
tracellular, intravascular, and CSF components, the observed
diffusion effect is a superposition of all the involved mobilities.
By limiting our analysis to the cortical gray and white matter, it
is possible to use a simple bicompartmental model of brain wa-
ter where only extracellular and intracellular spaces are con-
sidered (12). In this model, the measured Dapp is a volume-
weighted average of the intracellular and extracellular diffu-
sion coefficients (Din and Dex, respectively).

(3)

where Vin and Vex represent intracellular and extracellular vol-
umes, respectively. While the exact values of intracellular and
extracellular diffusion coefficients are not known, values for
Din and Dex have been previously estimated (19). Intracellular
water has a low coefficient (in the 0.3–0.4 3 1029 m2/s range),
while the extracellular water has a coefficient close to that of
pure water (3.0–3.25 3 1029 m2/s at 378C, reference 19). Be-
cause of the difference between intra- and extracellular diffu-
sion coefficients, DWI is able to discriminate between the two
types of edema. Qualitatively, it can be seen that an increase of
the extracellular volume (osmotic edema) will correspond to
an increase in the Dapp value, while an increase in the intracel-
lular volume (cytotoxic edema) will correspond to a decrease
in the measured Dapp. In the case of stroke, it was shown that
the observed decrease in the Dapp of water (10, 11, 25) corre-
sponded quantitatively with the known changes in relative in-
tra- and extracellular volumes (12, 26). To calculate the rela-

Dapp

V inDin VexDex+

V in Vex+
----------------------------------------=

tive contribution of the fractional volume of extra- and
intracellular space using Eq. 3, we used estimated values 0.35
3 1029 m2/s for Din, and 3.25 3 1029 m2/s for Dex (19). With
these parameters, we found that the Dapp observed for the nor-
mal (group a) and uremic (group d) rats correspond to a frac-
tional extracellular volume of about 1763% and 1963%, re-
spectively. The fact that there were no differences in brain
water content and Dapp between normal and uremic rats is ex-
pected as brain edema has never been observed in uremic ani-
mals (14, 27) or humans (28). In the same manner, we calcu-
lated that the 29% increase in the Dapp value observed in rats
dialyzed in the absence of urea (1.1560.08 vs 0.8960.07 1029

m2/s) would correspond to an increase of z 47% of the frac-
tional extracellular volume within the selected regions (from
19 to 28%). This increase in extracellular water could be par-
tially accounted for by the observed 8.0% increase of the total
brain water. Because Din and Dex are only estimated values,
these calculations are speculative. However, the combination
of the two results (i.e., the increase of Dapp and the increase in
the total brain water content) strongly suggest that the incom-
ing water is accumulating in the extracellular compartment.
The increase of extracellular space could be driven by an in-
crease in CSF volume due to an initial gradient in osmolarity
between plasma and CSF after hemodialysis (1, 4). The fact
that Dapp was found to increase strongly argues against a cyto-
toxic type of edema in DDS, which has been shown to be asso-
ciated with a decrease in the Dapp due to an intracellular–extra-
cellular volume shift (12). Moreover, cytotoxic edemas are
known to be correlated with an accumulation of lactate charac-
teristic of hypoxic/ischemic conditions. Such conditions have
not been reported in animals treated with rapid dialysis (23, 29).

The physiological mechanisms leading to the formation of
brain edema due to DDS have been the object of conflicting
reports. It was first attributed to a gradient in the urea content
between plasma and brain occurring during acute hemodialy-
sis due to a faster removal of plasma urea than brain urea. The
“reverse urea effect” introduced by Pappius et al. (4) was sup-
ported by several other laboratories reporting higher urea con-
centrations in the CSF than plasma (1, 30). Moreover, DDS
could be partially corrected by maintaining plasma osmolality
during dialysis by adding urea (31) or mannitol (32), or by in-
creasing sodium concentration of the dialysate (33). In con-
trast, Arieff et al., reported a predominant role for the brain
intracellular pH in the pathogenesis of DDS. Based on the ob-
servation that rapid dialysis induced a fall in the pH of CSF
and the gray matter in animals with renal failure (29), they sug-
gested that the formation of idiogenic osmoles associated with
an increased H1 activity was responsible for the edema forma-
tion (2, 29). Recently, Silver et al. (14) reported that, in uremic
rats dialyzed without urea, there was a 53% decrease in plasma
urea, but only a 13% decrease in brain urea. The retention of
urea in the brain could account for the increased water con-
tent. When uremic rats were dialyzed with urea, there were no
changes in either plasma or brain urea contents, and there was
no brain edema. We used the similar hemodialysis protocol
and confirmed that urea bath essentially prevented brain
edema from occurring and was associated with no changes in
brain water Dapp. Therefore, our results support a major role
for the “reverse urea hypothesis” in the pathogenesis of cere-
bral edema in DDS.

In conclusion, our results show that the hemodialysis of
uremic rats leads to an increase in the Dapp of the cerebral cor-
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tex along with an increase in the brain water content. These
findings are consistent with an increase in the extracellular wa-
ter that characterizes an interstitial edema of the brain. These
changes were not observed when the nephrectomized rats
were dialyzed with urea-containing dialysate, suggesting that
DDS is due to a reverse urea gradient. Up to now, DDS in
end-stage renal disease patients is diagnosed by exclusion of
other possible central nervous abnormalities (3). The DWI
technique described here could potentially be used for clinical
diagnosis of DDS and would enhance our understanding of
pathogenesis of DDS in the end-stage renal disease patients.
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