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Reduced Frontal White Matter Volume in Long-
Term Childhood Leukemia Survivors: A Voxel-
Based Morphometry Study

BACKGROUND AND PURPOSE: To our knowledge, no published studies have examined whole-brain
regional differences to identify more discrete volumetric changes in the brains of childhood leukemia
survivors. We used voxel-based morphometry (VBM) to examine regional gray and white matter
differences in a group of long-term survivors of acute lymphoblastic leukemia (ALL) compared with a
group of healthy controls. Differences in regional white matter volume were expected, given previous
reports of white matter changes during treatment for ALL and reduced brain white matter volumes in
long-term survivors. Follow-up analyses examined the relationship of regional brain volumes to
cognitive function.

MATERIALS AND METHODS: We compared 9 long-term survivors of ALL with 14 healthy controls.
Survivors of ALL were treated with systemic and intrathecal chemotherapy only. T1-weighted axial 3D
spoiled gradient high-resolution images collected on a 1.5T MR imaging scanner were used for the
VBM analysis. Neuropsychological evaluations were conducted within 2 months of the MR imaging to
assess cognitive function.

RESULTS: VBM analysis revealed 2 specific regions of reduced white matter in the right frontal lobes
of survivors of ALL compared with healthy controls. Survivors of ALL had lower performances on tests
of attention, visual-constructional skills, mental flexibility, and math achievement compared with
healthy individuals. Decreased performance on neuropsychological measures was associated with
decreased regional white matter volumes. No differences were found between the groups with
respect to gray matter regions.

CONCLUSION: These findings are consistent with previous literature describing the long-term cogni-
tive, academic, and imaging findings of survivors of ALL and suggest that right frontal white matter is
particularly vulnerable to disruption following intensive chemotherapy for ALL. Future studies should

Acute lymphoblastic leukemia (ALL) is the most common
cause of childhood cancer in the United States." Cur-
rently, most children treated for ALL receive central nervous
system (CNS) prophylaxis with a combination of intrathecal
and systemic chemotherapy.” Intrathecal chemotherapy pro-
tocols were developed, in part, because of the known toxic
effect of cranial radiation therapy and its adverse impact on
cognitive function.” CNS chemotherapy has been very effec-
tive, with the incidence of CNS relapse reduced from 75% to
80% to less than 10%.*° Unfortunately, there is accumulating
evidence that treatment protocols for ALL have acute and
long-term effects on the brain, despite the elimination of cra-
nial radiation therapy from standard treatment.

CNS structural abnormalities have consistently been re-
ported in neuroimaging studies of children with ALL treated
with prophylactic intrathecal chemotherapy without radiation
therapy.®?' The most frequent findings are white matter
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focus on further clarifying the white matter changes observed.

Changes)&&‘),l 1,12,16,18,20

widening of the ventricles and/or sul-
ci, 'O B12171920 and cerebral calcifications.'>'* Reduced pre-
frontal cortex, cerebellum, and cortical white matter volumes
have also been reported.”"? In addition, long-term difficulties
in cognitive and academic function are often described,”
most frequently visual perceptual, attention, and math
skills.'o’l3’23’35

Voxel-based morphometry (VBM) is an automated
method for analyzing whole brain regional differences on a
voxel-by-voxel basis. The purpose of this study was to use
VBM to examine regional white and gray matter differences in
a group of long-term survivors of ALL treated with systemic
and intrathecal chemotherapy, compared with a group of
healthy controls, and to examine the relationship of regional
brain volumes to cognitive function. To our knowledge, no
published studies have examined whole-brain regional differ-
ences to identify more discrete volumetric changes in the gray
and white matter of survivors of childhood leukemia. Given
previous reports of white matter changes during treatment for
ALL and reduced brain white matter volumes in long-term
survivors, we hypothesized that survivors of ALL would have
reduced regional white matter volumes and impaired cogni-
tive function compared with healthy controls.

Methods

Participants
All survivors of childhood ALL, who were between 6 and 30 years of
age and were diagnosed before age 18, were recruited to participate in



this study through the University of Arizona (UA) Pediatric Hema-
tology/Oncology Late Effects Clinic between June 2003 and June
2005. All survivors of childhood ALL followed at the UA Late Effects
Clinic, or their parents/legal guardians, were informed of the study in
a letter. Additional participants were recruited through study bro-
chures available in the UA Pediatric Outpatient Clinic and through a
local press release about the study, both of which were institutional
review board—approved. Potential healthy control participants were
primarily recruited from the siblings of participating survivors of
ALL.

Leukemia survivors in this study were diagnosed between 1987
and 2000. Therefore, specific treatment protocols varied across par-
ticipants. However, all survivors received CNS prophylaxis with in-
trathecal chemotherapy during treatment. None of the survivors re-
ceived cranial radiation therapy or bone marrow transplant, and none
had a history of recurrence. Exclusionary criteria were non-English-
speaking individuals, mental retardation, psychiatric disorder, neu-
rologic disorder, traumatic brain injury associated with an alteration
of consciousness, and premorbid diagnoses of learning disability or
attention deficit—hyperactivity disorder. Only those participants who
could complete the MR imaging without sedation and who did not
have metallic objects present in their bodies were included in the MR
imaging examination. This study was approved by the UA institu-
tional review board committee. Informed consent was obtained from
all parents or participants of legal consenting age, and assent for par-
ticipation was obtained for all minor-aged children. Participants re-
ceived $25 for completion of the cognitive assessment and $25 for
completion of the MR imaging.

A total of 14 survivors of ALL and 18 healthy controls enrolled in
the study. Thirteen survivors of ALL and 17 healthy controls com-
pleted both the MR imaging and the neuropsychological evaluation.
The MR images of 4 survivors of ALL and 3 healthy controls were not
usable due to movement artifact or distortion. Therefore, we con-
ducted analyses with 9 survivors of ALL and 14 healthy participants.
There was no difference in mean age between the ALL group (mean =
15.17 years, SD = 5.48, range = 7.75-25.76) and the healthy control
group (mean = 15.22, SD = 3.78, range = 8.43-21.51). The ALL
group consisted of 3 males and 6 females, all of whom were right-
handed. Mean age at diagnosis was 5.17 years (SD = 2.96, range =
1.43-9.36). Mean time since diagnosis was 9.95 years (SD = 5.13,
range = 3.48-16.96). The healthy control group consisted of 7 males
and 7 females, 3 of whom were left-handed. The average number of
days between the MR imaging and the neuropsychological evaluation
was 11.30 (range = 0—60 days). Nonparametric analyses did not re-
veal any significant differences between the groups with respect to
race/ethnicity, parent education, or household income.

MR Imaging Acquisition

Structural MR imaging data were collected on a 1.5T scanner (GE
Healthcare, Milwaukee, Wis) at the University Medical Center. The
scans included a 3D T1-weighted localizer scan. This scan consisted of
93 (31 in each plane) 4-mm images by using a fast spin-echo pulse
sequence with the following parameters: 256 X 128 matrix, 1 signal-
intensity average, 90° flip angle, minimal TE and TR, FOV = 24,
scanning time = 2 minutes 4 seconds. There were also 2 simultaneous
series (depending on head size) of 58 to 68 three-millimeter images
collected using an oblique dual fast spin-echo pulse sequence (T2-
and proton density—weighted scans) in a plane perpendicular to the
long axis of the hippocampus with the following parameters: 256 X
256 matrix; 90° flip angle; TE = 17,102 ms and TR = 3800 ms; FOV =

24; scanning time = 12 minutes 33 seconds. The last was a series of
124 T1-weighted axial 3D spoiled gradient-recalled 1.5-mm high-
resolution images with the following parameters: 256 X 256 matrix,
30° flip angle, TE = 5 ms, TR = 22 ms, FOV = 25, scanning time = 12
minutes 4 seconds. The spoiled gradient-recalled (SPGR) images were
used in the current analyses.

VBM and Regional Analysis

VBM was performed by using the optimized method implemented
with Statistical Parametrical Mapping-2 (SPM2; Wellcome Depart-
ment of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/).*® First, a local sample-specific template was created due
to developmental differences in pediatric compared with adult pop-
ulations and potential problems with adult a priori information dur-
ing spatial normalization and segmentation.’” The local, sample-spe-
cific template was created by first normalizing each individual SPGR
image from our entire sample to the standard SPM2 T1 template. The
standard automated normalization routine in SPM2 uses a combina-
tion of linear and nonlinear methods. The first step in normalization
involves a 12-parameter affine transformation by using a Bayesian
method to search for the best match. Then nonlinear deformations
are performed by using a linear combination of discrete cosine trans-
form basis functions in 3 orthogonal directions. Each volume was
resampled into 2-mm? isotropic voxels. These normalized volumes
were averaged and smoothed with a 12-mm full width half maximum
filter to produce the local sample-specific template. Then each indi-
vidual SPGR image was segmented into gray, white, and CSF volumes
by using the local sample-specific template for a priori information.
The segmentation routine is an automated procedure that uses a pri-
ori information about the likelihood that voxels are a specific tissue
type (eg, gray matter) within a mixture model cluster analysis.

The segmented gray and white matter volumes were then placed
into standard space using the local sample-specific gray and white
matter templates, created by segmenting the local sample-specific
template, with the combination of linear and nonlinear methods de-
tailed previously. Each volume was corrected for the effects of non-
linear normalization by multiplying each voxel by the Jacobian deter-
minants derived during the spatial normalization step. The
normalized volumes were resampled into 2-mm? isotropic voxels and
smoothed with a 12-mm full width half maximum filter to account
for individual differences in anatomy. Using the general linear model,
a voxel-by-voxel search covarying for full-scale intelligence quotient
(FSIQ) was then conducted to identify regions that were different
between groups, with P set at <.001, uncorrected. The minimal num-
ber of contiguous voxels was set at 30.

Neuropsychologic Measures

Neuropsychologic variables used are listed in Table 1 and include tests
of intelligence, visual-constructional skills, language, academic
achievement, memory, attention, processing speed, and executive
function. All statistical analyses were conducted by using the Statisti-
cal Package for the Social Sciences 15.0 for Windows (1989-2006;
SPSS, Chicago, Ill). Multivariate analysis of covariance (MANCOVA)
was used for between-group comparisons on cognitive variables. Al-
though the differences between the groups with respect to mean FSIQ
did not reach statistical significance (P = .059), the >10-point mean
FSIQ difference between the groups does have a clinical significance
(Table 2). Therefore, FSIQ was entered as a covariate for the MAN-
COVA. Follow-up 1-tailed Pearson correlational analyses were con-
ducted by using the whole sample (survivors of ALL and healthy con-
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Table 1: Neuropsychological measures used

Test Description

Wechsler Full Scale 1Q The WISC-IIl was used for ages 6-16;
the WAIS-IIl was used for ages 17
and older

A visual-constructional task using
colored blocks

A language task that requires the
subject to provide word definitions

A test of attention/working memory
requiring repetition of number
sequences in forward and reverse
order

This is a 2-minute timed processing-
speed task that requires the
individual to copy symbols quickly

A measure of letter identification and
single-word reading

A measure of written mathematic
computation skills

A measure of immediate memory for
increasingly complex stories that
are presented using an audio
recording

A measure of flexible thinking that
requires alternating attention, visual
scanning, and motor speed

Timed measures of language fluency
(letter fluency, category fluency,
and category switching)

A measure of spatial problem-solving
that requires planning, rule
learning, and inhibition of impulsive
responding

Note:—WISC-Ill indicates Wechsler Intelligence Scale for Children-Third Edition®®; WAIS-

IIl, Wechsler Adult Intelligence Scale-Third Edition®®; WJ-IIl, Woodcock-Johnson 11l Tests
of Achievement*; D-KEFS, Delis-Kaplan Executive Function System.’

Wechsler Block Design
Wechsler Vocabulary

Wechsler Digit Span

Wechsler Coding

WJ-III Letter-Word
Identification
WJ-III Calculation

WJ-III Story Recall

D-KEFS Trail Making Test 4
(number-letter switching)

D-KEFS Verbal Fluency Test

D-KEFS Tower Test

Table 2: Group comparisons on neuropsychological measures

ALL Mean Control
Measure (SD) Mean (SD) P Value
Wechsler FSIQ (mean, 100; SD, 15)  101.67(8.28) 113.00(15.62)  .059

Block Design (mean, 10; SD, 3) 11.22(2.17)  12.71(3.69) .001
Vocabulary (mean, 10; SD, 3) 10.44(2.70) 12.00(3.19) <.001
Coding (mean, 10; SD, 3) 11.56(3.32)  10.79(3.07) NS
Digit Span (mean, 10; SD, 3) 8.67(3.08) 11.71(3.12) <.001
WUl
Letter-Word Identification 100.11(11.25) 105.07 (11.09) NS
Calculation 104.22 (13.81) 115.07 (14.43) 014
Story Recall 100.33 (13.76) 108.36 (11.70) NS

D-KEFS (mean, 10; SD, 3)

Trail Making Test 4 9.25(2.55) 10.57(3.28) 002
Letter Fluency 10.88(4.22)  10.86 (3.84) NS
Category Fluency 11.88(4.22)  11.79(3.66) NS
Category Switching-correct 10.88(2.70)  11.14(3.59) .007
responses

Tower Test-total achievement 10.88(1.55)  10.93(2.13) NS

Note:—Wechsler indicates Wechsler Intelligence Scale for Children-Third Edition® or
Wechsler Adult Intelligence Scale-Third Edition®%; WJ-Ill, Woodcock-Johnson Il Tests of
Achievement“®; D-KEFS, Delis-Kaplan Executive Function System*'; NS, not significant.

trols) to explore the relationship of regional brain volumes to
cognitive function. Pearson correlation coefficients were used be-
cause the relationship of cognitive function to brain volume was ex-
pected to be linear. Specifically, we extracted the signal intensity from
a 10-mm sphere centered around any significant peak difference be-
tween the 2 groups and used the extracted values for the correlational

794 Carey | AJNR 29 | Apr 2008 | www.ajnr.org

analyses. Due to the small sample size, a significance level of P < .01
was used for all analyses of neuropsychological data to reduce the
chance of a type I error.

Results

VBM and Regional Analysis

Regional analysis revealed decreased white matter volume in
the regions of the right middle frontal gyrus (x, y, z = 32, 38,
30; t = 4.94; voxels = 42; Fig 1A, -B) and the right superior
frontal gyrus (x, y, z = 16, —4, 64; t = 4.52; voxels = 62; Fig
2A, -B). In both cases, white matter volumes were reduced in
the survivors of ALL compared with healthy controls. No re-
gions were identified in which healthy controls had decreased
volumes compared with survivors of ALL. There were no dif-
ferences between the groups with respect to regional gray mat-
ter volumes in either direction.

Cognitive Variables Analyses

The ALL group had significantly lower mean scores on the
Wechsler Block Design (P = .001), Vocabulary (P < .001),
and Digit Span (P < .001),?® as well as the Delis-Kaplan Exec-
utive Function System Trail Making 4 (P = .002), and Verbal
Fluency Category Switching,*' (P = .007) even after covarying
for FSIQ. A nonsignificant trend for a lower mean score on
Woodcock-Johnson III Tests of Achievement Calculation*®
(P =.014) in the ALL group was found as well. See Table 2 for
group score comparisons.

One-tailed Pearson correlations revealed a significant rela-
tionship between white matter volume in the region of the
right middle frontal gyrus and Woodcock-Johnson III Tests of
Achievement Calculation (r = 0.651, P < .001; Fig 3), with
decreased volume associated with decreased math perfor-
mance. Nonsignificant but strong correlations between this
area and Trail Making 4 (r = 0.486, P = .011) and Digit Span
(r = 0.420, P = .023) were also found, with decreased volume
associated with decreased performance. One-tailed Pearson
correlations also revealed a significant relationship between
white matter volume in the region of the right superior frontal
gyrus and Vocabulary (r = 0.505, P = .007; Fig 4), with de-
creased volume associated with decreased performance. Non-
significant but strong correlations between this area and Digit
Span (r = 0.436, P = .019) as well as Block Design (r = 0.427,
P = .021) were also found, with decreased volume associated
with decreased performance.

Discussion

Consistent with previous researc we found ev-
idence of white matter brain abnormalities in survivors of
ALL. To our knowledge, this is the first study that used VBM
techniques to identify specific regions of decreased brain vol-
ume in childhood leukemia survivors. In particular, we found
2 areas of decreased regional white matter volume in the areas
of the right middle and right superior frontal gyri of long-term
survivors of ALL compared with healthy controls.

Reduced white matter volume in survivors of ALL has pre-
viously been reported.” Focusing on a transverse region of
interest covering most of the corpus callosum, Reddick et al’
reported that 84 survivors of ALL (ages 6—18 years) treated
with chemotherapy alone had significantly smaller white mat-
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Fig 3. Correlation between the right middle frontal gyrus region of interest (ROI) (cubic
millimeters) and Calculation.

ter volumes compared with 33 healthy siblings (ages, 6-16
years). Reduced white matter volume was related to greater
deficits on measures of attention, intelligence, and academic
achievement. Wilson et al'® investigated white matter changes
on MR imagingin 25 children with ALL during treatment with
systemic (intravenous) and intrathecal chemotherapy. They
reported that 17 of the 25 (68%) children showed transient

Fig 1. T1-weighted axial (A) and sagittal spoiled gradient-
recalled (B) images show the right middle frontal gyrus with
healthy controls > survivors of ALL with respect to regional
white matter volume. Note that images have been left-right
reversed for presentation.

Fig 2. T1-weighted axial (A) and sagittal spoiled gradient-
recalled (B) images show the right superior frontal gyrus with
healthy controls > survivors of ALL with respect to regional
white matter volume. Note that images have been left-right
reversed for presentation.

17.5 -

15.0=

12.5

10.0=

Vocabulary Standard Score

7.5

- . r=.505, p =.007
T T T T T T
0.160 0.200 0.240 0.2a0 0.320 0.360
ROl Yolume

Fig 4. Correlation between the right superior frontal gyrus region of interest (ROI) (cubic
millimeters) and Vocabulary.

white matter hyperintensities during the first year of treat-
ment. Furthermore, these white matter changes closely paral-
leled the administration of intravenous methotrexate (MTX),
possibly in conjunction with intrathecal chemotherapy. In a
longitudinal study of survivors of ALL, Harila-Saari et al'
reported that 3 of 30 patients (10%) had MR imaging white
matter hyperintensities at the completion of treatment and 4
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of 32 patients (12.5%) had white matter hyperintensities 5
years posttreatment. Asato et al® followed 16 children diag-
nosed with ALL and 4 diagnosed with malignant lymphoma in
a prospective study by using serial MR images before and dur-
ing the induction-consolidation phases of treatment. Areas of
high signal intensity were found in the cerebral deep white
matter of 8 children. Seven of the 8 children showed increased
signal intensity areas over the serial MR images. These changes
were transient in 6 of the 8 children. The investigators further
reported that these areas of high signal intensity were first
observed following the introduction of MTX between weeks 5
and 29 and that significant improvements were only noted on
MR imaging after the interruption or discontinuation of in-
trathecal MTX.

The mean age of diagnosis for ALL is 5 years. Brain myeli-
nation continues through adolescence and occurs in an infe-
rior-to-superior and posterior-to-anterior fashion.** For
these reasons, it is reasonable to suspect that early exposure to
toxic chemotherapy agents in the CNS may disrupt develop-
ment of frontal lobe white matter. Our finding of reduced
regional white matter volumes in the frontal lobes of survivors
of childhood ALL supports this idea and is consistent with a
previous report of reduced prefrontal cortex volumes among
long-term survivors of ALL."> Lesnik et al'’ found reduced
prefrontal cortex and cerebellar volumes in 10 long-term sur-
vivors of ALL treated only with chemotherapy when com-
pared with 10 healthy controls matched for age and sex. The
volume differences were related to performances on measures
of attention, memory, and executive function.

Frontal lobe abnormalities are associated with impair-
ments in attention and executive function skills,*’> and atten-
tion difficulties are frequently reported in long-term survivors
of ALL.”** In the current study, verbal (Digit Span) and visual
(Trail Making 4) attention measures were significantly weaker
for survivors of ALL compared with the healthy controls, and
these measures correlated (r > 0.420) with regional frontal
white matter volumes, though the correlations did not reach
statistical significance by using a P value of <. 01 in this small
sample.

Math achievement is the most frequently reported area of
academic difficulty among survivors of ALL.*>**"** Consistent
with this report, written calculation skills were significantly
lower in our group of survivors of ALL compared with healthy
controls, and performance was significantly related (r =
0.651) to white matter volume in the area of the right middle
frontal gyrus. Although math skills, particularly mental arith-
metic skills, are most often associated with intraparietal sulcus
activation during imaging studies,*>*’ functional imaging
studies have also found bilateral prefrontal cortex activation
during numeric processing and mental arithmetic tasks in
children and adults.*>*” Furthermore, a recent study of
healthy children diagnosed with developmental dyscalculia re-
ported reduced brain activation in the right middle frontal
gyrus as well as in the left intraparietal sulcus and left inferior
frontal gyrus of these children compared with healthy con-
trols.** Among childhood brain tumor survivors, the volume
of normal-appearing white matter, in combination with atten-
tional abilities and IQ, has been found to account for a signif-
icant proportion of the variance in math achievement.*®
Therefore, reduced math achievement among survivors of
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ALL in this study might also be explained by reduced atten-
tion, 1Q, and regional frontal lobe white matter volume.

The finding that vocabulary was significantly related to
the volume of white matter in the area of the right superior
frontal gyrus was not expected, given the well-established
relationship of language function with the left hemisphere
in most normally developing people.*> However, vocabu-
lary is often used as a measure of general intelligence, be-
cause it is highly correlated with IQ and is not a cognitive
skill typically associated with a focal brain region. This find-
ing may, therefore, be more indicative of the known rela-
tionship of global intellectual function with overall white
matter volume.*>>°

Survivors of ALL in our study had significant difficulty on
tests of attention, visual-constructional skills, mental flexibil-
ity, and math achievement compared with healthy individuals.
This neuropsychological profile is commonly reported in
long-term survivors of ALL and is sometimes described as a
right hemisphere or nonverbal learning disability.”’ Most in-
teresting, performance on these neuropsychological measures
was related to white matter volume of the identified regions of
interest. These findings further support the notion that cogni-
tive difficulties experienced by survivors of ALL is secondary
to changes in white matter development,” particularly of the
right hemisphere,” and validate the current MR imaging
findings.

This pilot study was limited by a small sample size. De-
spite this limitation, the results were consistent with previ-
ous literature describing the long-term cognitive, aca-
demic, and imaging findings of survivors of ALL and
suggest that the right frontal white matter is particularly
vulnerable to disruption following intensive chemotherapy
for childhood leukemia. Future studies should focus on
further clarifying the white matter changes observed. In
particular, diffusion tensor imaging may shed some light on
the more subtle white matter changes occurring in normal-
appearing white matter. Diffusion tensor imaging could
also be useful in determining if the integrity of white matter
is disrupted throughout the brain or if it is truly circum-
scribed to the frontal lobe areas of survivors of ALL. This
would lend further support to the idea that chemotherapy
at a young age is disruptive to myelination of the frontal
lobes in survivors of ALL. In addition, functional neuroim-
aging studies may provide insight into how early disruption
of white matter development impacts the functional brain
organization of survivors of ALL.

Conclusion

We used VBM to examine regional gray and white matter
differences in a group of long-term survivors of ALL com-
pared with a group of healthy controls. We identified 2 areas of
decreased regional white matter volume in the areas of the
right middle and right superior frontal gyri of survivors of ALL
compared with healthy controls. Findings were consistent
with previous evidence of white matter brain abnormalities
and right hemisphere cognitive dysfunction following treat-
ment for ALL. Future studies should focus on further clarify-
ing the white matter changes observed.



Acknowledgment
We thank Joachim Seeger, MD, for his time and effort in re-
viewing the radiologic scans.

References

1.

0o

w

~

v

(=2}

~

=]

o

20.

21.

22.

23.

24.

Linet MS, Ries LA, Smith MA, et al. Cancer surveillance series: recent trends in
childhood cancer incidence and mortality in the United States. ] Natl Cancer
Inst 1999;91:1051-58

. Margolin JF, Steuber CP, Poplack DG. Acute lymphoblastic leukemia. In: Pizzo

PA, Poplack DG, eds. Principles and Practice of Pediatric Oncology. 4th ed.
Philadelphia: Lippincott Williams & Wilkins; 2002:489 544

. Waber DP, Tarbell NJ. Toxicity of CNS prophylaxis for childhood leukemia.

Oncology (Williston Park) 1997;11:259—64, discussion 264—65

. Balis FM, Poplack DG. Central nervous system pharmacology of antileukemic

drugs. Am J Pediatr Hematol Oncol 1989;11:74—-86

. Pinkel D, Woo S. Prevention and treatment of meningeal leukemia in chil-

dren. Blood 1994;84:355—66

. Asato R, Akiyama Y, Ito M, et al. Nuclear magnetic resonance abnormalities of

the cerebral white matter in children with acute lymphoblastic leukemia and
malignant lymphoma during and after central nervous system prophylactic
treatment with intrathecal methotrexate. Cancer. 1992;70:1997-2004

. Reddick WE, Shan ZY, Glass JO, et al. Smaller white-matter volumes are asso-

ciated with larger deficits in attention and learning among long-term survi-
vors of acute lymphoblastic leukemia. Cancer 2006;106:941—49

. Chu WC, Chik KW, Chan YL, et al. White matter and cerebral metabolite

changes in children undergoing treatment for acute lymphoblastic leukemia:
longitudinal study with MR imaging and 1H MR spectroscopy. Radiology
2003;229:659-69

. Davidson A, Payne G, Leach MO, et al. Proton magnetic resonance spectros-

copy ((1)H-MRS) of the brain following high-dose methotrexate treatment
for childhood cancer. Med Pediatr Oncol 2000;35:28 —34

. Harila-Saari AH, Paakko EL, Vainionpaa LK, et al. A longitudinal magnetic

resonance imaging study of the brain in survivors in childhood acute lympho-
blastic leukemia. Cancer 1998;83:2608-17

. Hertzberg H, Huk WJ, Ueberall MA, et al. CNS late effects after ALL therapy in

childhood. PartI. Neuroradiological findings in long-term survivors of child-
hood ALL: an evaluation of the interferences between morphology and neu-
ropsychological performance—The German Late Effects Working Group.
Med Pediatr Oncol 1997;28:387—-400

. Tuvone L, Marjotti P, Colosimo C, et al. Long-term cognitive outcome, brain

computed tomography scan, and magnetic resonance imaging in children
cured for acute lymphoblastic leukemia. Cancer 2002;95:2562-70

. Lesnik PG, Ciesielski KT, Hart BL, et al. Evidence for cerebellar-frontal sub-

system changes in children treated with intrathecal chemotherapy for
leukemia: enhanced data analysis using an effect size model. Arch Neurol
1998;55:1561-68

. Lovblad K, Kelkar P, Ozdoba C, et al. Pure methotrexate encephalopathy pre-

senting with seizures: CT and MRI features. Pediatr Radiol 1998;28:86-91

. Paakko E, Vainionpaa L, Pyhtinen J, et al. Minor changes on cranial MRI dur-

ing treatment in children with acute lymphoblastic leukaemia. Neuroradiology
1996;38:264—68

. Paakko E, Harila-Saari A, Vanionpaa L, et al. White matter changes on MRI

during treatment in children with acute lymphoblastic leukemia: correlation
with neuropsychological findings. Med Pediatr Oncol 2000;35:456—61

. OchsJ, Mulhern R, Fairclough D, et al. Comparison of neuropsychologic func-

tioning and clinical indicators of neurotoxicity in long-term survivors of
childhood leukemia given cranial radiation or parenteral methotrexate: a
prospective study. J Clin Oncol 1991;9:145-51

. Wilson DA, Nitschke R, Bowman ME, et al. Transient white matter changes on

MR images in children undergoing chemotherapy for acute lymphocytic
leukemia: correlation with neuropsychologic deficiencies. Radiology
1991;180:205-09

. Esseltine DW, Freeman CR, Chevalier LM, et al. Computed tomography brain

scans in long-term survivors of childhood acute lymphoblastic leukemia. Med
Pediatr Oncol 1981;9:429-38

Ochs JJ, Parvey LS, Whitaker JN, et al. Serial cranial computed-tomography
scans in children with leukemia given two different forms of central nervous
system therapy. ] Clin Oncol 1983;1:793-98

Pavlovsky S, Fisman N, Arizaga R, et al. Neuropsychological study in patients
with ALL: two different CNS prevention therapies— cranial irradiation plus
IT methotrexate vs. IT methotrexate alone. Am ] Pediatr Hematol Oncol
1983;5:79-86

Moore BD 3rd. Neurocognitive outcomes in survivors of childhood cancer.
J Pediatr Psychol 2005;30:51- 63

Anderson V, Godber T, Smibert E, et al. Neurobehavioural sequelae following
cranial irradiation and chemotherapy in children: an analysis of risk factors.
Pediatr Rehabil 1997;1:63-76

Brown RT, Sawyer MG, Antoniou G, et al. Longitudinal follow-up of the intel-

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

lectual and academic functioning of children receiving central nervous sys-
tem-prophylactic chemotherapy for leukemia: a four-year final report. ] Dev
Behav Pediatr 1999;20:373-77

Copeland DR, Moore BD, Francis DJ, et al. Neuropsychologic effects of che-
motherapy on children with cancer: a longitudinal study. J Clin Oncol
1996;14:2826-35

Espy KA, Moore IM, Kaufmann PM, et al. Chemotherapeutic CNS prophylaxis
and neuropsychologic change in children with acute lymphoblastic leukemia:
a prospective study. J Pediatr Psychol 2001;26:1-9

Giralt J, Ortega JJ, Olive T, et al. Long-term neuropsychologic sequelae of
childhood leukemia: comparison of two CNS prophylactic regimens. Int |
Radiat Oncol Biol Phys 1992;24:49-53

Hill DE, Ciesielski KT, Sethre-Hofstad L, et al. Visual and verbal short-term
memory deficits in childhood leukemia survivors after intrathecal chemo-
therapy. ] Pediatr Psychol 1997;22:861-70

Kaemingk KL, Carey ME, Moore IM, et al. Math weaknesses in survivors of
acute lymphoblastic leukemia compared to healthy children. Child Neuropsy-
chol 2004;10:14-23

Kingma A, van Dommelen RI, Mooyaart EL, et al. Slight cognitive impairment
and magnetic resonance imaging abnormalities but normal school levels in
children treated for acute lymphoblastic leukemia with chemotherapy only.
J Pediatr 2001;139:413-20

Raymond-Speden E, Tripp G, Lawrence B, et al. Intellectual, neuropsycholog-
ical, and academic functioning in long-term survivors of leukemia. | Pediatr
Psychol 2000;25:59—-68

Brown RT, Sawyer MB, Antoniou G, et al. A 3-year follow-up of the intellectual
and academic functioning of children receiving central nervous system pro-
phylactic chemotherapy for leukemia. ] Dev Behav Pediatr 1996;17:392-98
Brown RT, Madan-Swain A, Walco GA, et al. Cognitive and academic late
effects among children previously treated for acute lymphocytic leukemia re-
ceiving chemotherapy as CNS prophylaxis. ] Pediatr Psychol 1998;23:333—40
Kaemingk KL, Carey ME, Moore IM, et al. Math weaknesses in survivors of
acute lymphoblastic leukemia compared to healthy children. Child Neuropsy-
chol 2004;10:14-23

Moore IM, Espy KA, Kaufmann P, et al. Cognitive consequences and central
nervous system injury following treatment for childhood leukemia. Semin
Oncol Nurs 2000:16:279-90, discussion 291-99

Good CD, Johnsrude IS, Ashburner J, et al. A voxel-based morphometric study
of ageing in 465 normal adult human brains. Neuroimage 2001;14(1 Pt
1):21-36

Wilke M, Schmithorst V], Holland SK. Normative pediatric brain data for
spatial normalization and segmentation differs from standard adult data.
Magn Reson Med 2003;50:749—-57

Wechsler D. Manual for the Wechsler Intelligence Scale for Children-Third Edi-
tion. San Antonio, Tex: The Psychological Corporation; 1991

Wechsler D. Administration and Scoring Manual for the Wechsler Adult Intelli-
gence Scale-Third Edition: San Antonio, Tex: The Psychological Corporation;
1997

Woodcock RW, McGrew KS, Mather N. Woodcock Johnson III Tests of Achieve-
ment. Itasca, IlI: Riverside Publishing; 2001

Delis DC, Kaplan E, Kramer JH. Examiner’s Manual for the Delis-Kaplan Exec-
utive Function System. San Antonio, Tex: The Psychological Corporation; 2001
Lenroot RK, Giedd JN. Brain development in children and adolescents: in-
sights from anatomical magnetic resonance imaging. Neurosci Biobehav Rev
2006;30:718-29

Heilman KM, Valenstein E. Clinical Neuropsychology. 4th ed. New York: Oxford
University Press; 2003

Carey ME, Hockenberry MJ, Moore IM, et al. Brief report: effect of intravenous
methotrexate dose and infusion rate on neuropsychological function one year
after diagnosis of acute lymphoblastic leukemia. ] Pediatr Psychol
2007;32:189-93

Cantlon JF, Brannon EM, Carter EJ, et al. Functional imaging of numerical
processing in adults and 4-y-old children. PLoS Biol 2006;4:e125. Epub 2006
Apr 11

Kucian K, Loenneker T, Dietrich T, et al. Impaired neural networks for approx-
imate calculation in dyscalculic children: a functional MRI study. Behav Brain
Funct 2006;2:31

Rickard TC, Romero SG, Basso G, et al. The calculating brain: an fMRI study.
Neuropsychologia 2000;38:325-35

Reddick WE, White HA, Glass JO, et al. Developmental model relating white
matter volume to neurocognitive deficits in pediatric brain tumor survivors.
Cancer 2003;97:2512—-19

Haier RJ, Jung RE, Yeo RA, et al. Structural brain variation and general intel-
ligence. Neuroimage 2004;23:425-33

Reiss AL, Abrams MT, Singer HS, et al. Brain development, gender and
1Q in children: a volumetric imaging study. Brain 1996;119(Pt 5):1763—
74

Rourke B. Syndrome of Nonverbal Learning Disabilities: Neurodevelopmental
Manifestations. New York: Guilford; 1995

AJNR Am J Neuroradiol 29:792-97 | Apr 2008 | www.ajnr.org 797



