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Gradient Echo Imaging
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BACKGROUND AND PURPOSE: Hemosiderin and white matter lesions are 2 of the most common
neurologic complications found on MR imaging that may be related to cranial irradiation and intrathecal
methotrexate (MTX) therapy in childhood acute lymphoblastic leukemia (ALL). We evaluated the brains
of patients previously treated for ALL with cranial irradiation and intrathecal MTX with MR imaging and
tested the hypothesis that these patients have more MR evidence of central nervous system (CNS)
injury than control patients who are in complete remission following systemic chemotherapy without
cranial irradiation.

METHODS AND MATERIALS: ALL patients recruited from a pediatric cancer center data base were
examined at 1.5T by using Tl-weighted, T2-weighted, gradient echo (GE), and fluid-attenuated inver-
sion recovery sequences. Patients treated in childhood for solid extracranial neoplasms were used as
controls.

RESULTS: Lesions consistent with old hemorrhage were detected in 23 (55%) of the ALL patients and
in none of the control patients (P �.001). Of the 62 hemorrhages detected on the GE images, only 9
(15%) were shown on T2-weighted images. White matter abnormalities were found in 2 ALL patients
(5%) and one control patient (5%). Old infarcts were seen in 2 ALL patients (10%).

CONCLUSION: Cerebral hemorrhages related to radiation-induced vascular malformations, most of
which are asymptomatic, are much more common in survivors of childhood ALL than previously
thought. GE sequencing is more sensitive in detecting hemorrhagic lesions than T2-weighted sequenc-
ing and is to be included in imaging protocols for follow-up study of patients after cerebral radiation
therapy.

Acute lymphoblastic leukemia (ALL) is the most common
malignancy of childhood.1-3 Neurologic complications

are common, both during and after completion of therapy.
Hemosiderin and white matter lesions are 2 of the most com-
mon findings on MR imaging4-8 that may relate to cranial
irradiation and intrathecal methotrexate (MTX). Previous
MR imaging studies employed mainly spin-echo T2-weighted
imaging in their evaluation.

The main purpose of this study was to evaluate the brains of
patients previously treated for ALL with cranial irradiation
and intrathecal MTX by using T1-weighted, T2-weighted, flu-
id-attenuated inversion recovery (FLAIR) T2-weighted, and
gradient echo (GE) sequences and to test the hypothesis that
these patients have more MR evidence of central nervous sys-
tem (CNS) injury than control patients who are in complete
remission following systemic chemotherapy without cranial
irradiation.

Materials and Methods
Patients were recruited from our children’s cancer center data base. A

senior pediatrician attempted to contact all patients with ALL who

had survived more than 5 years from diagnosis. Patients, who had

been treated in childhood for solid extracranial neoplasms by using

systemic chemotherapy, but not intrathecal therapy or cranial irradi-

ation, were recruited as controls.

Clinical information concerning treatment dates and protocols

was obtained by review of medical charts. MR was performed on all

patients at 1.5T (Gyroscan NT, Philips, Best, the Netherlands), by

using Tl-weighted (TIW) sagittal spin-echo (TR, 500 milliseconds;

TE, 15 milliseconds), T2-weighted transverse fast spin-echo (TR,

3300 milliseconds; TE, 100 milliseconds), GE transverse (TR, 300 mil-

liseconds; TE, 30 millisecond; flip angle, 30°), and FLAIR coronal

(TR, 8000 milliseconds; TE, 110 milliseconds; TI, 2400 milliseconds)

sequences.

Hemorrhages were defined as focal rounded areas of very low

signal intensity (due to susceptibility artifact and attributable to the

presence of hemosiderin— detected on the T2-weighted or GE se-

quences—in any part of the brain. The number and location of these

lesions were recorded for each patient.

Hyperintense white matter abnormalities seen on the T2-

weighted or FLAIR sequences were graded according to a modifica-

tion of the system of Wilson et al.9 Grade 1 was defined as patchy,

mildly increased signal intensity in the periventricular white matter,

grade 2 as moderate changes that extend almost to the gray-white

junction, sparing the subcortical U-fibers, and grade 3 as severe

changes, confluent from the level of the frontal horns to that of the

trigones, with or without involvement of the U-fibers.

Old infarcts were diagnosed by the detection of brain parenchy-

mal loss pertaining to arterial territory or discrete lesions with hy-

pointensity on T1-weighted images and hyperintensity on T2-

weighted images, and further confirmed by reference to clinical

history and previous CT findings.

Fisher’s exact test was used to compare the number of infarcts and

hemorrhages detected in the ALL and control groups. Student t test
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was used for the other comparisons between the groups. Spearman

rho (�) was used to estimate correlations.

Interobsever agreement for the detection of hemorrhages on GE

images was assessed by (1) overall proportion of agreement on di-

chotomized results (positive or negative), (2) unweighted kappa for 4

categories (0 � no hemorrhage; 1 � 1–3 hemorrhagic foci; 2 � 4 – 6

hemorrhagic foci; 3 � 7 or more hemorrhagic foci). Two experienced

radiologists individually and independently assessed these images,

and the final interpretation of discrepant results was by consensus

agreement.

Informed consent was obtained from patients or their guardians,

as appropriate. The study was approved by the local institutional eth-

ics committee.

Results
Forty-two ALL patients treated at our center, and diagnosed
more than 5 years previously, agreed to take part in this study.
Twenty-two control patients were recruited. The 2 groups
were similar with respect to sex and age at diagnosis (Table 1),
though the mean interval from diagnosis and mean age at
examination were longer for the ALL patients.

Forty of the ALL patients had been treated with cranial
irradiation (at least 18 Gy) and intrathecal MTX, as well as
systemic chemotherapy according to various protocols. Seven
patients received �18 Gy (range, 22.8 –36 Gy; mean, 25.7 Gy).
Two had been treated with intrathecal MTX and systemic che-
motherapy but had not received cranial irradiation.

Ten patients received �72 mg (range, 125–300 mg; mean,
210 mg) intrathecal MTX, and 31 had 72 or 60 mg intrathecal
MTX.

The higher dose of radiation and intrathecal MTX was for
patients with blast cells on CSF cytology with MTX dose ad-
justed further by serial CSF cytology. None had undergone
bone marrow transplantation.

The control patients had been treated for Wilms tumor (6),
Hodgkin disease (3), osteosarcoma (3), Langerhans cell histi-
ocytosis (LCH; 3), rhabdomyosarcoma (2), neuroblastoma
(2), Ewing sarcoma (1), chronic myeloid leukemia (1), and
ovarian sex cord tumor (1), by using various chemotherapy
protocols. None had been treated with intrathecal chemother-
apy or cranial irradiation.

In the measurement of interobsever agreement the overall
proportion of agreement in the diagnosis of presence or ab-
sence of hemorrhage on GE imaging was 0.93; and the un-

weighted kappa for the 4 categories of number of hemorrhages
was 0.89.

Sixty-two lesions consistent with old hemorrhages were de-
tected in 23 (55%) of the ALL patients (Fig 1). The maximum
number of 10 foci of hemorrhages detected is 10, and the me-
dian is 1 for those positive for hemorrhage. Most hemorrhages
were located in the cerebral hemispheres (Table 2). No hem-
orrhage was detected in the control patients (P � .001) or the
2 ALL patients who did not undergo cranial irradiation. There
was a history of a neurologic event in only one of the affected
patients, but this was almost certainly due to an established
cerebral infarct shown on the MR imaging and previous CT.
Of the 62 hemorrhages detected on the GE images, 9 (15%)
were shown on T2-weighted, 7 (11%) on FLAIR, and 3 (5%)
on T1-weighted images (Table 3). There was no hemorrhage
detected on T1-weighted, T2-weighted, or FLAIR images that
was not shown on GE images.

In the group of ALL patients, there was a significant corre-
lation between number of hemorrhages and the radiation dose
(r � 0.44; P �.004) but not between number of hemorrhages
and dose of intrathecal MTX (r � 0.04; P �.8). There was a
correlation between number of hemorrhages and time since
diagnosis (� � 0.391; P �.013). In the relatively homogeneous
group of 30 patients treated with the lower dose of 18 Gy of
cranial radiation therapy and a total of 72 mg or less of intra-
thecal MTX, however, the correlation was weaker (� � 0.274;
P �.135). There was also no correlation in this group between
age at diagnosis and the number of hemorrhages (P �.973).

White matter abnormalities (Fig 2) were found in 2 ALL
patients (one grade 1 and one grade 2), both treated with a
high total dose of intrathecal MTX (�300 mg), and one con-
trol patient (grade 1), who had been treated with high-dose
intravenous MTX for osteosarcoma.

Old infarcts were seen in 4 ALL patients (10%). All of these
had been previously diagnosed on the basis of symptoms and
prior imaging. No infarcts were demonstrated in the control
patients (P �.29).

One nonspecific focal lesion was found in an ALL patient.
One control patient, treated 15 years previously for LCH, was
found to have a mass in the cerebellar vermis. Biopsy of this
lesion produced tissue consistent with LCH. With these excep-
tions, no tumor was identified.

Discussion
Overall long-term survival in ALL is about 70%, though for
individual patients this varies from about 40% to 90%, de-
pending on prognostic features at diagnosis and early response
to therapy.10-13 CNS relapse, however, formerly occurred in at
least 50% of patients.14-16 This phenomenon led to the intro-
duction of CNS prophylaxis for children with ALL. The most
commonly used method in the 1970s and 1980s involved cra-
nial irradiation, originally to a dose of 24 Gy but later to 18
Gy,17 and intrathecal chemotherapy with MTX. This treat-
ment reduces the rate of isolated CNS relapse to 5%–10%,14,18

but is associated with various forms of damage to normal
brain tissue, including leukoencephalopathy, mineralizing
microangiopathy (MMA), and the development of secondary
tumors. Cranial irradiation appears to be an important cause
of long-term neuropsychological impairment.19,20 Recent
protocols have used risk stratification to avoid cranial irradi-

Table 1: Clinical characteristic of ALL and control patients

ALL
Patients

Control
Patients Student t test

Number 42 22
Number (%) male 27 (64) 15 (68)
Age at examination (y)

Range 6.9–27.6 7.2–31.8 P � .16
Mean � SD 17.4 � 4.6 15.4 � 5.5

Age at diagnosis (y)
Range 1.2–13.7 0.5–13.0 P � .46
Mean � SD 5.2 � 2.9 5.9 � 4.0

Interval from diagnosis (y)
Range 5.0–18.8 5.6–20.4 P � .015
Mean � SD 12.2 � 3.6 9.5 � 4.2

Note:—ALL indicates acute lymphoblastic leukemia.
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ation in children with standard and intermediate-risk
ALL,21-24 and to reduce the dose to 12 Gy in those with high-
risk ALL, without compromising event-free survival.25,26

Several studies have used MR imaging to detect neurologic
complications in patients treated for ALL.5,6,8,27-37 A wide
range of results has been reported. MR evidence of leukoen-
cephalopathy has been reported in about 40% of patients dur-
ing therapy6,9,33,35 and 0%–31% of patients in long-term
remission.7,31,32,39

Evidence of old hemorrhage, presumably related to radia-
tion-induced vascular malformations,27,29,32 which could be
large arterial or cryptic vascular malformation, has been re-
ported in 6.5%–20% of long-term survivors.27,36 Previous
studies, however, have relied on spin-echo sequences, which
are not particularly sensitive to the presence of hemosiderin.
Most published studies have failed to include control patients.
It is therefore not clear whether the abnormalities detected are
due to ALL itself, to systemic chemotherapy, or to prophylac-
tic CNS therapy.

In our study, the use of a GE MR image revealed a high
prevalence (55%) of lesions consistent with old cerebral hem-
orrhage in survivors of ALL. Hemorrhages were present in

58% of the 40 patients who had been treated with cranial irra-
diation. If we had used only the spin-echo T2-weighted se-
quence, 9 hemorrhages, at most, would have been found in 8
(19%) of the ALL patients. The lower sensitivity of spin-echo
T2-weighted imaging in the detection of hemorrhages was also
illustrated by a retrospective review that found symptomatic
cerebral hemorrhages on T2-weighted imaging in 7% of a
group of children whose treatment for ALL had included cra-
nial irradiation.27 A more recent retrospective study in chil-
dren after cranial irradiation for heterogeneous malignancies
comprising ALL, acute myeloid leukemia, and intracranial tu-
mors also employed T2-weighted fast spin-echo imaging for
the evaluation of telangiectasia and reported an incidence of
20% (18 of 90 children) of telangiectasia.36 We suspect that the
use of the more sensitive GE sequence accounts for the high
prevalence of apparently asymptomatic old hemorrhages in
our patients and the use of T2-weighted images only would
result in an underestimation of telangiectasia manifested as
cerebral hemorrhages.

Fig 1. Twenty-year-old woman diagnosed 14 years previ-
ously and treated with intrathecal MTX (total dose � 72 mg)
and cranial radiation therapy (18 Gy). A, Transverse gradient
echo image shows 2 lesions compatible with old hemor-
rhages (arrowheads). The structures indicated by the arrows
are blood vessels. B, Transverse T2-weighted fast spin-echo
image at the same level appears normal.

Table 2: Location of hemorrhages detected at gradient echo
imaging in 42 long-term survivors of acute lymphoblastic leukemia

Region Number (%) Subregion Number
Cerebral hemispheres 51 (82%) Frontal lobe 23

Parietal lobe 10
Temporal lobe 10
Occipital lobe 6
Insula 2

Deep brain structures 5 (8%) Corpus callosum 2
Pineal 1
Thalamus 1
Caudate nucleus 1

Posterior fossa 6 (10%) Cerebellum 5
Brain stem 1

Total 62 (100%)

Table 3: Detection of hemorrhages by different imaging sequences

Sequence No. of hemorrhagic foci detected
Gradient echo 62
T2-weighted spin echo 9
Fluid-attenuated inversion recovery 7
T1-weighted spin echo 3

Fig 2. Twenty-seven-year-old man diagnosed 18 years previously and treated with intra-
thecal MTX (total dose � 300 mg) and cranial radiation therapy (24 Gy). On coronal FLAIR
image, there is grade 1 leukoencephalopathy (arrows), defined as patchy, mildly increased
signal intensity in the periventricular white matter, without involvement of the subcortical
U-fibers.

550 Chan � AJNR 27 � Mar 2006 � www.ajnr.org



In a study with a cross-sectional profile as in the current
one, whether hemorrhages may remain positive ad infinitum
on GE imaging cannot be addressed and a future longitudinal
study is necessary to answer the question.

These hypointense foci do not appear to be due to calcifi-
cation, for 2 reasons. First, their distribution is clearly different
from that of the calcification seen in MMA, which, in addition
to involving the deep layers of the cortex and subcortical U-
fibers,40 has a strong predilection for the lentiform nuclei.40,41

None of the 62 hypointense lesions we identified occurred in
the lentiform nuclei, though one occurred in the head of the
caudate nucleus and one in the thalamus. Second, the lesions
we found were all rounded in shape, whereas in MMA the
calcification is typically elongated (corresponding to the con-
figuration of the Cortex) at CT or MR,34 and at autopsy.42

Calcifications have been shown to correspond to hyperintense
foci on T1-weighted MR imaging.30 None of the hypointense
foci on GE images were shown as hyperintense foci on T1-
weighted images. Some of the hemorrhages may, however,
have occurred in areas affected by MMA as occlusion of small
blood vessel lumen is a histologic feature of MMA. In the
multicenter study by Hertzberg et al,34 intracranial calcifica-
tion was detected in 4 of 49 (8.2%) ALL survivors who had CT.
We agree with Kingma et al31 that it would not be ethical to
perform CT in these patients, and are therefore unable to
prove or disprove this.

All of the hemorrhages detected in this study were appar-
ently asymptomatic so the immediate clinical relevance is lim-
ited. These hemorrhages, however, may be markers for future
bleeding. After completion of the study, one of the ALL pa-
tients who had been shown to have 3 hemorrhages presented
with neurologic symptoms. CT showed a small new thalamic
hemorrhage, and no evidence of cerebral calcification. Se-
quential MR examinations showed the evolution during a
2-month period of a hypointense lesion very similar to the 3
pre-existing hemorrhages.

As the presence of hemorrhage may relate to a change of the
global microenvironment, future studies involving the assess-
ment of neuro-cognitive function, which is known to be af-
fected by cranial irradiation, would be valuable in interpreting
the importance of these hemorrhages.

Old hemorrhages detected after therapy for ALL have
probably occurred in association with acquired vascular mal-
formations,28 which may result from venous occlusion due to
radiation-induced endothelial injury.28,29 Subclinical hemor-
rhage appears to be a common phenomenon in cryptic vascu-
lar malformations.28,43,44 The absence of old hemorrhages in
control patients, treated with various forms of systemic che-
motherapy for extracranial-neoplastic diseases, is consistent
with this hypothesis. The association of radiation-induced in-
jury and vascular malformation has also been implicated by
the development of symptomatic or asymptomatic vascular
malformations a few years after cranial irradiation treatment
in children with brain tumors.28 The current study supports
the induction of vascular malformation by radiation therapy
by demonstrating a significant correlation between the num-
ber of hemorrhages and the radiation dose.

Comparison of the occurrence of hemorrhages in the
present group of ALL survivors and new group of patients
being treated with stratified radiation therapy would be valu-

able to further elucidate the effect of radiation on inducing
these vascular abnormalities.

The number of hemorrhages appears to increase with time
from diagnosis, even in an apparently homogeneous treat-
ment group. This may be due to a tendency to accumulate
hemorrhages over time or the emergence of new vascular mal-
formations with time.

Only 2 ALL patients (5%) showed evidence of leukoen-
cephalopathy. The patient with grade 1 changes (Fig 2) had
been treated with 300 mg of intrathecal MTX and cranial irra-
diation to 24 Gy. The patient with grade 2 changes had re-
ceived 372 mg and 18 Gy. The small numbers precluded any
analysis of the relative sensitivity of T2-weighted and FLAIR
sequences. The wide range of reported prevalence of leukoen-
cephalopathy in children cured of ALL7,31,32,38,39 has not been
fully explained. The variation may be partly explained by the
different interpretation of white matter hyperintensities on
T2-weighted images by different researchers. Mimics of leu-
koencephalopathy include symmetrical areas of mild hyperin-
tensity in the peritrigonal deep white matter in young children
and hyperintense perivascular spaces on T2-weighted images.
In the current study, attention to the typical symmetrical dis-
tribution of the former and demonstration of low signal inten-
sity on FLAIR images of the latter may have contributed to the
relatively low incidence of leukoencephalopathy; however, we
believe it is the long interval (range, 5–19 years; mean, 12.8
years) between diagnosis and MR imaging in our ALL survi-
vors compared with those of most previous studies8,34,36 that is
the main reason for the lower incidence of leukoencephalop-
athy in the current study. Disappearance of white matter
changes on MR imaging in ALL survivors with time has been
documented elsewhere.33,37

No clear relationship exists in the published studies be-
tween the dose of MTX given and the incidence of leukoen-
cephalopathy. Subclinical leukoencephalopathy is common in
children with osteosarcoma treated with high-dose intrave-
nous MTX,45 and suggests that MTX, not cranial irradiation, is
the most important cause of leukoencephalopathy.

Conclusion
In conclusion, cerebral hemorrhages are more frequent in sur-
vivors of childhood ALL than previously thought and the
hemorrhages detected in this study are apparently all asymp-
tomatic. Their occurrence is probably related to vascular mal-
formations induced by radiation therapy. GE sequence is
more sensitive in detecting hemorrhagic lesions resulting in
more hemorrhages being detected than by using T2-weighted
sequence and should be included in imaging protocols for
follow-up study of patients after cerebral radiation therapy.
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