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Posterior Reversible Encephalopathy Syndrome:
Prognostic Utility of Quantitative
Diffusion-Weighted MR Images

Diego J. Covarrubias, Patrick H. Luetmer, and Norbert G. Campeau

BACKGROUND AND PURPOSE: The recently described posterior reversible encephalopathy
syndrome (PRES) classically consists of reversible vasogenic edema in the posterior circulation
territories, although conversion to irreversible cytotoxic edema has been described. We hypoth-
esized that the extent of edema has prognostic implications and that diffusion-weighted MR
imaging (DWI) can help predict the progression to infarction.

METHODS: Twenty-two patients with PRES and 18 control subjects were examined with
isotropic DWI. Nineteen regions of interest (ROIs) were systematically placed, and apparent
diffusion coefficients (ADCs) were computed and correlated with T2 and DWI signal intensity
in each ROI.

RESULTS: T2 signal abnormalities were always present in territories of the posterior
circulation. Anterior circulation structures were involved in 91% of patients. ADC values in
areas of abnormal T2 signal were high. More extensive T2 signal abnormalities were seen in
patients with a poor outcome than in patients who recovered. In six patients (27%), areas of
high DWI signal intensity were seen with ADC values that were paradoxically normal, which we
called pseudonormalized. Abnormal T2 signal intensity and high ADC values surrounded these
areas. Follow-up images in two patients showed progression to infarction in pseudonormalized
regions.

CONCLUSION: Vasogenic edema in PRES involves predominantly the posterior circulation
territories, but anterior circulation structures are also frequently involved. The extent of
combined T2 and DWI signal abnormalities correlate with patient outcome. High DWI signal
intensity and pseudonormalized ADC values are associated with cerebral infarction and may
represent the earliest sign of nonreversibility as severe vasogenic edema progresses to cytotoxic
edema.

Posterior reversible encephalopathy syndrome (PRES),
hypertensive encephalopathy, reversible posterior ce-
rebral edema syndrome, and posterior reversible leu-
koencephalopathy are all terms that have been used
to describe a group of disorders that present clinically
with headache, seizures, visual changes, altered men-
tal status, and occasionally focal neurologic signs (1–
5). CT and MR imaging typically show symmetrically
distributed areas of vasogenic edema predominantly
within the territories of the posterior circulation (1–

11) (Fig 1). The abnormalities affect primarily the
white matter, but cortex is also involved (1–10, 12).
Localized mass effect (1, 5) and subtle enhancement
(4, 6, 10) within the lesions have been described, but
are not seen consistently. Previous studies (2, 5–7)
have shown that vasogenic edema account for the
changes observed in PRES. A breakdown in cerebral
autoregulation results in the leakage of fluid into the
interstitium, which is detected as vasogenic edema
(1–11).

When promptly recognized and treated, the symp-
toms and radiologic abnormalities can be completely
reversed (1–8). When unrecognized, the patient’s
condition can progress to ischemia, massive infarc-
tion, and death (5–7, 10, 13, 14). Diffusion-weighted
MR imaging (DWI) has been shown to be reliable
in distinguishing vasogenic edema in PRES from
cytotoxic edema in the setting of cerebral ischemia
(2, 5, 7). It stands to reason that DWI could be used
to monitor for ischemia as a complication of PRES.

Received November 30, 2001; accepted after revision February
26, 2002.

From the Department of Diagnostic Radiology, Mayo Clinic,
Rochester, MN.

Presented in part at the 39th Annual meeting of the American
Society of Neuroradiology, Boston, MA, 2001.

Address reprint requests to Patrick H. Luetmer, MD, Depart-
ment of Diagnostic Radiology, Mayo Clinic, East 2, 200 1st St SW,
Rochester, MN 55905.

© American Society of Neuroradiology

AJNR Am J Neuroradiol 23:1038–1048, June/July 2002

1038



FIG 1. PRES in a pregnant woman with eclampsia (patient 21).
A–C, Axial fluid-attenuated inversion recovery (FLAIR) MR images (TR/TE/TI/NEX, 11,002/140/2250/1; FOV, 20) show symmetric

abnormal signal intensity, primarily in the territories of the posterior circulation. The affected area predominantly involves the white
matter, but cortex is also involved. Note the involvement of the caudates, which was unusual in our series.

D–F, Isotropic diffusion-weighted MR images (TR/TE, 10,000/91.7; FOV, 40; b � 1,000 s/mm2) show low to normal signal intensity in
the areas of the FLAIR abnormality.

G–I, ADC maps show increased values in the areas of FLAIR abnormality.
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A few case reports (5, 10, 13, 14) have described
cytotoxic edema as a complication of PRES. Our
experience suggests this is a more common complica-
tion.

We hypothesized the following: 1) that the extent
of regional involvement by vasogenic edema in PRES
has prognostic implications and can help in identify-
ing patients who need more aggressive treatment, 2)
that severe vasogenic edema can progress to cytotoxic
edema, and 3) that DWI can help in predicting the
conversion to infarction and irreversible tissue damage.

Methods
We retrospectively identified patients with PRES who un-

derwent brain MR imaging studies at Mayo Clinic during the
36-month period from May 1998 to May 2001. Four inclusion
criteria were used: 1) an acute presentation with headache,
seizure, visual changes, altered mental status, or focal neuro-
logic signs; 2) the presence of a known risk factor for PRES,
such as hypertension, eclampsia, antirejection therapy, uremia,
or hemolytic-uremic syndrome; 3) MR examination with find-
ings consistent with PRES; 4) acquisition of diffusion-weighted
images.

We searched the clinical record for information on blood
pressure (BP), laboratory data, and duration of symptoms in all
patients. BP was recorded at the time of presentation and at
baseline. Baseline BP was obtained from visits at least 2 months
prior to presentation. If the event occurred during hospitaliza-
tion and if wide fluctuations in BP occurred with hypotension
followed by rebound hypertension (eg, sepsis), the baseline BP
was defined as the minimum BP value preceding the event. The
percentage increase from baseline was calculated by determin-
ing the ratio of mean arterial pressure (MAP) at presentation
over the baseline value. MAP was calculated by using the
following standard formula: MAP � [systolic BP � 2(diastolic
BP)]/3. Detailed records from outside institutions were un-
available in two patients (patients 18 and 21), and an appro-
priate baseline BP could not be obtained.

Serum creatinine and blood urea nitrogen (BUN) levels at
the time of the event were recorded for all patients. Serum
levels of immunosuppressant agent were obtained in patients
receiving antirejection medication. Laboratory markers of en-
dothelial damage, including peripheral smear results, red blood
cell morphology, and lactate dehydrogenase (LDH) and uric
acid values, were recorded when they were available.

The time between symptom onset and MR imaging was
recorded. The length of time that the patient was vulnerable to
PRES was also noted, which was defined as the longer of 1) the
duration of neurologic symptoms or 2) the time to correction of
the underlying cause of the syndrome (eg, time to correct BP,
time to stop antirejection medication, time to dialysis).

MR images were obtained by using 1.5-T units capable of
producing gradients as high as 40 mT/m. In all patients, T1-
weighted sagittal images (TR/TE/NEX, 583/4/1; FOV, 20) and
T2-weighted axial images (TR/TE1, TE2/NEX, 2033/30, 80/1;
FOV, 20) were obtained by using 5-mm sections with a skip of
1 mm and 2.5 mm, respectively. FLAIR images (TR/TE/TI/
NEX, 11,002/140/2250/1; FOV, 20, 5-mm-thick contiguous sec-
tions) were acquired in all patients but two (patients 13 and
19). In 18 patients these images were obtained in the axial
plane, and in two patients (patients 3 and 8), FLAIR images
were obtained in the coronal plane. Echo-planar T2- and dif-
fusion-weighted images were obtained with diffusion gradients
in the x, y, and z planes by using 5-mm-thick sections with skip
of 2.5 mm (TR/TE, 10,000/91.7; FOV, 40; b � 0 and 1,000
s/mm2). A FLAIR preparation pulse (TI � 2200 ms) was used
in all but seven patients (patients 4–6, 11, 14–16). Composite
isotropic diffusion-weighted images and apparent diffusion co-
efficient (ADC) maps were created in all patients by using

commercially available software on a separate workstation. In
15 patients (patients 1–6, 9, 11, 12, 14–18), axial and coronal
T1-weighted images (TR/TE/NEX, 400/20/2; FOV, 20; section
thickness, 5 mm; skip, 2.5 mm) were obtained after the intra-
venous administration (0.1 mmol/kg) of gadolinium-based con-
trast material.

Eighteen control subjects who underwent DWI as part of a
clinical examination were recruited if they met the following
inclusion criteria: 1) the indication was headache, transient
ischemic attack, or seizure, and 2) no imaging abnormalities
were noted, or the examination showed only minimal leuko-
ariosis or atrophy. Sagittal T1-weighted, axial T2-weighted,
axial FLAIR, and diffusion-weighted images were obtained as
previously described herein. Diffusion-weighted images were
obtained after a FLAIR preparation pulse (TI � 2200 ms) in
seven control subjects and without a FLAIR preparation pulse
in 11.

For all patients and controls, one of the authors (D.J.C.)
systematically placed 19 regions of interest (ROIs) in the cer-
ebellar hemispheres; pons; lenticular nuclei; corticospinal
tracts; thalami; and posterior temporal, frontal, parietal, and
occipital lobes (Fig 2). These regions were chosen to include
cortex, deep gray matter nuclei, and subcortical and deep white
matter. The ROIs were placed on the echo-planar T2-weighted
images to facilitate correct anatomic placement. The images
were then coregistered to the ADC map. Care was taken to
avoid including CSF or areas of hemorrhage in the ROI. The
mean two-point ADC in each region was measured by using
commercial software. Typical ROI sizes were 60–500 mm2 and
varied depending on the brain region studied (Fig 2).

To measure extent of disease, one of the authors (D.J.C.)
subjectively graded T2 and FLAIR signal intensity in each
region on a scale of 0–3. Normal findings were scored as 0,
faint or small areas of signal intensity abnormality were scored
as 1, easily perceptible abnormalities were scored as 2, and
large confluent areas of high-signal-intensity abnormality on
T2-weighted and FLAIR images were scored as 3. A score of 4
was assigned to each region with high DWI signal intensity. We
defined the total T2/DWI score for each patient as the sum of
the scores in each region. In the patients with high DWI signal
intensity, 60-mm2 ROIs were placed in the areas of abnormal
cortex and in the surrounding subcortical white matter.

Patient data were segregated into two groups: normal and
abnormal, depending on whether abnormal signal intensity was
present on the coregistered echo-planar T2-weighted images
(scores 1–3). Patients’ ADC values in normal and abnormal
areas were then compared with those of control subjects. A
two-tailed Student t test was used when data were parametri-
cally distributed, and a Wilcoxan rank sum test was used when
the data were nonparametrically distributed. Nonparametri-
cally distributed data were seen in the pons (abnormal vs
control [A/C] and normal vs control [N/C]), left lenticular
nucleus (N/C), right corticospinal tract (N/C), left corticospinal
tract (A/C), bilateral thalami (A/C), bilateral occipital lobes
(A/C), left frontal lobe (N/C), bilateral parietal lobes (A/C),
and bilateral temporal lobes (A/C).

Results
A total of 34 patients with PRES were identified,

22 of whom underwent diffusion-weighted imaging
(Table, available at www.ajnr.org). The patients were
aged 4–90 years (mean age, 45 years) and included 13
female and nine male patients. Seven cases involved
hypertensive encephalopathy; eight, antirejection
medication toxicity; four, uremia; two, eclampsia; and
one, hemolytic-uremic syndrome.

In four patients, a combination of factors that may
have led to PRES were present, and we used the
patient’s clinical presentation to determine which fac-
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tor was most relevant. Patients 11 and 15 were clas-
sified as having antirejection medication neurotoxic-
ity because they responded clinically to a discontin-
uation of the drug or lowering of the dose, although
other factors such as uremia and elevated BP read-
ings may have played a role. Patient 6 presented with
an elevated BP after a 3-week period of visual hallu-
cinations and a slow deterioration in his mental sta-
tus. One week after admission, acute renal failure
developed and the BUN level increased. The patient’s
neurologic symptoms and kidney function recovered
after his BP was controlled. The patient was classified
as having hypertensive encephalopathy because his
symptoms preceded the period of uremia and because
he recovered without dialysis. Patient 19 was classi-
fied as having uremic encephalopathy because dialysis
was necessary to control both her symptoms and her
BP, which was labile and which likely contributed to
her seizures.

Most patients (63%) underwent imaging within 3
days of symptom onset (Table, available at www.ajnr
.org). Time between symptom onset and MR exami-
nation ranged from 4 hours to approximately 5
months. The 5-month delay followed an extensive
workup at an outside institution: repeat MR exami-

nation established the diagnosis of PRES. The length
of time that patients were vulnerable to PRES ranged
from 12 hours to 5 months.

The mean BP elevation from the baseline BP value
was 80% (range, 8–158%). In four of our patients
(patients 8, 11, 14, 21), no significant elevation in BP
from the baseline value was recorded. (The range was
8–29% in three patients; the fourth presented with a
BP of 150/70 mmHg and had no prior records.) One
of the seven patients (patient 4) who was classified as
having hypertensive encephalopathy did not have a
systolic BP greater than 200 mmHg. This patient was
being treated for sepsis, and wide BP fluctuations
were observed (73% above baseline).

In patients with immunosuppressant neurotoxicity,
toxic levels of the medication were not required for
the development of PRES. Drug levels were elevated
in five patients and therapeutic in three. Prior expo-
sure to the medication was not protective: patient 14
had symptoms with therapeutic levels of tacrolimus,
even after 5 months of exposure to the drug at similar
levels.

Eleven patients in this series had an elevated cre-
atinine level at presentation (patients 5–7, 11, 12,
15–19, 22). Five of the six patients who died (patients

FIG 2. ROI placement. Axial FLAIR-
prepped echo-planar T2-weighed images
(TR/TE/TI, 10,000/91.7/2200; FOV, 40;
b � 0 s/mm2) in a patient with PRES sec-
ondary to uremic encephalopathy (patient
17). Nineteen ROIs were systemically
placed in 22 patients with PRES and 18
control subjects, as shown. The images
were coregistered to the ADC map, on
which measurements were taken. Typical
ROI sizes varied with brain region, as fol-
lows: cerebellum, 400 mm2; pons, 240
mm2; lenticular nucleus, 250 mm2; corti-
cospinal tract, 60 mm2; posterior temporal
lobe, 360 mm2; caudate head, 60 mm2;
thalamus, 220 mm2; occipital lobe, 360
mm2; parietal lobe, 400 mm2; frontal lobe,
500 mm2.
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7, 12, 15, 18, 22) had a high creatinine level at pre-
sentation (range, 2.7–9.1 mg/dL; mean, 5.1 mg/dL),
with a mean elevation of 3.7 mg/dL from the baseline
value.

Levels of laboratory markers of endothelial dam-
age were elevated. Among eight patients in whom a
peripheral smear was performed, five had shistocyto-
sis, acanthocytosis, or anisocytosis (patients 5, 9, 11,
18, 22). In 14 patients in whom red blood cell mor-
phologic studies were performed, 13 had abnormal
morphology (patients 4, 5, 7, 9–13, 15, 16, 18, 19, 22).
Serum LDH levels were determined in eight patients
(patients 6, 9, 11, 12, 15, 18, 21, 22); these were often
elevated, ranging from 161 to 3017 U/L with mean of
726 U/L (normal range, 91–257 U/L). These values
are suggestive of shear injury to the circulating red
blood cells and are consistent with previously re-
ported results by Schwartz et al (15).

Figure 3 shows the regional distribution of T2 and
FLAIR signal intensity abnormalities in our patients.
The occipital and parietal lobes were always involved
and had some of the highest ADC values, in keeping
with the predilection for the posterior circulation ter-
ritories in PRES. Anterior circulation structures such
as the frontal and temporal lobes were also frequently
involved (82% and 91%, respectively). Thalamic in-
volvement was seen in 68% patients and pontine
involvement, in 50% (Fig 4). ADC values in areas of
abnormal T2 signal intensity were consistently ele-
vated compared with those in control subjects (P �
.01 except for left thalamus and corticospinal tract in
which P � .03). In patients and controls, findings in
the right caudate and corticospinal tract did not differ
significantly (P � .05 and 0.31, respectively), but these
areas were frequently spared. High ADC values are

consistent with highly mobile water in areas of vaso-
genic edema in PRES, as multiple prior studies (2,
5–7) have shown. The majority of the lesions in our
patients showed normal or decreased signal intensity
with DWI, a phenomenon that Provenzale et al called
T2 washout (11).

Interestingly, some of the brain regions that ap-
peared normal on T2-weighted and FLAIR images
also showed a tendency to have higher ADC values
compared with those in the control subjects. This
trend was not statistically significant except in areas
that were usually spared on T2-weighted and FLAIR
images, such as the left corticospinal tract (P � .01)
and right and left caudates (P � .04 and .02, respec-
tively). This finding suggests that ADC values may be
more sensitive to vasogenic edema than findings on
conventional T2-weighted and FLAIR images.

Mean ADC values in control subjects were signif-
icantly lower in the cerebellum and pons (P � .001);
this finding may have been due to susceptibility arti-
fact in the skull base or specific properties of the
brain tissue in the cerebellum and brain stem.

The extent of disease, as measured with the total
T2/DWI score, correlated well with patient outcome.
As shown in Figure 5, the patients who had an ad-
verse outcome (stroke or death) had T2/DWI scores
that were significantly higher than those of patients
who recovered (P � .001). Maximum ADC values
were also higher among patients with adverse out-
comes (P � .02), but more overlap was observed
between the two groups.

Areas of high DWI signal intensity were observed
in six (27%) of 22 patients (patients 4, 6, 11, 14, 15,
18) and were predominantly cortical in distribution.
As Figures 6 and 7 demonstrate, these areas had only
mildly elevated T2 signal intensity and normal or
slightly elevated ADC values; these values were not
low, as one would expect in the setting of restricted
diffusion in ischemia. We refer to this phenomenon as
pseudonormalization of ADC values. The surround-
ing subcortical white matter consistently showed in-
tensely elevated T2 signal intensity and high ADC
values, which were consistent with severe vasogenic
edema.

High DWI signal intensity and pseudonormaliza-
tion were associated with an adverse outcome (two
strokes, three deaths) in five of six patients. In patient
11, follow-up T2-weighted and FLAIR images ob-
tained 28 days after the initial examination showed
increased signal intensity corresponding to the area of
abnormal findings with DWI at presentation (Fig 6).
Gyriform, increased T1 signal intensity and subtle
enhancement on follow-up images were present; this
finding was consistent with petechial hemorrhage into
a subacute infarct. The patient recovered quickly af-
ter cyclosporin was withdrawn. In patient 6, follow-up
MR images obtained 25 days after the onset of symp-
toms showed gliosis and small foci of cortical en-
hancement in the right occipital lobe; again, these
were consistent with subacute infarction. He recov-
ered after a long period of inpatient rehabilitation.

FIG 3. Mean ADC values in brain regions in patients with PRES
and control subjects. Percentage of patients with T2 and FLAIR
signal intensity abnormalities in each brain region is shown. Both
posterior and anterior circulation structures are involved. ADC
values in abnormal areas in patients are elevated compared with
those in control subjects (P � .04); this finding was consistent
with vasogenic edema. ADC values in control subjects were
lower in the cerebellum and pons (P � .001). Mean ADC values
from homologous hemispheric structures are averaged together
for presentation purposes.
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Three patients (patients 14, 15, 18) with high DWI
signal intensity died before follow-up MR imaging
could be performed. Patient 15 died of massive aspi-
ration 1.5 months after the initial MR examination.
Although patient 14 partially recovered initially and
was able to follow simple commands, his neurologic
condition again deteriorated after tacrolimus was re-
started following retransplantation for hepatic arterial
thrombosis. Repeat MR imaging was attempted, but
findings were nondiagnostic because of motion. The
patient died 2 months after retransplantation, which
was 4 months after the first MR examination. Al-
though extensive comorbidities related to his compli-

cated posttransplantion course limited the neurologic
assessment and our ability to image him, postulating
that PRES played a role in the patient’s outcome
seems reasonable. Patient 18 had a fulminating clin-
ical course with seizures complicated by respiratory
and cardiac arrest, which confounded the findings.
MR examination showed changes of watershed in-
farction superimposed on the changes of PRES. One
of the infarcts in the right occipital lobe had the
typical appearance of pseudonormalization. Interest-
ingly, areas of watershed infarction in the frontal
lobes also exhibited pseudonormalization due to su-
perimposed vasogenic edema.

The only patient with high DWI signal intensity and
pseudonormalization who recovered (patient 4) was
lost to follow-up. She was discharged 10 days after the
MR examination. She had some residual proximal
muscle weakness and was instructed to undergo fol-
low-up MR imaging in 2–3 months and to consult a
local neurologist.

Two patients (patients 12 and 22) had severe brain
stem involvement, with a score of 3 in the pons, and
neither survived. In patient 12, the response to grad-
ual tapering of cyclosporin was poor, with persistently
decreased mental status and repeated episodes of
seizures. This patient died 38 days later after support-
ive measures were withdrawn at the request of the
family. Patient 22 also did not recover neurologically
despite rapid control of her BP, and she died 3 days
after the MR examination. Of the two patients with a
pontine score of 2, one (patient 18) also had areas of
high DWI signal intensity elsewhere and died, and the
other (patient 19) recovered within 24 hours of the
onset of symptoms, after aggressive intervention with
dialysis. Subtle increased T2 signal intensity in the
pons (score � 1) was not clearly associated with a bad
outcome, as four of seven patients (patients 5, 10, 13,
21) recovered fully. No patients in our series had
areas of high DWI signal intensity in the brain stem.

FIG 4. Atypical cases of PRES.
A, Axial FLAIR MR image in a case of uremic encephalopathy (patient 18) shows marked frontal lobe involvement.
B and C, Axial FLAIR MR images (TR/TE/TI/NEX, 11,002/140/2,250/1; FOV, 20) in a case of hemolytic-uremic syndrome (patient 22)

show involvement in the temporal lobes and thalami. Note also the striking involvement of the brain stem.

FIG 5. In patients who had an adverse outcome (stroke or
death), T2/DWI scores (P � .001) and ADC values (P � .02) were
consistently higher than those of patients who recovered. Pa-
tient 4 had cortical DWI hyperintensity at presentation. The pa-
tient then recovered and was subsequently lost to follow-up.
Patients 6 and 11 had cortical DWI hyperintensity with progres-
sion to stroke at follow-up. Patients 14, 15, and 18 had cortical
DWI hyperintensity and died before follow-up. Patient 7 had foci
of intracranial hemorrhage at presentation. Patients 12 and 22
had severe brain stem PRES.
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T1-weighted, T2-weighted, and echo-planar T2-
weighted images depicted foci of intracranial hemor-
rhage in two patients (9%; patients 7, 8). In both
patients, platelet counts assessed at the time of pre-
sentation were within the normal range (276 � 109/L
and 361 � 109/L). Patient 7 was hypertensive at pre-
sentation with a BP of 200/106 mmHg and a 58%
elevation from her baseline BP (Table, available at
www.ajnr.org). Patient 8, a 9-year-old boy, was also
hypertensive for his age, with a BP of 140/70 mmHg.
He was able to recover after the withdrawal of cyclo-
sporin.

Gadolinium enhancement in the areas of T2 abnor-
mality was an inconsistent finding in our series, seen
in only five (33%) of 15 patients (patients 5, 6, 11, 12,
20) who received contrast material at presentation.

Discussion
PRES is a remarkably heterogeneous group of dis-

orders. In patients with hypertensive encephalopathy
and in pregnant patients with eclampsia (2, 4, 6–9,
13–16), PRES is thought to occur after a subacute
elevation in BP. In the transplant population, PRES is
a well-known complication of antirejection therapy
with cyclosporin A and tacrolimus (1, 4, 8, 10, 12,
17–20). It is also seen in the setting of uremia, hemo-
lytic-uremic syndrome, and thrombotic thrombocyto-
penia purpura, in which endothelial toxins are
thought to play a role (2, 8, 21). PRES has also been
reported in association with chemotherapeutic agents
such as cisplatin (22), interferon alpha (4), intrathecal
methotrexate (23), and multidrug treatment of acute
lymphoblastic leukemia in children (14, 24). PRES-

FIG 6. Intravoxel averaging of cytotoxic
and vasogenic edema in a case of cyclo-
sporin neurotoxicity (patient 11).

A and B, Axial FLAIR (TR/TE/TI/NEX,
11,002/140/2250/1; FOV, 20) (A) and echo-
planar T2-weighted (TR/TE, 10,000/91.7;
FOV, 40; b � 0 s/mm2) (B) MR images show
bilateral areas of increased signal intensity in
the occipitotemporal lobes, which are con-
sistent with vasogenic edema (asterisk). A
rim of abnormal signal intensity surrounds
a small section of cortex, which is relatively
spared with only mildly elevated signal in-
tensity (arrow).

C, Isotropic diffusion-weighted images
(TR/TE, 10,000/91.7; FOV, 40; b � 1000
s/mm2) show high signal intensity in the
areas of apparent sparing (arrowhead).

D, ADC map shows increased diffusion
in the areas of vasogenic edema (asterisk),
as expected. The areas of high signal in-
tensity in C do not have low ADC values, as
would be expected in ischemic brain. In-
stead, the values are pseudonormalized
(arrow).

E, Follow-up FLAIR image obtained 28 days later shows increased signal intensity (arrowhead) corresponding to the region of
abnormal findings at DWI. Gyriform, increased T1 signal intensity and subtle enhancement (not shown) was also present; this finding is
consistent with petechial hemorrhage into a subacute infarct (not shown).
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like abnormalities have also been described in pa-
tients with acute intermittent porphyria (25) and
cryoglobulinemia (26).

The predilection for involvement of posterior cir-
culation territories is generally accepted to result
from the relatively sparse sympathetic innervation of
the vertebrobasilar circulation (27). In a healthy sub-
ject, cerebral autoregulatory mechanisms that have
both myogenic and neurogenic components maintain
constant brain perfusion (15). The effectiveness of
the neurologic component of autoregulation is di-
rectly proportional to the degree of sympathetic in-
nervation (28). In patients with PRES, the myogenic
response is blunted by either passive overdistention of
the vessel due to elevations in BP (2, 5–10) or direct
toxic effects on the endothelium (15, 17). Because
autoregulatory mechanisms are thus more dependent
on the neurogenic response, the more poorly inner-
vated areas in the posterior circulation are most vul-
nerable. The result is the leakage of fluid into the
interstitium and vasogenic edema (1–10, 15).

The findings in our series confirm the predilection
for posterior circulation territories in PRES, but not
to the exclusion of anterior circulation structures.
Frontal lobe involvement was seen in 82% of patients
and was often striking (Fig 4). Furthermore, our data
suggest that quantitative analysis of ADC maps may
show subtle involvement with PRES that goes unde-
tected with conventional MR imaging. The clinical
utility of this observation is unclear because obvious
T2 signal intensity abnormalities elsewhere were
present in all of our patients by virtue of the retro-
spective nature of the study. Perfusion MR imaging
studies designed to identify asymptomatic patients
who are taking immunosuppressants and who may be
at risk for PRES have, so far, failed in detecting
subclinical lesions in these patients (29). Further
studies are needed to ascertain whether quantitative
analysis of ADC maps can be used for this purpose.

Regardless, these subtle changes in quantitative ADC
maps indicate that the pathophysiology of this phe-
nomenon may be more global than previously
thought. If severe enough, even the more richly in-
nervated territories of the anterior circulation be-
come vulnerable to PRES.

We observed areas of cortical DWI hyperintensity
in 27% of our patients, an incidence that was much
higher than those of previous reports. Instead of the
low ADC values one would expect in the setting of
ischemic injury with irreversible damage, ADC values
in areas of cortical DWI hyperintensity were pseudo-
normalized. We postulate that the paradoxically nor-
mal or elevated ADC values in areas of DWI hyper-
intensity result from intravoxel averaging of both
cytotoxic and vasogenic edema in cortex affected by
PRES. Because restricted diffusion in cytotoxic
edema lowers ADC values and vasogenic edema ele-
vates them, the effects cancel each other out when the
two combine at the subvoxel level.

This concept can be illustrated schematically by
using the Stejskal-Tanner equation (30), which states
that the magnitude of the diffusion signal S is gov-
erned by the following equation: S � S0e�bD, where
S0 is the signal at b � 0 s/mm2 (ie, echo-planar
T2-weighting image signal intensity), b is the gradient
b value, and D is the ADC. In the logarithmic plot of
S versus b (Fig 8), the slope of the line is equal to the
value plotted on the ADC map, and the magnitude of
the signal intensity at b � 1000 s/mm2 equals the
value plotted on the DWI image. In vasogenic edema,
the slope of the signal intensity is steep due to the
high mobility of water molecules, and at b � 1000
s/mm2, the magnitude of the signal intensity decreases
below the level in the normal case. This effect results
in high ADC values with normal DWI signal intensity,
as shown in Figure 1D–I. In areas of pseudonormal-
ization, acute infarction occurs in the presence of
vasogenic edema so that the net diffusion signal in-

FIG 7. ADC values in areas of pseudo-
normalization. High values were seen in
the subcortical white matter and pseudo-
normalized values were seen in the cortex.
Pseudonormalization results from intra-
voxel averaging of vasogenic and cyto-
toxic edema in cortex. In two patients,
follow-up images confirmed the develop-
ment of infarcts in areas of pseudonormal-
ization.
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tensity results from the averaging of a cytotoxic com-
ponent, which has restricted water motion and there-
fore has a shallow slope, and a vasogenic component
with a steep slope. The net diffusion signal intensity
line is parallel to that in the normal case but higher in
magnitude. Because the slopes are parallel, ADC
values are isointense relative to those of normal tissue
in the areas of pseudonormalization, as shown in
Figure 6D. Because the magnitude is higher at b �
1000 s/mm2, the DWI signal intensity is high, as
shown in Figure 6C.

This model also explains the appearance of the
areas of pseudonormalized cortex on echo-planar T2-
weighted images. In vasogenic edema, S0 is high be-
cause increased water content in the interstitium in-
creases T2 signal intensity. In pseudonormalization,
the cytotoxic component of the signal contributes
little to S0 because T2 signal intensity in ischemic
tissue is isointense in the first 6–8 hours (31). There-
fore, because S0* in pseudonormalized tissue is the
average of S0 for vasogenic edema and S0 for cyto-
toxic edema, S0* in pseudonormalized tissue results in
a modest increase in T2 signal intensity lower than
that in the surrounding areas of vasogenic edema (Fig
8). Furthermore, more compaction of cells in the
cortex also likely damages the effect of vasogenic
edema on S0*, because the cortex probably allows less
vasogenic edema than does adjacent white matter.

The notion that cortical high DWI signal intensity
in PRES is due to cytotoxic edema is supported by
our patients’ clinical outcomes. Two of the six pa-
tients with high DWI signal intensity progressed to
infarction, as was shown on follow-up images. High
DWI signal intensity was associated with a poor prog-
nosis, with death as the outcome in three of the
remaining patients, and infarction conceivably con-
tributed to the patients’ outcomes. The patient who
was lost to follow-up had subtle residual neurologic
deficits 10 days later, and that she may have had a
small infarct seems a reasonable explanation.

An alternative explanation is that cortical-re-
stricted diffusion abnormalities in PRES may be re-

versible until the effects of cytotoxic edema begin to
dominate and ischemia may ensue. This suggestion
may be supported by the observation that, in patient
11, only the area with the highest difference in ADC
value between cortex and surrounding subcortical
white matter progressed to ischemia, and follow-up
images did not show evidence of infarction in the
other areas of pseudonormalization. Further prospec-
tive studies are needed to clarify the precise temporal
evolution of ischemia in PRES. Such a prospective
study would ideally include a perfusion sequence to
assess differences in cerebral blood flow in areas of
uncomplicated vasogenic edema versus areas of
pseudonormalization.

The progression to subacute infarction that we ob-
served in areas of cortical DWI hyperintensity is con-
sistent with prior case reports of PRES in the litera-
ture. Ay et al’s (5) original description of cytotoxic
edema in a patient with PRES showed large areas of
restricted diffusion 3 days prior to their patient’s
demise. Koch et al (13) describe a case in which areas
of cytotoxic edema in PRES led to tissue loss on
follow-up images obtained 2 months later. Interest-
ingly, they also report high ADC values (980 �m/s2)
in the region of increased diffusion signal intensity, as
we noted in our patients. Cooney et al (14) observed
gliosis, white matter volume loss, and petechial hem-
orrhage on follow-up images that corresponded to
areas of high DWI signal intensity at presentation.

The mechanism by which vasogenic edema in PRES
becomes cytotoxic is not well understood. Ay et al (5)
suggest that, in areas of massive vasogenic edema, in-
creased tissue pressure eventually impairs the microcir-
culation and leads to ischemia. Localized mass effect is
a common finding in PRES and was present to some
degree in all six patients with pseudonormalization. An-
imal studies (32) have shown that the breakdown in
autoregulatory mechanisms in hypertensive encepha-
lopathy precedes the development of decreased cere-
bral blood flow and stroke. In our patients, cytotoxic
edema developed in cortex immediately adjacent to
areas with intensely elevated ADC values in the subcor-

FIG 8. Schematic representations of the dif-
fusion signal intensity in vasogenic edema
and pseudonormalization in cortex affected
by PRES. By definition, the slope of the signal
intensity is plotted on the ADC map, and the
magnitude of the signal intensity at b � 1,000
s/mm2 is plotted on the diffusion-weighted
image.

A, Vasogenic edema. Because water is
highly mobile in areas of vasogenic edema,
the slope of the signal intensity is steeper and
the ADC values are higher, as shown in Figure
1G–I. At b � 1000 s/mm2, the magnitude of
the diffusion signal intensity is either normal
or below normal, as shown in Figure 1D–F.

B, Pseudonormalization. The net diffusion
signal intensity results from averaging of a
cytotoxic component, which has restricted
water motion and therefore has a shallow slope, and a vasogenic component, with a steep slope. The net diffusion signal intensity line
is parallel to the normal case but higher in magnitude. Because the slopes are parallel, ADC values are isointense or normal in the areas
of pseudonormalization, as shown in Figure 6D. Because the magnitude is higher at b � 1000 s/mm2, the DWI signal intensity is high,
as shown in Figure 6C.
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tical white matter; this finding is consistent with a heavy
burden of fluid in the interstitium. The postulation that
unchecked vasogenic edema results in cytotoxic edema
and infarction seems reasonable.

Increased DWI signal intensity without T2 abnor-
mality has been reported in the setting of sustained
seizure activity (33). Findings of animal studies sug-
gest that the diffusion abnormalities appear within 1
hour of persistent seizure activity and precede the
development of irreversible T2 signal abnormalities
(34). Although seizures were a common presenting
symptom in our series, no seizure activity was re-
ported in four of the six patients (patients 6, 11, 14,
15) with restricted diffusion. Of the remaining two
patients, one (patient 4) had two short witnessed
episodes of seizures within a 24-hour period, but no
evidence of status epilepticus was present. Seizure
activity seems unlikely to have played a large role in
the pathogenesis of DWI abnormalities in these pa-
tients.

Even in the absence of high DWI signal intensity,
severe vasogenic edema was associated with a poor
prognosis in our patients. Extensive involvement with
PRES, as measured by high T2/DWI scores, was seen
in all patients who died, including the three patients
who died despite their having no DWI abnormalities
at presentation. Two of these patients had severe
brain stem involvement, and one had intracranial
hemorrhage. It seems reasonable that both hemor-
rhage and brain stem involvement indicate severe
PRES that will respond poorly to treatment. Pub-
lished case reports (20, 35) of severe PRES involving
the brain stem have involved at least partial recovery,
but in those cases, reversible T2 abnormality was
isolated to the brain stem. Our patients had lesions in
the pons in the context of generalized PRES involving
supratentorial structures; therefore, extrapolating our
findings to this variant of the syndrome is difficult.
Larger studies are needed to establish the precise
relationship of brain stem involvement to patient out-
come.

In our series, frank intracranial hemorrhage was
associated with hypertension, not thrombocytopenia.
Findings in the 9-year-old child with a BP of 140/90
mmHg in whom intracranial hemorrhage developed
are consistent with the observations of Jones et al (9)
that children are vulnerable to PRES and its compli-
cations at BPs lower than those of adults. They pos-
tulate that cerebral autoregulatory mechanisms in
children are left-shifted to function at lower BPs.

High T2/DWI scores were also observed in a few of
the patients who recovered; the clinical circumstances
can account for this finding, at least in part. Patients
17 and 19, for example, had uremic encephalopathy
and promptly underwent dialysis at the first sign of
symptoms, and their symptoms resolved in 36 and 24
hours, respectively. This finding suggests that a win-
dow of opportunity is present after severe PRES is
recognized; during this time, immediate intervention
can have a substantial clinical effect.

Conclusion
In conclusion, MR imaging with diffusion-weighted

sequences provides not only a powerful means of diag-
nosing PRES but also a wealth of prognostic informa-
tion about the patient. The hallmark of this diagnosis is
vasogenic edema in the territories of the posterior cir-
culation, which can be reliably differentiated from cyto-
toxic edema in other etiologies by using DWI and by
calculating the ADC map, which shows elevated ADC
values. Involvement of anterior circulation structures is
also common and should not deter consideration of this
diagnosis. Diffusion-weighted images may show foci of
high signal intensity in cortex that is either undergoing
infarction or at high risk of infarction. ADC values in
these areas are normal or slightly elevated. We call this
finding pseudonormalization and propose that it results
from intravoxel averaging of values in cytotoxic and
vasogenic edema. We suggest that this finding may rep-
resent an early sign of nonreversibility in PRES, herald-
ing the conversion to infarction. The extent of T2 and
DWI signal intensity correlates well with patient out-
come and can help guide more aggressive treatment in
more severely affected patients. Intracranial hemor-
rhage and brain stem involvement were also associated
with a poor prognosis.
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