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Etiology of Cortical and White Matter Lesions in
Cyclosporin-A and FK-506 Neurotoxicity

Walter S. Bartynski, Zella Zeigler, Michael P. Spearman, Luke Lin, Richard K. Shadduck, John Lister

BACKGROUND AND PURPOSE: The etiology of the neurotoxicity associated with cyclo-
sporin-A (CsA) and FK-506 treatment is not fully understood. At our institution, we noticed a
distinct, abrupt change in the imaging characteristics of CsA and FK-506 neurotoxicity, which
consisted of a shift in lesion morphology from a white matter abnormality to a mixed cortical
and white matter pattern. The purpose of this study was to assess clinical parameters that
might explain this change.

METHODS: Twenty-two patients had a neurotoxic reaction and brain imaging changes while
receiving CsA or FK-506. Nineteen patients received allogeneic bone marrow transplants, and
three had aplastic marrow disorders. Fifty-one imaging studies (CT or MR imaging) were
obtained, and lesion characteristics, locations, and time courses were evaluated along with
relevant clinical data.

RESULTS: Nine patients who had been conditioned for transplantation with cyclophospha-
mide and chemotherapy (busulfan or thiotepa) had a mixed pattern of cortical and white matter
involvement (57 lesions). Isolated white matter involvement (62 lesions) developed in three
nontransplant patients and 10 transplant patients conditioned with cyclophosphamide and to-
tal-body irradiation. All lesions occurred at typical brain watershed zones. Lesion enhancement
was noted in two patients conditioned with chemotherapy. Initial images demonstrated char-
acteristic lesions in 15 patients (68%). Initial images were normal in four patients (18%) and
nonspecific in three patients (14%).

CONCLUSION: Lesion location in CsA and FK-506 neurotoxicity may depend on the pres-
ence or type of conditioning used before bone marrow transplantation. Nontransplant patients
or those conditioned with total-body irradiation develop white matter lesions, whereas those
conditioned with chemotherapy develop mixed cortical and white matter lesions.

Cyclosporin A (CsA) and FK-506 are immunosup-
pressive agents used to control transplant rejection
and graft-versus-host disease (GVHD). Reports
have linked these two drugs with central nervous
system toxicity, which clinically varies from trem-
ulousness to grand mal seizure activity (1–33).

Subcortical and deep white matter changes on
imaging studies have been the alterations most
commonly described (17, 18, 21–23, 26–31). Cor-
tical involvement has been noted, and contrast en-
hancement occasionally seen (23, 27, 30, 32, 33).
This pattern occasionally has been referred to as
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the ‘‘reversible posterior leukoencephalopathy syn-
drome’’ (34, 35). Nonspecific white matter features
have also been described (36).

The etiology of CsA and FK-506 neurotoxicity
is not understood. No single factor has been con-
sistently identified in all patients. Direct toxicity
has been postulated, but blood CsA levels usually
are within the therapeutic range in most patients
(2–4, 6, 8, 9, 15, 16, 21, 23–25, 27, 29–32). Ab-
normal CsA metabolism due to hepatic dysfunction
or hypocholesterolemia, leading to altered CsA
binding and secondary increase in brain drug dis-
tribution, also has been considered (18, 24). Some
have postulated that endothelial damage plays a
role, with the release of vasoactive peptides leading
to labile blood pressure and vasospasm (28, 32, 33,
37, 38), in addition to thrombotic microangiopathy
leading to microvascular damage (31, 39). Hyper-
tension has been suggested as a primary cause of
the brain changes and has been associated with in-
creased sympathetic neural activation (30, 40, 41).
Selected reports have considered other potential
causes, such as high-dose methylprednisolone ther-
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TABLE 1: Reason for BMT or CsA and FK-506 treatment

Reason No. of Patients

Allogeneic BMT group (n 5 19)

Acute lymphocytic leukemia
Acute myelocytic leukemia
Chronic myelocytic leukemia
Multiple myeloma
Myelodysplastic syndrome

3
5
4
2
5

Non-BMT group (n 5 3)

Aplastic anemia
Red cell aplasia

2
1

apy (2, 4), ketoconazole therapy (3), hypomagne-
semia (9), anaphylactic reactions (8), and human
leukocyte antigen (HLA) mismatch (33).

We recently observed a change in the imaging
appearance of neurotoxicity in patients receiving an
allogeneic bone marrow transplant (BMT) at our
institution. This change was associated with a
change in the treatment protocol. Previously, we
typically observed white matter changes in our pa-
tients with CsA or FK-506 neurotoxic reactions.
When the pretransplantation conditioning protocols
used in the BMT service at our institution were
changed, we began to observe the presence of cor-
tical involvement. The purpose of this study was to
review the imaging and clinical features of 22 pa-
tients with CsA or FK-506 neurotoxic reactions in
an effort to determine factors that underlie cortical
or white matter lesions.

Methods
One hundred eighty-six patients received an allogeneic BMT

at our institution during 6 years. Patients were receiving CsA
or FK-506 to prevent GVHD. In 19 of these patients, notable
neurologic symptoms developed, and imaging studies showed
brain changes consistent with previous descriptions of CsA or
FK-506 neurotoxicity. Three additional nontransplant patients
receiving CsA for aplastic marrow disorders also developed
neurotoxic reactions. These 22 patients form the subject of this
report.

Ten patients were female and 12 were male, with an average
age of 45 y (range, 19 to 65 y). Thirteen of the allogeneic
BMT patients received transplants from related donors, and six
received transplants from matched unrelated donors. Nontrans-
plant patients 20 and 21 received CsA for treatment of severe
aplastic anemia, and patient 22, for red blood cell aplasia. Sol-
id-organ transplantation is not performed at our institution. A
summary of the reasons for transplantation in these patients is
presented in Table 1.

BMT Procedures

Patients underwent BMT in accordance with treatment pro-
tocols approved by the internal review board at our institution.
CsA or FK-506 and methylprednisolone (1.0 mg/kg/d tapered
to 0.1 mg/kg/d) were used as prophylaxis against GVHD. CsA
doses were adjusted to maintain whole-blood CsA levels of
350–600 mg/L as measured with polyclonal fluorescence po-
larization assay. Patient 19 received 0.03 mg/kg FK-506. Pa-
tients 10, 13, and 14 initially received CsA, but this was
changed to FK-506 when CsA-related toxicity developed.

Preparative Regimens

Conditioning eliminates the host’s bone marrow in prepara-
tion for receiving the donor’s marrow. Three conditioning regi-
mens were used for the BMT patients. Ten patients received
conditioning with cyclophosphamide (50–60 mg/kg/d for 2–4
d), followed by total-body irradiation (TBI) (300 cGy/d for 4
d). Four patients received conditioning with cyclophosphamide
(60 mg/kg/d) and thiotepa (5 mg/kg/d), followed by TBI (300
cGy/d) for 4 d. Five patients received oral busulfan (4 mg/kg/d
for 4 d) and cyclophosphamide (60 mg/kg/d for 2 d).

Imaging Procedures

Fifty-one imaging studies were available for evaluation: 33
CT scans and 18 MR images. Contrast-enhanced studies were
obtained in 24 CT and 11 MR imaging examinations. CT scans
were obtained with 5-mm contiguous images obtained through
the posterior fossa and 10-mm images obtained to the vertex.
Contrast material, when used, consisted of a 150-mL bolus
infused through peripheral venous access. MR images were
obtained with a 1.5-T imager. Sagittal T1-weighted scout views
were followed by axial T1-weighted images (600/25/1 [TR/
TE/excitation]) with 5-mm section thickness and axial proton
density–weighted and T2-weighted images (2500/25–84/2)
with 5-mm section thickness. Contrast-enhanced T1-weighted
images were obtained by using 0.1 mmol/kg gadopentetate di-
meglumine and typical T1-weighted parameters, as described
above. When fast spin-echo images became available, sequenc-
es were performed with similar TR, TE, and section-thickness
parameters. The echo train length on T1-weighted and proton
density–weighted images was four; the echo train length on
T2-weighted images was eight.

In one patient, 3D time-of-flight (TOF) MR angiograms
were obtained (46/6.9/1) with 0.9-mm section thickness, an 18-
cm field of view, and a 308 flip angle before and after contrast
enhancement to assess the intracranial vessels.

Three neuroradiologists (W.S.B., M.P.S., L.L.) retrospective-
ly reviewed the CT and MR images. The neuroradiologists
were aware that these were images obtained from BMT pa-
tients or those receiving CsA or FK-506 treatment, but they
were blinded to the use and type of conditioning regimen, if
any. The brain lesions were identified, and their location and
characteristics were decided on by consensus. The images de-
picted lesions that were separate in location or that began as
separate and became confluent over time. At CT, lesions had
low attenuation. At MR imaging, lesions typically had high
signal intensity on proton density–weighted and T2-weighted
images and low signal intensity on T1-weighted images.

Lesion location within the brain parenchyma (cortex vs
white matter) was assessed, and white matter abnormality ver-
sus a mixed cortex and white matter lesion location was de-
termined by means of visual assessment of lesion location on
contiguous sections. The objective was to determine if the ab-
normality appeared in only white matter, only cortex, or both
in a given region. The assessment of subtle variations in lesion
position at the junction of cortex and white matter was con-
sidered beyond the capabilities of available techniques.

At CT, a lesion was labeled as exclusively in white matter
if the white matter had low attenuation and if the overlying
cortex could be identified as being separate from the under-
lying white matter abnormality. Edema often would stretch or
distort the overlying cortex, but cortical attenuation was judged
normal. A lesion was labeled as exclusively in the cortex if
abnormally low attenuation was present at the brain periphery
along the cortical surface without explicit underlying white
matter abnormality. A lesion was labeled as mixed cortex and
white matter if the white matter was abnormal in attenuation
and the abnormality was seen to extend clearly to the cortical
surface on several contiguous sections.

At MR imaging, lesion location was judged by assessment
of contiguous sections with the added value of signal intensity
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assessment and location clarity rendered with available MR
sequences. The location and limits of the cortex typically are
visible on MR images, particularly on T2-weighted images.
Axial T1-weighted, proton density–weighted, and T2-weighted
images were interpreted together for the best identification of
the lesion position, particularly the position relative to the ex-
tracerebral CSF space. Therefore, lesion location was judged
considering the position relative to visualized cortex, the po-
sition relative to the underlying subcortical white matter, the
position relative to the brain surface and extracerebral CSF,
and the appearance on multiple contiguous axial sections.

On MR images, lesions located exclusively within the white
matter had high signal intensity on T2-weighted images, with
various quantities of edema. The adjacent cortical surface
might have been deformed or compressed by underlying ede-
ma, but this change could be clearly identified. The cortical
signal intensity was judged normal compared with that of other
regions of uninvolved cortex available for comparison. Lesions
were considered to be exclusively within the cortex if the cor-
tex signal intensity was judged abnormal and if no abnormality
could be identified in the adjacent white matter. Lesions were
considered to involve both the cortex and white matter if the
signal intensity abnormality coursed through the white matter
and extended into the cortical surface.

Supratentorial lesions were consistently identified in four
primary locations: frontoparietal junction, parietal region, oc-
cipital poles, and inferior temporo-occipital junction. Lesions,
therefore, were tabulated in these common regions. Additional
lesions were identified less often in the cerebellar hemispheres,
splenium of the corpus callosum, corona radiata, and frontal
lobes. We occasionally identified small, nonspecific, focal
white matter changes. These lesions appeared randomly locat-
ed, and no attempt was made to itemize these areas.

Clinical Review

Inpatient and outpatient records of these 22 patients were
retrospectively reviewed. Factors assessed with regard to CsA
and FK-506 toxicity included elevated blood pressure, CsA
level, magnesium level, cholesterol level, HLA matching,
GVHD, veno-occlusive disease, and BMT-related thrombotic
microangiopathy (TM). The presence of seizure activity was
noted, including timing of neurotoxic reaction relative to brain
imaging. Baseline blood pressure and blood pressure at the
time of toxic reaction were recorded.

The presence of BMT-related TM, GVHD, and veno-occlu-
sive disease of the liver were noted and graded by using tech-
niques previously described (42–45). Blood vessel endothelial
injury is suggested clinically when patients receiving an allo-
geneic BMT have evidence of transplant-related TM (42).
Clinical BMT-related TM (grades 2–4) was diagnosed and
graded if the lactate dehydrogenase (LDH) level was increased
in association with 1.3–4.8% schistocytes for grade 2, 4.9–
9.6% schistocytes for grade 3, and schistocytes of 9.7% or
more for grade 4, as previously described (42).

For the determination of fragmented erythrocytes (schisto-
cytes), a single observer counted 500 red blood cells on smears
at the time of patient evaluation. The proportion of fragmented
red blood cells then was calculated. Acute GVHD was diag-
nosed and staged from I to IV according to the Seattle criteria
(43, 44). Staging was confirmed histologically with skin, gut,
or liver biopsy. Tissue evidence of vascular inflammation is a
component of the grading system of acute GVHD.

As proposed by Jones et al (45), veno-occlusive disease of
the liver was diagnosed if the bilirubin level was 2 mg/dL or
higher, with two of the following: hepatomegaly, ascites, or
weight gain of 5% or more. Veno-occlusive disease was graded
as mild (resolved without therapy), moderate (resolved with
treatment), or severe (unresolved or the patient died before day
100 after BMT).

Results
Conditioning regimens and relevant laboratory

data are presented in Table 2. Imaging changes typ-
ical of CsA and FK-506 neurotoxicity developed in
19 (10.2%) of 186 allogeneic BMT patients (13 of
133 with related donor transplants and six of 53
with matched, unrelated donor transplants). The
typical changes of CsA and FK-506 neurotoxicity
included patchy or confluent areas of white matter,
cortical, or mixed abnormality with or without ede-
ma in the occipital lobes, parietal region, fronto-
parietal junction, and inferior temporo-occipital
junction. In the three nontransplant patients, a clin-
ical neurotoxic reaction and brain imaging changes
were similar to those of the transplant group.

Clinical Results
The average duration of CsA and FK-506 treat-

ment at the time of presentation was 70 d (range,
2–480 d). In 15 patients, symptoms occurred within
the first month of treatment, whereas in two pa-
tients, a toxic reaction developed 12 and 16 mo
after transplantation. Seizure was the presenting
problem in 16 patients; cortical blindness, in one;
and confusion, agitation, or headache in the re-
maining five.

Sixteen of 19 allogeneic BMT patients were
evaluated for BMT-related TM. All of these had
positive test results for abnormal red blood cell
morphology. Thirteen of 16 patients had severe
(grade 3–4) BMT-related TM, and the other three
patients developed moderate (grade 2) BMT-related
TM. The nontransplant patients were not evaluated
for microangiopathic hemolytic anemia. Four BMT
patients had veno-occlusive disease. Ten of 15
BMT patients evaluated had acute GVHD (grades
3–4), and another patient had evidence of chronic
GVHD. Three patients did not survive long enough
for acute GVHD to develop.

HLA compatibility is listed in Table 2. Thirteen
patients received marrow from matched (5/6 or 6/6
antigenic loci) related donors, one patient received
marrow from a weakly matched (4/6) related donor,
four patients received marrow from matched (5/6 or
6/6) unrelated donors, and one patient received mar-
row from a weakly matched (4/6) unrelated donor.
Seventeen of the 19 BMT patients received marrow
from matched (5/5 or 6/6) donors.

Most patients had mildly to moderately elevated
blood pressure at the time of toxic reaction (Table
2). Renal function was mildly abnormal in most
patients; the creatinine level was higher than 2.0
mg/dL in four patients. The magnesium level was
elevated in one patient, and CsA levels were within
the therapeutic range in all but three patients (pa-
tients 1, 13, and 16) at presentation. Two patients
were receiving FK-506 at the time of toxic reac-
tion. In one, the FK-506 level was 59.5 ng/mL
(normal range, 5–20 ng/mL) 3 d before toxic re-
action, but the level was normal at the time of im-
aging. In the other, the FK-506 level was not ob-
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tained at the time of toxic reaction. Cholesterol
levels were normal or elevated in all patients. Eight
patients were receiving high-dose steroids at
presentation.

Imaging Results
The morphologic features and distribution of le-

sions in CsA and FK-506 toxicity are summarized
in Tables 3 and 4. One hundred nineteen lesions
were identified in the 22 patients. Lesion locations
conformed to a watershed distribution. The most
common sites were in the occipital pole and pari-
etal regions and less often in the frontoparietal
junction and inferior temporo-occipital junction. In
three patients, five cerebellar lesions were identi-
fied. In one patient, the insular region was involved
with extension into the corona radiata. Three pa-
tients had unusual lesions in the splenium of the
corpus callosum, likely the junction between the
pericallosal artery arising as a branch of the ante-
rior cerebral artery and the posterior pericallosal
artery, a branch of the posterior cerebral artery (Fig
1B). Two distinct types of lesions were noted (Ta-
ble 4) and labeled group 1 and group 2 for ease of
discussion. Group 1 lesions showed subcortical and
deep white matter abnormalities without involve-
ment of the adjacent cortex. Group 2 lesions
showed a mixed pattern with primarily cortical in-
volvement with various involvement of the subcor-
tex and deep white matter.

Group 1 Subcortical White Matter Lesions
In three nontransplant patients and 10 BMT pa-

tients conditioned with cyclophosphamide and TBI,
CT or MR images showed typical subcortical white
matter abnormality, as previously described (17,
18, 21–23, 26–31). Most patients had numerous
and bilateral lesions. The lesions had low attenua-
tion on CT scans. This subcortical white matter ab-
normality often had strikingly low attenuation,
which resembled the changes seen in tumor edema.
On MR images, the subcortical white matter lesions
were high in signal intensity on proton density–
weighted or T2-weighted images (Fig 2). These le-
sions were slightly low in signal intensity on the
T1-weighted images, rendering poor definition of
the gray matter–white matter junction. Neither CT
nor MR images showed contrast enhancement in
any lesion in these patients. This group had no cor-
tical involvement, but abnormal signal intensity did
extend to the gray matter–white matter interface.

Many lesions showed edema, with distortion and
compression of the overlying cortex. The imaging
appearance of the lesions depended on the severity
of edema. Two patients had severe edema with very
thin but clearly defined cortex. Another two pa-
tients had moderate edema with thinning of the ad-
jacent cortex. The remaining nine patients had mild
white matter edema with well-defined cortex adja-
cent to the subcortical white matter abnormality. As

the subcortical white matter edema increased, less
of the cortex could be seen. With severe edema,
only a thin ribbon of cortex could be seen. The
cortex often appeared thinned or compressed, but
cortical abnormalities seen in brain infarction were
not present.

Acute hemorrhage was identified in a single pa-
tient with group 1 lesions. This patient presented
with only a headache. The baseline blood pressure
was 140/82 mm Hg, and at the time of clinical
presentation was moderately elevated to 164/106
mm Hg. In a second patient in this group, MR im-
ages depicted a subtle region of nonspecific older
hemorrhage in the posterior fossa.

Group 2 Mixed Cortical and Subcortical White
Matter Lesions

Nine BMT patients had mixed lesion morphol-
ogy, with primarily cortex abnormality and various
subcortical and deep white matter involvement (Fig
3A–C). This pattern was identified exclusively in
the patients conditioned with cyclophosphamide
and busulfan or cyclophosphamide, thiotepa, and
TBI. On MR images, the cortex signal intensity
was abnormal on the proton density–weighted and
T2-weighted images. Slight cortical or white matter
hypointensity also was noted on the T1-weighted
images in these patients. Subcortical white matter
abnormality was identified adjacent to or in addi-
tion to the cortical lesions, but to a far lesser extent
than in the group 1 patients. Some local cortical
edema was noted in these lesions but substantial
mass effect was not.

Focal areas of hemorrhage developed in one pa-
tient in this group but contributed only slightly to
the local mass effect observed (Fig 4). This patient
presented with seizure. The baseline blood pressure
was 110/70 mm Hg, and that at presentation was
152/96 mm Hg. No notable hematoma evolved.

In three patients with group 2 lesions, MR im-
ages showed cortex enhancement with a fine stipple
pattern present along the brain surface (Fig 3D and
E). Seven lesions were present in one patient re-
ceiving CsA and conditioned with cyclophospha-
mide and busulfan, including one lesion in the left
cerebellar hemisphere. Three enhancing lesions
were present in a second patient receiving CsA and
conditioned with cyclophosphamide, thiotepa, and
TBI—two in the cerebellum and one in the inferior
temporo-occipital junction. Bilateral enhancing
frontal lesions were present in a third patient re-
ceiving FK-506 and conditioned with cyclophos-
phamide, thiotepa, and TBI. The pattern of en-
hancement was always superficial, never bandlike
or gyral, as typically is seen with cerebral infarc-
tion. Contrast-enhanced CT scans were not ob-
tained at the time of MR imaging in these three
patients.
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TABLE 4: Summary of lesion distribution in groups 1 and 2

Location
Group 1
Lesions

Group 2 Lesions

Only
Cortex

Cortex and
White Matter

Only
White Matter Total

Frontal lobe
Parietal lobe
Occipital lobe
Inferior temporo-occipital junction
Cerebellum
Corona radiata
Corpus callosum
Total

14
17
19
8
2
1
1

62

2
3
1
5
3
0
0

14

7
13
10
4
0
0
0

34

3
0
3
1
0
0
2
9

12
16
14
10
3
0
2

57

Note.—Group 1 includes lesions with only white matter involvement. Group 2 includes cortex and/or white matter involvement.

FIG. 1. Axial nonenhanced CT sections
obtained 24 h after seizure in a patient
(case 4) who was conditioned for trans-
plantation with cyclophosphamide and TBI.
She had a new-onset seizure 23 d after
transplantation. At the onset of toxic reac-
tion, she had grade 3 BMT-related TM,
and her CsA level was within the normal
therapeutic range. The initial head CT
study obtained on the day of the seizure
was normal. Her baseline blood pressure
was 92/52 mm Hg but increased to 230/
130 mm Hg at the time of toxic reaction
and initial CT.

A, Image at the level of lateral ventricles
shows edema in the corpus callosum
(arrow).

B, Image at the level of the sentrum se-
miovale shows extensive areas of white
matter edema in the parietal region bilat-
erally (arrow).

Lesion Evolution
Lesions characteristic of CsA and FK-506 tox-

icity were present on the initial imaging examina-
tion (11 CT, four MR imaging) in 15 patients. In
four patients, the initial CT scan was negative, and
the lesions were identified on follow-up CT scans.
In one of these four patients, the initial CT scan
was negative, but follow-up CT scan obtained 24
h later clearly depicted extensive subcortical white
matter changes (Fig 1A and B). In three patients,
the initial scan showed nonspecific findings that be-
came typical for CsA toxicity on follow-up scans.
In one of these patients, the initial MR image
showed nonspecific white matter changes that be-
came typical for CsA toxicity on follow-up CT
scans. In two patients, late follow-up images
showed complete or near-complete lesion
resolution.

MR Angiography
One patient underwent MR angiography (Fig 5).

MR images in this patient showed a typical group
2 pattern, with cortical and subcortical white matter
lesions in the parietal region on the left and occip-

ital pole bilaterally. The MR angiogram showed re-
duced caliber of the bilateral middle and posterior
cerebral arteries, with an appearance like a string
of beads in the posterior cerebral artery on the left.
Also, visualization of the posterior branch of the
cerebral artery may have been reduced. This arte-
rial pattern suggested vasospasm or a vasculitic
involvement.

Pathology

Findings from brain pathologic evaluation at au-
topsy were available for three patients. In patient
18, who was conditioned for transplantation with
cyclophosphamide, busulfan, thiotepa and TBI,
brain pathologic findings obtained 5 d after imag-
ing showed deep white matter and subcortical
white matter vasogenic edema, which was most
prominent in the occipital poles bilaterally. Areas
of cortical ischemia, neuronal necrosis, and pete-
chial hemorrhage were noted and were most prom-
inent in the arterial border zones and at the depths
of the sulci. Vasculitis or white matter demyelin-
ation was not noted. In patient 8, who was condi-
tioned with cyclophosphamide and TBI, the brain
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FIG. 2. T2-weighted MR image (2500/84/2) obtained on the day
of presentation shows typical areas of subcortical white matter
abnormality without cortical involvement (arrows) in patient (case
2) who was conditioned for transplantation with cyclophospha-
mide and TBI and who presented with confusion and altered
mental status 14 d after transplantation. She did not develop sei-
zures. At the time of toxic reaction, she had grade 4 BMT-related
TM and a CsA level within the normal therapeutic range. Her
baseline blood pressure of 115/85 mm Hg increased to 167/104
mm Hg at the time of toxic reaction and MR imaging.

appeared normal 6 mo after imaging. In patient 2,
who was conditioned with cyclophosphamide and
TBI, brain pathologic findings obtained 1 mo after
imaging showed the focal area of older hemorrhage
in the posterior fossa depicted on MR images, but
they were otherwise normal.

Discussion
The imaging characteristics in our patients with

CsA and FK-506 neurotoxic reaction depended on
the conditioning regimen used before allogeneic
BMT. Patients conditioned with cyclophosphamide
and a chemotherapeutic agent (busulfan or thiote-
pa) had cortical abnormalities with various degrees
of subcortical and deep white matter involvement.
Nontransplant patients and transplant patients con-
ditioned with cyclophosphamide and TBI had le-
sions in the deep and subcortical white matter,
without apparent cortical involvement. This obser-
vation suggests that pretransplantation conditioning
regimens may play a role in the response of the
brain to CsA and FK-506. While this difference
may provide a clue to the pathophysiology of CsA
and FK-506 neurotoxicity, its cause is not under-
stood and remains controversial.

The process of allogeneic BMT is complex. Pa-
tients typically have a malignancy that involves the
bone marrow. Conditioning with either TBI or che-

motherapy destroys the patient’s native bone mar-
row and is followed by marrow replacement from
an immunologically matched donor by means of
allogeneic transplantation. Drugs such as CsA or
FK-506 are administered in an effort to prevent
GVHD. Despite these treatments and close immune
matching, GVHD still may occur. Posttransplanta-
tion problems include infection control, renal dys-
function, hepatic dysfunction, metabolic problems
(such as hypomagnesemia and hypocholesterol-
emia), blood pressure control, and ongoing control
of graft-related complications.

It is unclear whether the clinical and imaging
changes seen in CsA and FK-506 neurotoxicity re-
late to direct drug toxicity, metabolic disturbances
(hypomagnesemia or hypocholesterolemia), hyper-
tension, vascular damage, or a combination of these
factors. Several findings, such as the presence of
schistocytes and the thrombomodulin–creatinine ra-
tio, suggest central vascular damage, which causes
leakage of drug and edematous fluid into brain tis-
sue, with hypertension occurring as a secondary
phenomenon.

BMT thrombotic microangiopathy is a compli-
cation of marrow transplantation characterized by
abnormal red blood cell morphology (schistocytes),
which indicates endothelial injury (39, 42). BMT-
related TM may remain as a mild form, with only
an increase in fragmented red blood cells and an
elevated LDH level, or it may worsen to include
fever, neurologic changes, and renal changes pro-
gressing to severe multiorgan failure. All alloge-
neic BMT patients have evidence of BMT-related
TM (42).

Thrombomodulin is a transmembrane receptor
for thrombin, and it is released into the blood
stream only with endothelial damage (46). Throm-
bomodulin is excreted by the kidneys; therefore, an
elevated thrombomodulin/creatinine ratio is addi-
tional indirect evidence of endothelial injury.
Thrombomodulin/creatinine ratios are elevated in
patients with BMT-related TM; this finding again
indicates that endothelial damage is a feature of
BMT-related TM (46).

Taken together, the above information suggests
that CsA and FK-506 neurotoxicity is a manifes-
tation of a more widespread vasculopathy. CsA and
FK-506 can injure the endothelial cell directly (37–
39, 47–49). Endothelial cell damage could be re-
sponsible for direct injury to the capillary bed, for
altering the blood-brain barrier, as well as for the
release of potent vasoconstrictors such as endothe-
lin or thromboxane, resulting in vasospasm (28, 32,
33, 37, 38). Several authors have suggested that
injury to the blood-brain barrier may occur in CsA
toxicity (13, 22, 26). Two recent reports note brain
enhancement in several patients (30, 33). Vasocon-
striction and vasospasm leading to local ischemia
also has been proposed as a potential contributing
mechanism to CsA and FK-506 neurotoxicity (28,
32, 38).
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FIG. 3. MR images in a patient (case 14),
conditioned for transplantation with cyclo-
phosphamide and busulfan, who presented
with new-onset seizure 176 d after transplan-
tation. The patient had grade 3 BMT-related
TM that rapidly progressed to grade 4. The
CsA level was in the normal therapeutic
range. His baseline blood pressure was 160/
90 mm Hg, which increased to 170/110 mm
Hg at the time of toxic reaction. The initial CT
scan showed only nonspecific areas of low
attenuation in the parietal region. MR images
were obtained 6 h after CT.

A–C, T2-weighted MR images from the
midventricular level and high parietal region
(2500/84/2) show extensive high-signal-inten-
sity edema involving the cortex in the frontal
and parietal regions bilaterally (arrowheads).

D and E, Contrast-enhanced images cor-
responding to B and C show bilateral punc-
tate enhancement in the cortex of the frontal
region (arrows). These areas of enhance-
ment correspond to the regions of cortical sig-
nal abnormality noted in B and C.

FIG. 4. CT scans obtained at the time of
toxic reaction shows areas of low attenuation
extending centrally from the frontal lobe to
the parietal region, involving the white matter
and projecting to the cortical surface. Hem-
orrhages are noted in the right frontal lobe
and right parietal area (arrows). The brain
abnormalities are severe and appear to lie in
a region that could easily coincide with the
boundary between anterior cerebral and mid-
dle cerebral territories. Images were obtained
in a patient (case 11), conditioned for trans-
plantation with cyclophosphamide and
busulfan, who presented with generalized
tonic-clonic seizure activity 8 d after trans-
plantation. At the onset of toxic reaction, the
patient had grade 3 BMT-related TM that
rapidly worsened to grade 4. The cyclosporin
level at the time of toxic reaction was within
the normal therapeutic range. Her baseline
blood pressure was 110/70 mm Hg, which
increased to 152/96 mm Hg at toxic reaction.
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FIG. 5. Images in a patient (case 18), who was conditioned for transplantation with cyclophosphamide, thiotepa, and busulfan and who
presented with binocular cortical blindness 15 d after transplantation. At the time of toxic reaction, the patient had grade 3 BMT-related
TM, and the CsA level was within the normal therapeutic range. Her baseline blood pressure was 150/88 mm Hg, which increased to
180/100 mm Hg at toxic reaction.

A, T2-weighted axial MR image (2500/84/2) shows areas of mixed cortical and white matter signal intensity abnormalities in the
occipital pole region bilaterally. Abnormalities are greater on the left (arrow). At autopsy, vasogenic edema was present in the bilateral
occipital lobes, with evidence of ischemic neuronal necrosis in the cortex at the occipital watershed region.

B, T2-weighted sagittal MR image (2500/84/2) clearly shows signal intensity abnormality in the calcarine region (arrow).
C, 3D TOF MR angiogram, collapsed view (46/6.9/1), shows vessel narrowing and irregularity in the left middle cerebral artery (curved

arrow) and bilateral posterior cerebral arteries; these findings are more striking on the left (straight arrow).
D, Postprocessed 3D TOF MR angiogram with background noise elimination shows a string-of-beads appearance in the posterior

cerebral arteries; the finding is more severe on the left (arrow). At autopsy, these vessels appeared normal, without evidence of vasculitis.

The variation in lesion morphology with trans-
plantation conditioning (white matter vs mixed cor-
tical and white matter involvement) may be a clue
to the mechanism of CsA and FK-506 toxicity.
Chemotherapeutic agents might render the cortical
endothelium more susceptible to the toxic effects
of CsA and FK-506. Capillary endothelial injury
could cause altered microvascular permeability,
leading to vasogenic edema in the white matter or
the cortex. Subtle cortical enhancement could occur

when the process is severe. Cortical enhancement
was noted in two of our patients induced with che-
motherapy (one induced with cyclophosphamide
and busulfan; one induced with cyclophosphamide,
thiotepa, and TBI). The unique enhancement pat-
tern shows a stippled appearance (not gyral, as is
present in brain infarction) and confirms break-
down of the blood-brain barrier.

If central arterial and diffuse local vasospasm
were present, reduced brain blood flow would oc-
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cur, in particular at the watershed zones, and could
explain the minor ischemic changes noted at his-
tologic evaluation (28, 32, 33). The lesions in CsA
toxicity predominate in four major regions in the
cerebral hemispheres: occipital poles, parietal re-
gion, frontoparietal junction, and inferior temporo-
occipital junction. This pattern corresponds to the
watershed zones between major vascular territories
and their main branches (31). The watershed dis-
tribution suggests that local blood flow in the brain
is altered (reduced) and that a blood vessel or ar-
terial process is rendering the boundary zones be-
tween major arterial territories most vulnerable.

Vasospasm alone probably is inadequate to pro-
duce the lesions present in CsA and FK-506 tox-
icity (28). Severe hypoperfusion alone would likely
lead to brain infarction (50). Modest hypoperfusion
and brain ischemia coupled with a second process
seems more plausible in the absence of brain in-
farction. One cannot rule out a unique drug effect
in the face of hypoperfusion. The chemotherapeutic
drugs (cyclophosphamide, busulfan, thiotepa) are
not known to promote blood vessel abnormalities
or vasculitis. Drug toxicity from either chemother-
apy alone or from CsA and FK-506, however, may
effect the brain differently under conditions of hy-
poperfusion. Under conditions of hypoperfusion
and ischemia induced by vasospasm, drugs such as
CsA and FK-506 or chemotherapeutic agents could
damage the blood-brain barrier. Whatever the
mechanism, brain changes can occur rapidly in
these patients, as evidenced in patient 4, whose CT
scans were normal on the day of toxic reaction (sei-
zure) but showed extensive areas of white matter
edema only 1 d later (Fig 1).

Consequences of endothelial injury might help
explain several features of CsA and FK-506 neu-
rotoxicity noted in one of our patients. The abnor-
mal posterior cerebral arteries shown on MR an-
giograms in patient 18 points to an arterial
abnormality. This patient had BMT-related TM
(grade 3; 4.9–9.6% schistocytes), and her blood
pressure at the time of toxicity was only mildly
elevated (180/100 mm Hg). At autopsy, the large
and medium arteries in this patient were normal,
with no evidence of vasculitis or inflammatory
change. In the absence of vessel inflammation, the
MR angiographic appearance may represent vaso-
constriction or vasospasm secondary to vasocon-
strictor release as a result of endothelial injury as
has been suggested (28, 32, 33, 38). Similar MR
angiographic features have been noted in patients
with preeclampsia or eclampsia (51, 52).

Brain pathologic findings of CsA neurotoxicity
is limited, but blood vessel inflammation and minor
ischemic changes have been identified, along with
old hemorrhage and myelin pallor (13, 14, 21, 27).
At autopsy performed 5 d after the onset of neu-
rotoxic reaction, brain pathologic findings in pa-
tient 18 showed moderate vasogenic edema in the
occipital poles, with ischemic neuronal necrosis
present in the watershed regions. The ischemic neu-

ronal necrosis likely is evidence of watershed hy-
poperfusion. These findings parallel the histologic
changes encountered secondary to global ischemia
(50). Vasogenic edema could be related to micro-
scopic endothelial injury secondary to disruption of
the blood-brain barrier. This process may be similar
to the vasogenic edema recently identified at dif-
fusion MR imaging in a patient with eclampsia
(53).

We saw no lesion enhancement in our group 1
patients. CT images in these patients frequently
showed cortical hyperattenuation, but this seemed
related to gyral compression caused by underlying
subcortical edema. Most lesions showed slight or
mild edema with only local mass effect and ef-
facement of local cortical sulci. The edema in CsA
and FK-506 toxicity resembles the pattern seen in
eclampsia. It may represent vasogenic edema, as
has been noted (53). In two patients, moderate le-
sion edema was present with substantial flattening
and thinning of local cortical gyri and local mass
effect. This included a single lesion within the cer-
ebellum. In two patients, severe edema resulted in
notable ventricular deformity. Ventricular obstruc-
tion from brain edema was not seen in our patients
but has been reported (29).

In a recent study, hypertension was suggested as
the cause of CsA or FK-506 neurotoxicity (30). But
hypertension is not a constant finding at the time
of neurotoxicity, and almost all patients with BMT-
related TM have hypertension, to various degrees.
These recent study findings suggest that the brain
lesions present in CsA neurotoxicity are related to
brain autoregulation being overwhelmed, with local
perfusion capillary breakthrough (30). This process
was thought to reflect a combination of local re-
duction in brain sympathetic innervation and hy-
pertension from increased sympathetic activity in
patients receiving CsA (30, 40, 41). Unfortunately,
blood pressure data in this article were presented
as an averaged mean (30), and individual blood
pressure measurements at the time of toxic reaction
were not reported. In our patient population, hy-
pertension was common at the time of toxic reac-
tion, but it was not present in all patients (Table 2).
This finding parallels the data reported in the lit-
erature. In the articles in which blood pressure ef-
fects are clearly identified, hypertension was noted
in 47 (73%) of 64 patients (1, 2, 4, 5, 9, 15, 17,
18, 25, 27, 31). But of equal importance, hyperten-
sion was not present in 17 (27%) of these 64 pa-
tients, and no change in blood pressure was noted
at the time of toxic reaction (4, 9, 20, 23, 24, 28,
31, 33). Absence of hypertension in these patients
makes it difficult to accept elevated blood pressure
as the single cause of CsA and FK-506
neurotoxicity.

Systemic effects of endothelial injury could be
acting on the brain and other organs concurrently.
The cause of hypertension could be multifactorial
in these patients. Hypertension could be secondary
to systemic endothelial or vascular injury (BMT-
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related TM), with the release of vasoactive sub-
stances (such as endothelin or thromboxane) rather
than being the singular cause of CsA and FK-506
neurotoxicity (37, 38, 54–57). Hypertension could
contribute to the brain changes in CsA and FK-506
neurotoxicity. The involved blood vessels could be
functionally abnormal, and adverse effects may be
present due to failed or suboptimal attempts to au-
toregulate. Blood vessel and capillary endothelial
injury with secondary physiologic vascular effects
could be acting together to affect the downstream
capillary bed. Sympathetic activation in these pa-
tients could operate together with local vasocon-
strictor responsiveness (41). Because not all pa-
tients have elevated blood pressure at the time of
toxic reaction, however, hypertension is unlikely to
be the sole mechanism for the toxic reaction
process.

CT and MR images show transient brain abnor-
malities after seizure activity (58–61). Seizure ac-
tivity usually is a symptom of an underlying brain
disorder and is considered a consequence of brain
irritation. During and immediately after seizure ac-
tivity, certain regions of the brain typically are hy-
perperfused, as noted on single-photon emission
CT (SPECT) perfusion studies (62). In the inter-
ictal period, local cerebral blood flow typically is
diminished (62). Seizure activity, therefore, is as-
sociated with variations and alterations in blood
flow in the brain. Whether such blood-flow changes
lead to brain ischemia or infarction is not estab-
lished. In addition, positron emission tomography
studies have shown hypometabolism in the epilep-
togenic cortex with diminished fluorine 18-fluoro-
deoxyglucose activity in the interictal period (62).
The regional blood flow variations could simply
reflect changes in blood supply responding to met-
abolic needs during or after seizure activity (58,
62).

In the literature, many patients with CsA and
FK-506 neurotoxic reactions have presented with
seizures, but altered mentation or visual-field ab-
normality (without seizure activity) also is common
(5, 7, 11, 17, 21). Six (27%) of 22 patients in our
series had imaging changes that were characteristic
of neurotoxic reaction, in the absence of seizure
activity. Although the role of seizure activity is un-
clear, we suspect that neurologic problems, includ-
ing seizures, were caused by the brain abnormali-
ties present.

The time course of lesion development is an im-
portant and interesting feature in these patients. Le-
sions usually were noted on the initial image, but
in some patients, lesions developed as a subacute
process. Lesions typical of CsA neurotoxicity were
seen in 10 (59%) of 17 patients who underwent CT
first and in four (80%) of five patients who under-
went MR imaging first. The initial CT scan was
negative in four patients, but changes typical of
CsA neurotoxicity then developed over an 8-d pe-
riod; this development suggested a subacute pro-
cess. In one patient, the CT scan obtained shortly

after generalized seizures was normal but became
floridly abnormal at 24-h follow-up (Fig 1). In sev-
en (32%) of 22 patients, imaging was either normal
(four patients) or nonspecific (three patients) at ini-
tial examination. The results included nonspecific
findings on MR images obtained at initial presen-
tation in one patient.

Nonspecific lesions may be noteworthy. Many
patients receiving cyclosporin have tremulousness
or nervousness, which may suggest CNS changes
(25). Three patients in our study had nonspecific
findings on initial images, but their 2-wk follow-
up studies were positive for CsA toxicity. Nonspe-
cific findings may be the initial brain changes that
then develop into the lesions of CsA and FK-506
toxicity. Repeat or follow-up scanning in patients
with CsA and FK-506 toxic reactions and normal
or nonspecific brain imaging findings may be im-
portant in further characterizing the brain lesions
and confirming the toxic process.

In two patients, CT scans showed lesion hem-
orrhage. In one additional patient, MR images de-
picted older hemorrhage along the inferior cerebel-
lar surface. Two of these three BMT patients were
conditioned with only cyclophosphamide and TBI.
Acute hemorrhage appears to be an uncommon but
important finding in CsA toxicity. Most patients
undergoing allogeneic BMT are thrombocytopenic.
Identification of acute bleeding with CT could af-
fect the use of platelet transfusions.

The imaging features of eclampsia and chemo-
therapy toxicity have been noted to resemble the
lesions in CsA toxicity (28, 51). We have seen sev-
eral cases of chemotherapy toxicity that have a pat-
tern that resembles CsA toxicity. Once again, the
lesions encountered were within watershed zones;
primarily, subcortical white matter abnormality ex-
ists, with sparing of the cortical gray matter.

Brain pathologic findings in two of our patients
were reported as normal. Autopsy was performed
2 and 6 mo after toxic reaction in these two pa-
tients, and samples may have been obtained in only
minimally involved regions. Several reports have
described lesion resolution or improvement, even
with extensive brain involvement (17, 18, 21, 23,
26, 28). Lesions in CsA neurotoxicity may not
cause permanent parenchymal damage but may
represent a transient alteration. Despite the absence
of gross changes on external brain inspection, pa-
thologists should be encouraged to obtain micro-
scopic samples in the regions typically involved in
CsA neurotoxicity and include histologic inspec-
tion of medium-sized blood vessels.

Conclusion
The lesion morphology of CsA and FK-506 neu-

rotoxicity appears to depend on the conditioning
regimen used before BMT. BMT patients condi-
tioned with cyclophosphamide and chemotherapy
(busulfan or thiotepa) have cortical and white mat-
ter involvement, with occasional cortical enhance-
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ment. Nontransplant patients and BMT patients
conditioned with cyclophosphamide and TBI have
only white matter involvement with no lesion en-
hancement. All lesions were located in a watershed
distribution or in the anastomotic border zones.
BMT-related TM was present in all patients ex-
amined, and vasculopathy may be the primary
cause of CsA and FK-506 neurotoxicity. Edema
with local mass effect is common, and acute hem-
orrhage is occasionally noted. Initial images in
these patients may be normal or nonspecific at pre-
sentation (32% of our patients), but characteristic
changes typically develop within 1–8 d.

References
1. Joss DV, Barrett AJ, Kendra JR, Lucas CF, Desai S. Hypertension

and convulsions in children receiving cyclosporin A. Lancet
1982;1:906

2. Boogaerts MA, Zachee P, Verwilghen RL. Cyclosporin, methyl-
prednisolone, and convulsions. Lancet 1982;2:1216–1217

3. Dieperink H, Moller J. Ketoconazole and cyclosporin. Lancet
1982;2:1217

4. Durrant S, Chipping PM, Palmer S, Gordon-Smith EC. Cyclo-
sporin A, methylprednisolone, and convulsions. Lancet 1982;2:
829–830

5. Noll RB, Kulkarni R. Complex visual hallucinations and cyclo-
sporine. Arch Neurol 1984;41:329–330

6. Shah D, Rylance PB, Rogerson ME, Bewick M, Parsons V. Gen-
eralized epileptic fits in renal transplant recipients given cy-
closporin A. Br Med J (Clin Res Ed) 1984;289:1347–1348

7. Atkinson K, Biggs J, Phil D, et al. Cyclosporine-associated cen-
tral-nervous-system toxicity after allogeneic bone-marrow
transplantation. N Engl J Med 1984;38:527

8. Kahan BD, Wideman CA, Flechner S, Van Buren CT. Anaphy-
lactic reaction to intravenous cyclosporin. Lancet 1984;1:52

9. Thompson CB, June CH, Sullivan KM, Thomas ED. Association
between cyclosporin neurotoxicity and hypomagnesaemia.
Lancet 1984;2:1116–1120

10. Powell-Jackson PR, Carmichael FJ, Calne RY, Williams R. Adult
respiratory distress syndrome and convulsions associated with
administration of cyclosporine in liver transplant recipients.
Transplantation 1984;38:341–343

11. Wilczek H, Ringden O, Tyden G. Cyclosporine-associated cen-
tral nervous system toxicity after renal transplantation. Trans-
plantation 1985;39:110

12. Atkinson K, Biggs J, Darveniza P, Boland J, Concannon A, Dodds
A. Cyclosporine-associated central nervous system toxicity af-
ter allogeneic bone marrow transplantation. Transplantation
1984;38:34–37

13. Sloane JP, Lwin KY, Gore ME, Powles RL, Smith JF. Disturbance
of blood-brain barrier after bone-marrow transplantation.
Lancet 1985:280–281

14. Velu T, Debusscher L, Stryckmans PA. Cyclosporin-associated
fatal convulsions. Lancet 1985;1:219

15. Beaman M, Parvin S, Veitch PS, Walls J. Convulsions associated
with cyclosporin A in renal transplant recipients. Br Med J
(Clin Res Ed) 1985;290:139–140

16. Berden JH, Hoitsma AJ, Merx JL, Keyser A. Severe central-
nervous-system toxicity associated with cyclosporin. Lancet
1985;1:219–220

17. Rubin AM, Kang H. Cerebral blindness and encephalopathy
with cyclosporin A toxicity. Neurology 1987;37:1072–1076

18. de Groen PC, Aksamit AJ, Rakela J, Forbes GS, Krom RA. Cen-
tral nervous system toxicity after liver transplantation: the
role of cyclosporin and cholesterol. N Engl J Med 1987;317:
861–866

19. Bhatt BD, Meriano FV, Buchwald D. Cyclosporine-associated
central nervous system toxicity. N Engl J Med 1988;318:
788–789

20. Hoefnagels WA, Gerritsen EJ, Brouwer OF, Souverijn JH. Cyclo-
sporin encephalopathy associated with fat embolism induced
by the drug’s solvent. Lancet 1988;2:901

21. Wilson SE, de Groen PC, Aksamit AJ, Wiesner RH, Garrity JA,
Krom RAF. Cyclosporin A-induced reversible cortical blind-
ness. J Clin Neuroophthalmol 1988;8:215–220

22. Lane RJ, Roche SW, Leung AA, Greco A, Lange LS. Cyclosporin
neurotoxicity in cardiac transplant recipients. J Neurol Neu-
rosurg Psychiatry 1988;51:1434–1437

23. Scheinman SJ, Reinitz ER, Petro G, Schwartz RA, Szmalc FS.
Cyclosporine central neurotoxicity following renal transplan-
tation: report of a case using magnetic resonance images.
Transplantation 1990;49:215–216

24. Lucey MR, Kolars JC, Merion RM, Campbell DA, Aldrich M,
Watkins PB. Cyclosporin toxicity at therapeutic blood levels
and cytochrome P-450 IIIA. Lancet 1990;335:11–15

25. Ghalie R, Fitzsimmons WE, Bennett D, Kaizer H. Cortical blind-
ness: a rare complication of cyclosporine therapy. Bone Mar-
row Transplant 1990;6:147–149

26. Lloveras JJ, Larrue V, Suc E, Fourtanier G, Durand D. Leuko-
encephalopathy after cyclosporine in a liver transplant. Clin
Transplantation 1990;4:58–62

27. Reece DE, Frei-Lahr DA, Shepherd JD, et al. Neurologic com-
plications in allogeneic bone marrow transplant patients re-
ceiving cyclosporin. Bone Marrow Transplant 1991;8:393–401

28. Truwit CL, Denaro CP, Lake JR, DeMarco T. MR imaging of
reversible cyclosporin A-induced neurotoxicity. AJNR Am J
Neuroradiol 1991;12:651–659

29. Nussbaum ES, Maxwell RE, Bitterman PB, Hertz MI, Bula W,
Latchaw RE. Cyclosporine A toxicity presenting with acute cer-
ebellar edema and brainstem compression. J Neurosurg 1995;
82:1068–1070

30. Schwartz RB, Bravo SM, Klufas RA, et al. Cyclosporine neu-
rotoxicity and its relationship to hypertensive encephalopathy:
CT and MR findings in 16 cases. AJR Am J Roentgenol 1995;
165:627–631

31. Bartynski WS, Grabb BC, Zeigler Z, Lin L, Andrews DF. Water-
shed imaging features and clinical vascular injury in cyclo-
sporin A neurotoxicity. J Comput Assist Tomogr 1997;21:
872–880

32. Jansen O, Krieger D, Krieger S, Sartor K. Cortical hyperintens-
ity on proton density-weighted images: an MR sign of cyclo-
sporine-related encephalopathy. AJNR Am J Neuroradiol 1996;
17:337–344

33. Zimmer WE, Hourihane JM, Wang HZ, Schriber JR. The effect
of human leukocyte antigen disparity on cyclosporin neuro-
toxicity after allogeneic bone marrow transplantation. AJNR
Am J Neuroradiol 1998;19:601–608

34. Hinchey J, Chaves C, Appignani B, et al. A reversible posterior
leukoencephalopathy syndrome. N Engl J Med 1996;334:
494–500

35. Ito Y, Arahata Y, Goto Y, et al. Cisplatin neurotoxicity present-
ing as reversible posterior leukoencephalopathy syndrome.
AJNR Am J Neuroradiol 1998;19:415–417

36. Osborne A. Infection, white matter, abnormalities, and degen-
erative diseases (part 4). In: Osborne AG, ed. Diagnostic Neu-
roradiology. St. Louis, Mo: Mosby–Year Book ; 1994;764–766

37. Zoja C, Furci L, Ghilardi F, Zilio P, Benigni A, Remuzzi G. Cy-
closporin-induced endothelial cell injury. Lab Invest 1986;55:
455–462

38. Wijdicks EFM. Neurologic manifestations of immunosuppres-
sive agents. In: Wijdicks EFM, ed. Neurologic Complications in
Organ Transplant Recipients. Boston, Ma: Butterworth-Heine-
mann; 1999;127–140

39. Holler E, Kolb HJ, Hiller E, et al. Microangiopathy in patients
on cyclosporine prophylaxis who developed acute graft-versus-
host disease after HLA-identical bone marrow transplantation.
Blood 1989;73:2018–2024

40. Scherrer U, Vissing SF, Morgan BJ, et al. Cyclosporine-induced
sympathetic activation and hypertension after heart trans-
plantation. N Engl J Med 1990;323:693–699

41. Mark AL. Cyclosporine, sympathetic activity, and hyperten-
sion. N Engl J Med 1990;323:748–750

42. Zeigler ZR, Shadduck RK, Nemunaitis J, Andrews DF, Rosenfeld
CS. Bone marrow transplant-associated thrombotic microan-
giopathy: a case series. Bone Marrow Transplant 1995;15:
247–253

43. Silva VA, Frei-Lahr D, Brown RA, Herzig GP. Plasma exchange
and vincristine in the treatment of hemolytic uremic syn-
drome/thrombotic thrombocytopenic purpura associated with
bone marrow transplantation. J Clin Apheresis 1991;6:16–20



AJNR: 22, November/December 20011914 BARTYNSKI

44. Carlson K, Smedmyr B, Hagberg H, Oberg G, Simonsson B. Hae-
molytic uraemic syndrome and renal dysfunction following
BEAC (BCNU, etoposide, Ara C, cyclophosphamide) 6 TBI
and autologous BMT for malignant lymphomas. Bone Marrow
Transplant 1993;11:205–208

45. Jones RJ, Lee KS, Beschorner WE, et al. Venocclusive disease
of the liver following bone marrow transplantation. Transplan-
tation 1987;44:778–783

46. Zeigler ZR, Rosenfeld CS, Andrews DF III, et al. Plasma von
Willebrand factor antigen (vWF:AG) and thrombomodulin
(TM) levels in adult thrombotic thrombocytopenic purpura/
hemolytic uremic syndromes (TTP/HUS) and bone marrow
transplant-associated thrombotic microangiopathy (BMT-
TM). Am J Hematol 1996;53:213–220

47. Mihatsch MJ, Thiel G, Ryffel B. Histopathology of cyclosporine
nephrotoxicity. Transplant Proc 1988;20:759–771

48. Remuzzi G, Bertani T. Renal vascular and thrombotic effects
of cyclosporine. Am J Kidney Dis 1989;13:261–272

49. Kon V, Sugiura M, Inagami T, Harvie BR, Ichikawa I, Hoover
RL. Role of endothelin in cyclosporine-induced glomerular
dysfunction. Kidney Int 1990;37:1487–1491

50. Pulsinelli WA, Jacewicz M. Animal models of brain ischemia.
In: Barnett HJM, Mohr JP, Stein BM, Yatsu FM, eds. Stroke—
Pathology, Diagnosis, and Management 2nd ed. New York, NY:
Churchill Livingstone; 1992;50

51. Ito T, Sakai T, Inagawa S, Utsu M, Bun T. MR angiography of
cerebral vasospasm in preeclampsia. AJNR Am J Neuroradiol
1995;16:1344–1346

52. Sengar AR, Gupta RK, Dhanuka AK, Roy R, Das K. MR im-
aging, MR angiography, and MR spectroscopy of the brain in
eclampsia. AJNR Am J Neuroradiol 1997;18:1485–1490

53. Schaefer PW, Buonanno FS, Gonzalez RG, Schwamm LH. Dif-
fusion-weighted imaging discriminates between cytotoxic and
vasogenic edema in a patient with eclampsia. Stroke 1997;28:
1082–1085

54. Sabbatini M, Esposito C, Uccello F, et al. Acute effects of cyclo-
sporine on glomerular dynamics—micropuncture study in the
rat. Transplant Proc 1988;20:544–548

55. Smeesters C, Chaland P, Giroux L, et al. Prevention of acute
cyclosporine A nephrotoxicity by a thromboxane synthetase
inhibitor. Transplant Proc 1988;20:663–669

56. Conte G, Sabbatini M, Napodano P, et al. Dopamine counteracts
the acute renal effects of cyclosporine in normal subjects.
Transplant Proc 1988;20:563–567

57. English J, Evan A, Houghton DC, Bennett WM. Cyclosporine-
induced acute renal dysfunction in the rat: evidence of arte-
riolar vasoconstriction with preservation of tubular function.
Transplantation 1987;44:135–141

58. Dillon W, Brant-Zawadzki M, Sherry RG. Transient computed
tomographic abnormalities after focal seizures. AJNR Am J
Neuroradiol 1984;5:107–109

59. Clarke HB, Gabrielsen TO. Seizure induced disruption of blood-
brain barrier demonstrated by CT. J Comput Assist Tomogr
1989;13:889–892

60. Yaffe K, Ferriero D, Barkovich AJ, Rowley H. Reversible MRI
abnormalities following seizures. Neuroradiology 1995;45:
104–108

61. Warach S, Levin JM, Schomer DL, Holman BL, Edelman RR.
Hyperperfusion of ictal seizure focus demonstrated by MR
perfusion imaging. AJNR Am J Neuroradiol 1994;15:965–968

62. Sperling MR. Neuroimaging in epilepsy: recent developments
in MR imaging, positron-emission tomography, and single-
photon emission tomography. Neurol Clin 1993;11:883–903


