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Central nervous system treatment for childhood acute lymphoblastic leukaemia (ALL) has been
reported to cause changes in cerebral blood flow and glucose metabolism. Little is known about the
association of these functional changes with neuropsychological defects and structural changes. The
aim of the present study was to assess the relationship between changes in regional cerebral blood flow
and glucose utilisation in long-term survivors of ALL, and the association of these functional
abnormalities with neurocognitive and structural defects. 8 survivors of childhood ALL were studied
with single photon emission tomography (SPECT) using Tc99m-ethyl cysteinate dimer (ECD) as
tracer and with positron emission tomography (PET) using !3F-fluorodeoxyglucose (FDG) as tracer. 8
healthy controls also underwent FDG-PET. All subjects also underwent magnetic resonance imaging
and neuropsychological assessment 5 years after cessation of the therapy. Focal cerebral blood flow
abnormalities were found in ECD-SPECT in 5 of the 8 survivors. Glucose utilisation appeared normal
in the corresponding regions. However, glucose utilisation was decreased in thalamus and cerebellum
in the survivors of ALL as compared with healthy controls. 3 patients had severe and 5 patients mild
neurocognitive difficulties. The changes in cerebral blood flow and FDG uptake did not correspond
neuroanatomically with the neurocognitive defects. Focal defects in cerebral blood flow in long-term
survivors of ALL are not associated with changes in local cerebral glucose utilisation. Neurocognitive
difficulties are not consistently associated with either changes in cerebral blood flow or with decreased
glucose utilisation. Therefore, based on the present set of studies FDG-PET and ECD-SPECT cannot
yet be recommended for the evaluation of long-term neurocognitive defects associated with treatment
of ALL. © 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
PROPHYLACTIC TREATMENT of the central nervous system
(CNS) with combined cranial irradiation therapy (CRT) and
systemic plus intrathecal methotrexate (MTX) or MTX
alone has dramatically reduced the incidence of CNS relapses
and improved the survival of children with acute lympho-
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blastic leukaemia (ALL). However, CRT and/or MTX may
be associated with morphological changes in the brain [1, 2]
and with cognitive decline [3]. Even low doses of cranial
irradiation (18 Gy) can have harmful effects on neurocogni-
tive function in ALL long-term survivors [4, 5].
Histopathological studies have shown that at least three
different types of morphological CNS defects can be found in
ALL long-term survivors: subacute leucoencephalopathy,
mineralising micro-angiopathy and cortical atrophy [1].
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These morphological changes have been detected even in
asymptomatic long-term survivors [1]. The neuropsychologi-
cal impairment associated with CRT may result from vas-
cular lesions, demyelination, or both [6]. Demyelination is
thought to occur due to primary demineralisation of myelin
or secondary to vascular insufficiency [6]. The latter might be
due to damage to endothelial cells in capillaries, sinusoids
and small arterioles, which could reduce regional CNS per-
fusion [7].

Changes in cerebral blood flow as measured with single
photon emission tomography (SPECT) have recently been
reported in patients with ALL during, immediately after and
5 years after cessation of therapy [8-10]. The perfusion
defects occurred most often in chemotherapy-treated patients
at the end of therapy and in irradiated patients 5 years after
cessation of therapy. This is in accordance with the finding
that high-dose MTX may result in severe but at least partly
reversible cerebral perfusion defects [8], whilst CRT-induced
vascular injury is delayed [7]. Thus, a sufficiently long follow-
up time after irradiation is necessary to demonstrate perfu-
sion defects induced by CRT.

Decreased rates of regional cerebral glucose utilisation
have been found with !8F-fluoro-deoxyglucose positron
emission tomography (FDG-PET) in long-term survivors of
childhood ALL [11,12]. Studies with 2-['*C]-deoxyglucose
and autoradiography in rats [13] and FDG-PET in patients
with brain tumours [14] have suggested that the decreased
rate of glucose utilisation is related to CRT-induced cerebral
dysfunction. However, a direct association between PET
findings and neuropsychological impairment has not been
demonstrated.

The present study was undertaken to evaluate whether
brain perfusion defects of ALL long-term survivors are linked
to altered cerebral glucose utilisation and, more importantly,
whether metabolic and/or perfusion defects are associated
with neurocognitive impairment. For this purpose, we stu-
died the distribution of the cerebral blood flow with Tc99m
ethyl cysteinate dimer (ECD)-SPECT, and regional cerebral
glucose utilisation with FDG-PET, and performed neuro-
cognitive assessment in 8 long-term survivors of childhood
ALL.

PATIENTS AND METHODS
Patients and control subjects
8 long-term survivors of childhood ALL participated in the
study. The patients were studied 5 years after cessation of the
therapy for ALL, and they were all on continuous complete
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first remission. The diagnosis of ALL was made over a time
period from May 1986 to November 1988 and all patients
were treated at the Department of Paediatrics of Oulu Uni-
versity Hospital. None of the patients had CNS disease at the
time of primary diagnosis. Characteristics of the subjects are
shown in Table 1. The mean age of the patients at diagnosis
was 6.4 years and at the time of the present studies 14.0
years.

The patients were treated according to the Nordic Society
for Paediatric Haematology and Oncology (NOPHO) proto-
cols for standard (SR) (n=3), intermediate (IR) (n=2) and
high risk (HR) (z=3) ALL. Details of the prophylactic
treatment of CNS are shown in Table 1. The treatment pro-
tocols have previously been reported in detail [15-17].

7 children had developed normally before their disease,
and 1 (no. 6) had had slight delay in verbal and motor
development. Pretreatment baseline tests for cognitive skills
were not done.

To establish normal values for cerebral glucose utilisation
we studied a group of 8 healthy, young male volunteers with
FDG-PET. Their mean age was 25.4 (24.3-26.8) years.

Ethics

The study was reviewed and approved by the Joint Com-
mittee on Ethics of the Turku University Central Hospital
and the University of Turku and by the Ethical Committee of
the Medical Faculty of the University of Oulu. The nature,
purpose and potential risks of the study were explained to all
subjects and/or their legal guardians before they gave their
informed written consent.

Study design

ECD-SPECT and MRI were performed on the same day
at Oulu University Central Hospital, and FDG-PET studies
were performed within 18 months after SPECT and MRI at
the Turku PET Centre and Turku University Central Hos-
pital. In addition, each patient went through a comprehensive
neurocognitive assessment temporally close to the PET
study.

PET imaging

The PET studies were performed under postabsorptive
conditions in a quiet and dimmed room with an eight-ring
ECAT 931/08-tomograph (Siemens/CTI Corp., Knoxville,
Tennesee, U.S.A.). The scanner has an axial resolution of
6.7mm and in-plane resolution of 6.5mm [18]. The entire
brain could be scanned with an axial field of view of 11.8 cm.

Table 1. Characteristics of the ALL long-term survivors

Patient Age at Treatment CRT  Number of MTX Dose of MTX Age at Abnormal brain
no. Sex diagnosis (yr) protocol (Gy) i.t. injections i.v. injections (g/m?) study (yr) MRI findings

1 M 5.5 SR84 7 3x1 13.6 None

2 F 5.3 SR86 13 8x1 13.3 None

3 F 3.1 SR86 13 8x1 11.0 None

4 F 9.3 IM86 18 9 4x0.5 17.3 None

5 F 4.1 IM86 18 9 4x0.5 12.0 None

6 F 2.1 HRS86 24 11 6x0.5 10.1 Enlarged left ventricle
7 M 15.4 HR86 24 11 6x0.5 24.0 None

8 F 6.3 HR86 24 11 6x0.5 14.3 White matter change

SR84 is a treatment protocol introduced in 1984 for standard risk ALL according to the Nordic Society for Paediatric Haematology and
Oncology INOPHO). SR86, IM86 and HR86 are the treatment protocols for standard risk, intermediate risk and high risk ALL, respectively,
introduced in 1986 by NOPHO. i.t., intrathecal; i.v., intravenous; CRT, cranial irradiation therapy; MRI, magnetic resonance imaging.
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An individually shaped light foam rubber holder was used for
fixation of the head.

Production of ['® FJFDG. The 2-['®F]fluoro-2-deoxy-D-
glucose synthesis was a modification of the method reported
by Hamacher and colleagues [19]. The radiochemical purity
always exceeded 99%.

Blood sampling, 1mage acquisition and processing. Before
start of data acquisition, two venous cannulas were inserted,
one antecubitally for injection of FDG and another in the
pre-heated contralateral forearm for blood sampling.

Subsequently, a 10 min transmission scan for correction of
photon attenuation was performed with a removable ring
source containing °8Ge. Following a bolus injection of FDG
(2.8 MBg/kg), dynamic emission scan was acquired for
55min (4x30sec, 3x60sec, 10x300sec frames). To
measure input function of the tracer, a total of 20 blood
samples were withdrawn from the forearm vein during the
acquisition. All data were corrected for decay and measured
photon attenuation. Dynamic scans were reconstructed pixel
by pixel into a 128x128 matrix with a Bayesian iterative
reconstruction algorithm using median root prior (the MRP
method) [20] with 150 iterations and the Bayesian coeflicient
0.3. The final spatial resolution in reconstructed images was
8.0 mm.

Calculation of regional cerebral metabolic rate for glucose
(rfCMRGIc). In addition to visual analysis by two indepen-
dent observers, a quantitative analysis was performed. For
determination of the regional cerebral metabolic rate for glu-
cose, a three compartmental model of ['8F]FDG Kkinetics was
used as previously described [21]. Plasma and tissue activity
curves were analysed graphically to calculate a rate constant
(Ky) for the fractional rate of tracer transport and phospor-
ylation [22]. The rCMRGlc was obtained as follows:

rCMRGlIc = K; x Glc,/LC

where Glc, denotes the average plasma glucose concentration
during the acquisition, and LLC denotes differences in the
transport and phosporylation of FDG and glucose. The value
of LC was assumed to be 0.81 as recently described in
humans [23].

Regions of nterest. Individually shaped, multi-angular
regions of interest (ROIs) were outlined on cortical and sub-
cortical areas according to guidance of brain atlas [24]. ROIs
were drawn on frontal, temporal, parietal and occipital cortex
and striatum, cerebellum and white matrix in a manner that
enabled the covering of the whole cortex in each plane. The
total number of ROIs in each brain varied between 60 and
75. Asymmetry between the hemispheres on cortical and
subcortical regions in percentages was calculated as follows:

Asymmetry = (ROI4 — RO, )/(ROIgx + ROL,) x 100%

where ROI stands for mean radioactivity concentration
within a ROI, and dx and sin for right and left hemispheres,
respectively. Asymmetries were considered to be abnormal if
they exceeded 2 standard deviations (S.D.s) of the mean
asymmetries of the control subjects.

Measurement of cerebral blood flow with SPECT

Brain SPECT was performed using Technetium-99m ethyl
cysteinate dimer ECD as the tracer, which was administered
according to the patients’ body surface area as previously
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described [25]. To achieve an attenuated sensory state, the
eyes were covered with patches and the subject lay supine
with the head secured to the bed in a dimmed quiet room for
10 min prior to the intravenous (i.v.) injection of the tracer.
The eyes remained covered during the injection and for
approximately 5 min afterwards. SPECT was performed 15—
60 min after the i.v. administration of the tracer. The images
were acquired with a double-head rotating gamma camera
(ADAC Vertex, ADAC Laboratories, Milpitas, California,
U.S.A.) equipped with a fanbeam collimator.

Sixty-four projections were obtained in a 128 x 128 matrix,
which were acquired over a 360° circular orbit with a radius
of about 14 cm, each view containing an average of 65 kilo-
counts. The filtered backprojection algorithm used a Butter-
worth filter with a cut-off of 0.22 of Nygwist frequency and
an order of 5.0. No attenuation correction was used. Orbito-
meatal line-oriented transverse, sagittal and coronal sections
were processed. Two slices were then summed to the total
slice thickness of 9.4 mm for visual interpretation and semi-
quantitative analysis.

Tracer distribution in the right and left hemispheres was
evaluated both visually and semiquantitatively. For semi-
quantitative analysis two-pixel-wide strip was placed over the
transversal slice (occasionally coronal). Asymmetry between
the hemispheres in percentages was calculated as follows:

Asymmetry = (ROIax — ROy, ) /RO, x 100%
where ROI stands for count rate within a ROI, and min and
max for the pathological area defined in visual analysis and
the symmetrical normal area of the other hemisphere,
respectively. The images were evaluated with knowledge of
the nature of the disorder, but totally blinded for the treat-
ment. The brain SPECT was classified as abnormal if the
SPECT scans were visually interpreted as definitely abnormal
(a clearly visible asymmetry in the tracer accumulation
between the hemispheres was observed in at least two con-
secutive slices) and hemispheric asymmetry in semi-
quantification was equal to or more than 10%.

MRI

The patients had undergone MRI studies of the brain as a
part of their neurological follow-up [26]. MRI was performed
with a 1.0 T scanner (Magnetom, Siemens, Erlangen, Ger-
many). T2-weighted axial and coronal (turbo spin echo or
fast spin echo) images (TR 3500, TE 14-15, 93-98, 1 exci-
tation, 5mm slice, 192 —224x256 matrix, 23 cm field of
view), together with sagittal T1-weighted images (TR 400-
570, TE 9-15, 2 excitations, 3 or 5 mm slice, 176 — 224x256
matrix, 23-24 cm field of view), were obtained. The MRIs
were reviewed independently by two radiologists.

Neurocognitive assessment

The neurocognitive functions were assessed in seven areas:
verbal comprehension, perceptual organisation, freedom
from distractibility, fine motor, visual-motor integration,
memory and learning, and executive functions (Table 2). A
descriptive case approach was used in reporting the results.
When possible, standardised norms of tests were applied in
the following manner: a test result poorer than the mean—2
S.D. was supposed to indicate a clear, indisputable difficulty
labelled as ‘severe’, while a test score better than the mean—2
S.D., but poorer than the mean—1 S.D. was supposed to
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express an equivocal problem labeled as ‘mild’. In the Rey’s
Complex Figures test, for which there were no standardised
norms available, the decision on a label was provided by a
consensus of the rating given by two experienced clinical
neuropsychologists. The final score for each of the neuro-
cognitive functions was decided following the poorest test
result of the subject in the functional area.

Statistical methods

Student’s unpaired two-tailed z-test was used to compare
the means of rCMRGIc of the ALL long-term survivors and
the control subjects. All data are expressed as mean =S.D. P
values less than 0.05 were considered statistically significant.
The hemispheric asymmetries of rCMRGIc in the control
subjects were calculated to represent normal ranges of asym-
metry. The regional asymmetries of CMRGIc between right
and left hemispheres were calculated separately in each plane.
The regional asymmetry was considered to be abnormal if it
exceeded 2 S.D. of the mean asymmetry of the control subjects
in two or more consecutive planes. The 95% confidence inter-
vals were calculated to confirm the upper limits considered as
normal variability of asymmetry in each cerebral region.

RESULTS

Cerebral glucose utilisation

Mean concentrations of blood glucose during the PET
study were 5.0 mmol/l (range 4.3—-6.1 mmol/l) in the patients
and 5.4mmol/l (4.9-6.2mmol/l) in the control subjects.
Blood glucose concentration remained stable in each subject
during the scan acquisition time. The rCMRGIc of cortical
and subcortical areas and cerebellum are shown in Table 3.
Regional glucose utilisation was significantly lower in the
thalamus in the patients as compared with the control sub-
jects (’=0.04). There was no difference or tendency to any
distinct pattern between the rCMRGIc of the left and right
side of thalamus. In addition, the rCMRGIc in the cere-
bellum was lower in the patients as compared with the con-
trol subjects (2=0.05).

In FDG-PET studies, a range of normal hemispheric
asymmetry was considered to be lower than or equal to the
measured mean +2 S.D. of the asymmetry of glucose meta-

Table 2. The neurocognitive test methods [Ref.]

Verbal comprehension
Subtest similarities and comprehension from Wechsler
Intelligence scale for children—revised [35] and Wechsler
Adult intelligence scale—revised [36]

Perceptual organisation
Subtest block design and object assembly from Wechsler
[35,36]
Freedom from distractibility
Subtests digit span and coding from Wechsler [35,36]
Fine motor
The Purdue pegboard test [37]
Visual-motor integration
Rey’s complex figures test [38], the developmental test of
Visual-motor integration [39]
Memory and learning
Selective reminding test (verbal and visual forms) [40,41]

Executive performance
Trail making B [38]
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bolic rates in the control subjects. The normal ranges for
asymmetry were 0-6.1% in frontal, 0-9.5% in parietal, O—
5.2% in temporal and 0-11.6% in occipital cortical regions.
The respective ranges were 0-5.5% in striatum, 0-5.7% in
cerebellum and 0-5.8% in white matrix. Among the patients,
asymmetries of rCMRGIc were within the range considered
as normal variability in each area (data not shown).

Cerebral blood flow

The localisations of cerebral perfusion defects as assessed
by ECD-SPECT are shown in Table 4. The cutoff point for
hemispheric asymmetry was >10% [29]. Perfusion defects
were observed in various cerebral areas and cerebellum with-
out any distinct pattern. Cerebral blood flow was decreased
in two areas of the brain in 2 subjects, and in a single area in 3
subjects. In these patients the hemispheric asymmetry ranged
from 10 to 45%. 3 patients had no abnormalities in their
perfusion scans. One of these 3 had, however, severe deficits
in neurocognitive functioning (see below).

Structural lesions
2 patients had abnormal findings on brain MRI (Table 1).

Neurocognitive defects

The findings of the neurocognitive assessment are shown in
detail in Table 4. 3 patients had severe neurocognitive defects
and 5 other patients showed mild neurocognitive defects. The
neurocognitive defects seemed to be linked to a general slow
rate of cognitive processing. In 1 patient (no. 6) the impact of
slight pretreatment delay in development on current neuro-
cognitive defects cannot be excluded.

Co-localisation of blood flow, glucose unilisation, structural lesions
and neurocognitive defects

In visual and quantitative analysis, glucose utilisation
appeared normal in all of the areas where perfusion defects
were observed (Figure 1). Likewise, the abnormal structural
findings in MRI were neither in the same areas as the perfu-
sion defects nor in the areas of decreased glucose utilisation.
Focal defects in certain brain regions are often associated
with a specific type of neurocognitive impairment. However,
the abnormal findings in the neurocognitive assessment could
not be directly attributed to the observed areas of decreased
glucose utilisation, i.e. thalamus and cerebellum. In only 3
patients (nos 4, 6, 7) were the defects in blood flow in regions
that neuro-anatomically corresponded well with the neuro-
cognitive defects.

Table 3. Regional glucose utilisation in ALL long-term survivors
and control subjects

Region Regional glucose utilisation (umol/min/100 g)

ALL survivors Control subjects

Frontal cortex 37.1%t6.7 34.4%3.5
Parietal cortex 32.7%£5.2 31.6%£4.8
Temporal cortex 32.4%5.1 32.4%3.6
Occipital cortex 30.6+3.2 29.6+3.8
Cerebellum 24.1+3.9 28.0+3.2%
Striatum 34.1t4.4 35.0+£3.7
Thalamus 29.5%5.6 35.1+£3.7¢f
White matrix 20.9+3.7 21.5*%1.9

Data are mean + S.D. (standard deviation). *P=0.05. {P=0.04.
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Table 4. Findings of ECD-SPECT and neurocognitive assessment in ALL long-term survivors

Patient ECD-SPECT ECD-SPECT Neurocognitive impairment

no. Localisation of the defect Per cent of the difference (mild =below 1 S.D., severe =below 2 S.D.)

1 Left posteroparieto-occipital 17 Mild in freedom from distractibility

2 None ns Mild in memory functions

3 Right occipito-cerebellar 12 Severe in executive functions

4 Left anterofrontal and cerebellum 45 Mild in fine motor functions

5 None ns Severe in memory and learning functions, mild in perceptual
organisation, freedom from distractibility and visual-motor
integration

6 Right basofrontal and left temporal 10 Severe in executive functions, mild in freedom from distractibility

7 Left anterotemporal 15 Mild in fine motor and learning and memory functions

8 None ns Mild in fine motor

ECD-SPECT, ethyl cysteinate dimer-single photon emission tomography; ns, not significant; S.D., standard deviation.

DISCUSSION

The progression of ALL has improved greatly during the
last decades and it is of increasing importance to recognise
long-term side-effects caused by treatment. The cognitive
defects associated with prophylactic treatment of neuroleu-
kaemia can be specifically hazardous, since neurocognitive
impairment inevitably results in decreased functioning in
social and professional life. Modern functional neuro-imaging
methods are attractive tools for assessment of cognitive
defects owing to the non-invasiveness and lack of subjectivity
inherent to the techniques. We used SPECT and PET to
assess cerebral blood flow and metabolism in ALL long-term
survivors and found focal defects in blood flow in different
areas of the brain in 5 out of 8 study subjects. Despite 10—
45% lower rates of regional blood flow, we could not observe
any significant changes in rCMRGIc in the corresponding
brain regions.

Focal defects in certain brain regions are often associated
with a specific type of neurocognitive impairment. In the
present study, regional perfusion defects corresponded
neuro-anatomically well with the neurocognitive defects in 3
patients, while 1 patient with severe neurocognitive difficul-
ties had no perfusion defect, and 2 patients presented with
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only a minor perfusion defect (10-12%) in non-related
regions. Thus, our results indicate that neurocognitive defects
are not necessarily spatially related to perfusion defects.

We could not observe any abnormalities in cortical glucose
utilisation in patients with defects in cerebral blood flow and/
or neurocognitive defects. Instead, we found that regional
glucose utilisation was lower in the thalamus and in the cere-
bellum in the patients in comparison to the control subjects.
Our finding is consistent with previous data presented by
Phillips and colleagues which demonstrated decreased
rCMRGIc in the thalamus in ALL long-term survivors [11].
In our earlier study [12], the patients with neurocognitive
difficulties were found to have globally decreased cortical
glucose utilisation in comparison with patients with no neu-
rocognitive difficulties. In the present study, with more accu-
rate regional analysis and a healthy control population,
neither regional cortical lesions nor overt cortical decreased
glucose uptake were noticed.

The interval between SPECT and PET studies was several
months in some cases. This is, however, a short interval in
comparison with the time elapsed from the cessation of
treatment which had been given 5 years earlier. Delayed vas-
cular injury develops up to several years after treatment and is

Figure 1. Example of ECD-SPECT (a) and FDG-PET (b) images depicting a 15% perfusion defect in the anterotemporal cortex
(arrow), and a symmetrical accumulation of FDG in the cortex at the same level.



Treatment-induced CNS Defects in ALL Survivors

irreversible. Thus, the perfusion defects seen in the SPECT
study are likely to be permanent and would also exist at the
time of the PET study. Therefore, it is evident that the cor-
responding cerebral glucose utilisation was unchanged in our
patients despite mild to moderate defects in cerebral blood
flow.

Cerebral glucose utilisation has been suggested to be age-
dependent in the PET study by Chugani and colleagues [27].
These authors suggested that rCMRGIc values reach a peak
at the age of 8 years and decline slowly after that to values
observed in adults. Age-dependency might seriously affect
intersubject comparison of absolute rCMRGIc values for
children, but it is of concern that children in the study by
Chugani and colleagues were suspected of having neurologi-
cal disease and may thus, not reflect a normal population in
an appropriate manner. We found no age-dependency in the
rCMRGIc values in our adolescent patients. The lower
CMRGIc in the thalamus and cerebellum would be even
more significant if age-dependency in the rCMRGIc had been
noticed. In addition, the interhemispheric asymmetries of
glucose utilisation, which are not supposed to be affected by
age, were also compared between the controls and the patients.

Owing to FDG uptake of the white matter is lower than
that in the cortex and the basal ganglia, delineation of the
border between grey and white matter in PET images needs
special attention. The grey matter of the adolescent cerebral
cortex is only 5-7mm thick, thus representing a potential
source of error in calculation of the rCMRGIc caused by
problems associated with tissue heterogeneity and partial
volume effects. The possibility of distinguishing white matter
from cortex, and vice versa, was facilitated in our study by
using a recently developed iterative reconstruction method
utilising the median root prior (MRP) [20]. The MRP
method enhances image resolution by improving the signal-
to-noise ratio thus minimising the effect of heterogeneity.
Therefore, it enables more accurate quantitation of
rCMRGIc in small brain areas.

Perfusion imaging of the brain with SPECT has specific
limitations which are inherent in the sensitivity and resolution
of the system. Firstly, the lack of normal reference values has
until now restricted evaluation of perfusion defects especially
in children and young adults. This problem has recently been
addressed by Barthel and colleagues [28] and Schiepers and
colleagues [29] who have reported normal values of ECD-
SPECT tracer distribution in pre-school and school age chil-
dren and adults. A second limitation is the insensitivity of
SPECT to detect symmetric changes in very small areas such
as thalamus or other structures in the basal ganglia. It is evident
that perfusion defects in these small areas may be overlooked
with SPECT, contrary to PET, which can be used for eva-
luation of metabolism in the thalamus as shown by our study.

In the present study, structural changes were found in only
2 patients using MRI. MRI findings did not correspond to
either defects in blood flow or glucose utilisation, or to neu-
rocognitive defects. These findings are consistent with the
previous data demonstrating no association between struc-
tural changes using MRI and neuropsychological defects or
cerebral blood flow using SPECT [9,30]. Previous studies
using cranial CT have shown focal calcifications in basal
ganglia which are associated with impaired verbal memory
and learning [31], and lower intelligence quotient (IQ) [32].
MRI has been shown to be less sensitive to detect calcifica-
tions than CT [32,33]. The decrease in thalamic glucose
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utilisation reflects functional changes in the area of the basal
ganglia, which can be visualised in MRI only if they lead to
structural damage.

In this study, neither irreversible vascular damage nor dis-
ruption of cellular glucose utilisation could adequately
explain the neurocognitive defect. The alternative explana-
tion is that CRT results in a disturbance of myelin synthesis
which could then impair neuropsychological functioning [6].
During the first 4 years of life, brain development is char-
acterised by rapid synthesis of myelin. When CNS therapy is
given in early childhood during the particularly vulnerable
period of CNS development, interruption of myelin synthesis
could result in, for example, impaired perceptual processing
[6]. In our study, 3 patients had severe and the remaining 5
mild neurocognitive impairment, either in some executive
functions, or in memory and verbal learning functions
(Table 3). Interestingly, the 3 patients with severe impair-
ment were the youngest subjects in our study group at the
time of CNS treatment (age 2.1-4.0 years at diagnosis). This
finding is in agreement with a previous meta-analysis on ALL
long-term survivors, which implied that children irradiated
before the age of 4 years are at increased risk of severe IQ
decrements after CRT [4].

In addition, as neurons, axons and supportive glial cells of
the CNS display a high rate of metabolic activity, they are
vulnerable to even brief disruptions of energy supply [34].
Even transient perfusion defects might, therefore, result in
irreversible damage to myelinated axons and their neural
connections, which are critical for normal signal transmis-
sion. The transient perfusion defects and their effect on signal
transmission cannot be measured by the methods currently
used. Thalamic glucose hypometabolism could be connected
to abnormalities in neural connections. However, these
abnormalities do not seem to cause a change in the overall
cortical glucose metabolism. In addition, the generalised slow
rate of cognitive processing in our patients might, in parti-
cular, reflect injury to these connections.

In summary, focal changes of cerebral perfusion seen in
ALL long-term survivors are not accompanied with defects in
glucose metabolism in the corresponding regions. Further-
more, neurocognitive difficulties do not seem to be clearly
associated with changes in cerebral perfusion or with
decreased glucose utilisation. Our findings, therefore, suggest
that mechanisms other than irreversible vascular defects may
also be important for changes in cognitive function. Although
our study population was somewhat heterogenous as regards
treatment modalities used, age of the patients during ALL
treatment and age of the subjects during the study, it seems
that functional imaging methods, specifically FDG-PET and
ECD-SPECT, are of limited value in the evaluation of ALL
long-term survivors with clinical signs of neurological defects.
Therefore, FDG-PET and ECD-SPECT cannot yet be
recommended for the routine follow-up of these subjects.
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