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Abstract

Children surviving treatment for malignant brain tumors commonly have problems maintaining their premorbid
levels of intellectual development and academic achievement. Our group has been especially interested in the effects
of treatment on normal appearing white matter (NAWM) on MRI and the influence of NAWM volumes on
neurocognitive functioning. The present study assessed NAWM and attentional abilities among 37 long-term
survivors of malignant brain tumors, ranging in age from 1.7 to 1M8r(= 6.5) years at diagnosis, who had been
treated with cranial radiation therapy with or without chemotherapy 2.6 to Mbd® & 5.7) years earlier. On the
Conners’ Continuous Performance Test, the Overall Index and 7 of the other 10 indices were significantly deficient
compared to age- and gender-corrected normative values. After statistically controlling for the effects of age at
diagnosis and time elapsed from treatment, 5 of the 8 indices were significantly associated with cerebral white
matter volumes antbr specific regional white matter volumes of the prefropfi@ntal lobe and cingulate gyrus. No
gender effects were observed. The results of the present study further support the contention that NAWM is an
important substrate for treatment-induced neurocognitive problems among survivors of malignant brain tumors of
childhood. JINS 2004,10, 180-189.)
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INTRODUCTION ing slope was only 30% of what was needed to maintain

. . . . their pretreatment intellectual trajectories (Palmer et al.,
Children surviving treatment for malignant brain tumors 2001)

commonly have problems maintaining their premorbid lev-
els of intellectual development and academic achievemerge
(Mulhern et al., 1992; Ris & Noll, 1994; Roman & Sper-
duto, 1995), ultimately depressing their quality of life as |
adults (Mostow et al., 1991). It has become clear that suclg
problems stem from a decline in their rate of learning rathelii
than from a loss of previously acquired skills and abilities.

For example, one recent investigation of children treate hese sources of injury on the neurocognitive status of sur-

Ior me(:;ulL(?ltélrz]ist(;ma,t_thet n(wj(?ds]t tct(r)]m_mon tn:a“%nam“bra'r\/iving children appears to be modified by the age of the
umor ot chiidhood, estimated that their post-reatmen earnbatient at the time of treatment and the time elapsed from

completion of treatment in that younger children and those
. o evaluated further from treatment more likely to exhibit def-
Reprint requests to: Raymond K. Mulhern, Ph.D., Division of Behav- . . Mulh | 1998 Ri | 2001 Wal |
ioral Medicine, St. Jude Children’s Research Hospital, 332 N. LauderdaléCItS ( ulhern et al.,  Risetal, » Walter et al.,
St., Memphis, TN 38105-2794. E-mail: raymond.mulhern@stjude.org  1999).
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Numerous known sources of injury to the developing
ntral nervous system may be associated with the treat-
ment of malignant brain tumors, including tumor invasion

f brain parenchema, increased intracranial pressure, sei-
ures, mechanical injury from tumor resection, periopera-
ve complications, and radiation- and chemotherapy-
induced neurotoxicity (Ris & Noll, 1994). The impact of
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Notwithstanding these known sources of brain damagesior system is involved in regulation of cognitive opera-
the biological mechanisms mediating the development ofions (Posner & Peterson, 1990). “Executive attention” is
chemotherapy- and irradiation-induced neurocognitive defrequired for more complex tasks, such as those that involve
icits are poorly understood among children treated for maplanning (Posner & DiGirolamo, 1998). Executive atten-
lignant brain tumors. Both chemotherapy and radiationtion is associated with the anterior system, which exerts
therapy have the shared capacity to result in leukoencepleontrol over areas involved in target detection and response
alopathy by targeting myelin-producing oligodendrocytes,(Posner & DiGirolamo, 1998). The Continuous Perfor-
astrocytes, the microvasculature, or mature myelin directlynance Test (CPT) has been used empirically to tap the
(Filley & Kleinschmidt-DeMasters, 2001). Quantitative analy- anterior attention system (e.g., Hager et al., 1998).
ses of brain morphology following the treatment for malig-  Prior studies from our laboratory have attempted to as-
nant brain tumors of childhood with radiation therapy with sociate treatment-related white matter changes with atten-
or without chemotherapy have shown objective evidenceaion, as measured by the Overall Index score from the
for white mater loss antbr failure to develop white matter Conners’ Continuous Performance Test (Conners, 1995),
at an age-appropriate rate compared to patients treated fand memory deficits, as measured by the List A Trials 1 to
low grade tumors with surgery alone (Mulhern et al., 1999;5 score on the California Verbal Learning Test (Delis et al.,
Reddick et al., 2000). Deficient development of white mat-1994) among children treated for malignant brain tumors.
ter in children treated for malignant brain tumors has beerThe initial study did not demonstrate a significant relation-
associated with 1Q loss (Mulhern et al., 1999). In addition,ship between normal white matter volumes following cra-
it has been suggested that the increased risk for 1Q deficitsial irradiation and attentional and memory deficits (Mulhern
among younger patients can largely be explained by whitet al., 2001). More recently, Reddick (2003) has replicated
matter pathology (Mulhern et al., 2001). our earlier finding of the relationship between white matter

However, it is likely that measures of 1Q and academicloss and IQ decline (Mulhern et al., 1999), and further dem-
achievement, which have traditionally defined the end-onstrated that the relationship between white matter loss
points in this area of research, merely represent the distand 1Q decline is mediated by loss of attentional abilities.
result of a cascade of deficits involving more basic neuro-However, neither of these reports included detailed analy-
cognitive processes, such as attention, processing speesks of regional white matter loss or more specific indices of
and working memory. These processes, and their relatiordifferent attentional abilities. In that functional and morpho-
ships with 1Q, have been more extensively studied amondpgic MRI studies have implicated the relative importance
patients with other forms of cancer who receive centralof frontal and prefrontal structures (e.g., cingulate gyrus,
nervous system treatment with chemotherapy with or with-dorsolateral prefrontal cortex) in executive functions, atten-
out radiation therapy, principally children treated for acutetion, and working memory (e.g., Casey et al., 2000), one
lymphoblastic leukemia (ALL; Brouwers et al., 1984; Espy would expect that white matter pathology in these areas
et al., 2001; Lockwood et al., 1999; Rodgers et al., 1999would have the greatest adverse impact on attentional abil-
Schatz et al., 2000). Some time ago, Brouwers and colities. This relationship has recently been supported by a
leagues (1984) demonstrated a significant association betudy showing white matter volume differences among chil-
tween problems with attention switching and evidence ofdren medicated for ADHD, unmedicated children with
cortical atrophy and calcifications on CT. More recently, ADHD, and healthy controls (Castellanos et al., 2002).
Schatz et al. (2000) demonstrated that IQ deficits among The objectives of the present study were to examine the
children treated for leukemia with irradiation, as comparedntegrity of attentional processes among survivors of ma-
to non-irradiated patients, can largely be accounted for byignant brain tumors of childhood, and to associate levels of
deficits in information processing speed and working mem-attentional functioning to white matter development in
ory. Many of these cognitive processes fall under the uma-priori regions of interest. We hypothesized that (1) atten-
brella of “executive” or goal-directed cognitive processestional functioning would be impaired relative to normal,
Executive functions are thought to be primarily mediatedhealthy peers; (2) more impaired attentional functioning
by control mechanisms in the frontal cortex, and includewould be associated with lower 1Qs; and (3) decreased vol-
the ability to integrate multiple sources of information, keepumes of normal cerebral white matter, especially in the fron-
track of multiple goals, ignore distracting information, and tal and prefrontal areas, would be associated with greater
focus on new information or activities (e.g., Baddeley, 1996)impairment of attentional functioning.

“Attention” is a broad term that refers to a group of in-
terrelated cognitive processes, including the ability to alert
or orient to stimuli, selectively attend to stimuli while ig- METHODS
noring distracting information, sustain focused attention,
and disengage and reengage focus on new stimuli (Posn@esearch Participants
& Peterson, 1990). Posner and Peterson’s model makes a
distinction between a posterior attention system and an arStudy participants were recruited from an IRB-approved
terior attention system. The posterior system is primarilyclinical trial for patients diagnosed with cancer at a single
responsible for orienting to sensory stimuli, while the ante-pediatric medical center (Thompson et al., 2001). To be
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eligible for participation, the patient was required to beConners’ Continuous Performance Test (CCPT)

between the ages of 6 and 18 years, and have complet@ﬁ1 . .
therapy with documented disease control for two years o € .C.CPT (Conners,. 1995) is a W|delly_used computer-
dministered test of visual attention, originally developed

longer. It was also required that participants have Englis L . . . - o
as their primary language. Of the 108 consenting particit-ﬁ) assist in the diagnosis of Attention Deficit Hyperactivity

S Disorder (ADHD). The CCPT provides age- and gender-
f he 117 hed f IS .
pants from the approached for participation, our study orrected standard scores on multiple indices of attentional

focused on the 57 patients diagnosed with malignant braif

tumors who were treated with surgical resection and crania‘rflb”:ﬂeS fo(;.bOth heglth;:hcrxlgﬁg a_lr_‘ﬁ agtz:ltlaasjlfzgnts as W?”
irradiation, with or without chemotherapy. Of these 57 pa-as ose diagnosed wi - 1he IS approxi-

tients, 17 were excluded because of technical problems witﬂmftely .14. min in duration and is computer scored. The
the study (e.g., missing psychological or MRI exams in_pat|ent is instructed to press the space bar on the computer

correct or incomplete MRI sequences, or movement arti—keyboard when they see any letter other theand to with-

facts on MRI). A visual inspection of the processed imagegmld responding when the lettérappears. Pressing the bar

for each patient revealed that an additional 3 patients’ im_after any letter other tha is termed a *hit,” not pressing

sing was signoanty €15 degrees of taton)cutof 1= 21 4 L1 e s o e ef omieson
alignment from the desired transverse plane. P 9 |

Therefore, 37 participants (20 male, 17 female) were in-L.etters are presented fpr 250 ms. The taSkOIS compoged of
cluded in the final analysis. Patients ranged in age from 1.7% blocks of 60 trials with approximately 10% of the stim-

t014.8 (Mdn= 6.5) years at treatment, and had beentreate&“ shown asX. Within each block, 20 trials each are pre-

with cranial radiation therapy with or without chemother- sented with an interstimulus interval of 1, 2, or 4 s,
apy 2.6 to 15.3 ldn = 5.7) years earlier. Primary tumor Eleven different age- and gender-corrected indices of at-

histologies consisted of medulloblastonma= 17), astro- tgnuon are(()jerlv?ldlfrgm the pe.rsfc])nz p(larfornrwlanc? 'E a‘i‘il'
cytoma 1 =7), ependymoman( = 5), PNET 1 = 4), tion to an Overall Index, a weighted algorithm of the
germinoma g = 2), oligodendrogliomar( = 1), and cra- corr_lponern scores, each rgpresgntmg different attentional
niopharyngiomarf = 1). Tumors were located in the pos- islttrlbutgs. Errors of Omlsspn (hlgher. scores reflect prob-
terior fossa regionr(= 23), third ventricle regionr( = 6), ems with focused or selective attention), Errors of Com-

and cerebral hemispheres € 8; right frontal = 1, left mission (higher scores reflect impulsivity, disinhibition),

frontal = 5, right temporak 1, right parietal= 1). Eighteen Hit Reaction Time (reverse scored so that higher scores

patients received chemotherapy consisting of one or morreﬂeCt slower processing speed), Hit Reaction Time Stan-

of the following agents: cisplatin, carboplatin, cyclophos—Sard I_Error and Hit Reaction T_|me V"’.‘”ab""y Standard Er—
phamide, vincristine, and MOPP. All patients received cra’o’ (higher scores represent inconsistency of responding),

nial radiation therapy: 16 had local radiation therapy to theAttentweness (higher scores represent poor perceptual sen-

primary tumor site alone: 11 conventional (49.2-59.4 Gy) sitivity), Risk Taking (higher scores reflect a conservative

: response style intended to minimize commissions), Hit Re-
1 hyperfractionated (70.2 Gy), and 1 brachytherapy (65.§ ! : : . .
Gy). Twenty-four patients received local and whole brainac'uon Time Block Change and Hit Reaction Time Standard

irradiation: 3 received local irradiation with hyperfraction- Error Block Change (higher scores reflect problems with

ation (66.0, 66.0, 69.8 Gy), and 21 received conventiona?UStained attention), Hit Reaction Time Interstimulus Inter-

local irradiation (50.4-56.3 Gy) with all 24 patients receiv- Val Change and Hit Reacu_on Time Standard Error '”tef‘
ing whole brain irradiation of 23.4 to 44.0 Gilgin = 35.2 stimulus Interval Change (higher scores reflect problems in

Gy). Standard fractionation for conventional irradiation Wasadaptmg response tempo to stimuli).
1.8 Gy. All patients routinely received screening for endo- RI evaluations
crinopathies and hearing loss with correction provided aévl
an institutional standard of care. MRIs were performed on a 1.5 T Magnetom (Siemens Med-
The mean estimated IQ of the sample, using an abbrevical Systems, Iselin, NJ) whole body imager using the stan-
ated version of the WISC-III (Wechsler, 1997; Informa- dard circular polarized volume head coil. T1, T2, and PD
tion, Similarities, Block Design) was 83.5D = 19.7), images were acquired on all patients as transverse 5-mm
significantly below normal expectations for age in the gen-thick slices with a 1-mm gap interleaved to avoid cross-talk
eral population p < .001). Mean subtest scores for Infor- between slice excitations. T1 images were acquired using a
mation M = 6.89, SD = 3.59), Similarities 1 = 7.89, gradient-echo FLASH-2D imaging sequence (T =
SD= 3.56), and Block Design\ = 6.70,SD= 4.03) were  266/6 ms, 90 flip angle, 192 phase encodes, three acqui-
all below normal expectationgé < .001). sitions). T2 and PD images were acquired simultaneously
using a dual spin-echo sequence (TE1/TE2 = 3500/
19/93 ms, two echoes, 192 phase encodes, one acquisi-
tion). The imaging protocol for this study was chosen because
All procedures were completed at a single outpatient clinidt is a routine element in the evaluation of patients at our
visit which included the Conners’ Continuous Performancenstitution. Standard positioning beams on the magnet and
Test, and MRI. head immobilization devices built into the head coil by the

Procedures
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sentative index slice was chosen to sample cortical gray
matter, white matter, central gray matter structures, and ven-
tricular CSF (Figure 2) and has been shown to be highly
predictive of full cerebrum volumes in other patient popu-
lations (Glass et al., in press).

Volumes of brain parenchyma on MR images were quan-
titatively assessed using a fully automated hybrid neural
network segmentation and classification method. The re-
sulting classified regions were mapped to a color scheme
similar to that used for positron emission tomography. For
contrast purposes, the background was colored black. A
histogram was then completed to determine the number of
pixels present, which was then multiplied by pixel volume
to determine the sampled volume of each tissue type. Ro-
bust reliability and validity have been previously estab-
lished for these methods (Reddick et al., 1997, 1998).

Regional areas of interest were neuroanatomically de-
fined using an adaptation of the methodology of Reiss et al.
(1996). Four planes were passed through the transaxial in-
dex slice: (1) a midsagittal plane, dividing the slice into
Fig. 1. Sl W) shoving ne suporir e nfrr bound: 157 1 DETIBRTE 2) & 0, e pasng
aries of the five images processed for normal appearing white .
matter volumes. callosum, (3) a coronal plane passing through the most pos-

terior aspect of the splenium of the corpus callosum; (4) a
coronal plane perpendicular to the midsagittal plane at the
midpoint between the anterior and posterior coronal planes
manufacturer were sufficient to ensure adequate head pogiFigure 2). These planes were extended to the two slices
tioning and immobilization in these studies. above and the two slices below the index slice, resulting in

Image registration, a process of alignment so that the regions of interest: left and right prefrontal, left and right
individual points in an image correspond to the same anafrontal, left and right parietdtemporal, and left and right
tomical tissue in a related image, was performed withinparieta)/occipital regions.
each examination. A single transverse section at the level of In many cross-sectional studies of the relationships be-
the basal ganglia, including both genu and splenium of théween brain volumes and cognitive performance, intracra-
corpus callosum, and generally showing the putamen andial volumes (ICV) may be corrected for age dodgender.
the lateral ventricle was selected as the index slice for thisn our sample, there was no significant relationship be-
investigation, allowing for quantification of both interhemi- tween age at the time of the MRI exam and IQ\(37) =
spheric and intrahemispheric white matter tracts. Post-MRI09, p = .598]. Because ICV in healthy male children has
processing was conducted on five slices: the index sliceheen reported as approximately 10% greater than in healthy
the two adjacent slices above the index slice, and the twéemale children with the technique of Reiss et al. (1996),
adjacent slices below the index slice (Figure 1). The reprewe compared male and female patients and found differ-

Fig. 2. An example of segmentation and classification of the eight regional NAWM volumes (lighter shading) at each
of the five levels of MRI from superior to inferior (left to right). The index slice is represented as the third image from
the left.
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ences in ICV nonsignificantt{35) = —.590,p = .559].  Table 1. CCPT scores in comparison to age- and
Therefore, in this analysis, brain volumes were not cor-gender-corrected norms & 37)
rected for age at the time of participation or gender.

Variable M SD t p
‘g Overall Index 8.46 6.69 7.99 <.001
Statistical Approach Errors of Commission 53.54 12.83 1.74 ns
Preliminary analyses failed to find any differences betweerHit RT 62.23 1566 4.94 <.001
patients with supratentorial (cerebral hemispheres and thirtlit RT SE 69.19  17.36  6.99 <.001
ventricle region) and non-supratentorial tumors for NAWM Variability RT SE 63.47 16.22 525 <.001
volumes and these groups were therefore combined. Usirfgte"tiveness 59.72 1432 4.29 <.001
Lo isk Taking 76.63 22.18 7.59 <.001
the age- and gender-corrected T-scores for all indices X3t RT Block Change 5442 1534  1.82 ns
cept Errors of Omission (which only yields a percentile Hit RT SE Block Change ~ 54.00 16.22  1.56 ns
rank score), we first conducted comparisons of CCPT peryjt R |s| Change 64.01 18.70 4.73 <.001

formance to test norms to identify deficit areas. We thenyjt RT SE ISI Change 58.17 14.27 3.62 <.001
tested the strength of associations between the CCPT scores

and estimated 1Q. Finally, we tested the associations beNote.RT = reaction time; SE= standard error; ISk interstimulus inter-
tween CCPT scores and NAWM volumes using multiple;d 1<%, for 200U 00t O S0 A e e aye ndicate worse
regression and partial correlation techniques. Bivariate cOrperformance. Alp-values are for two-tailed tests of significance.
relations between age at irradiation and CCPT variables

ranged fronr = .01 tor = .24 (Mdn = .11), and between

time elapsed from irradiation and CCPT variables range

fromr = .05 tor = .45 (Mdn = .09) with few values reach- (?o non-targets, and .had dnfﬁculty.m adaptlng their response
tempo to changes in the interstimulus intervals. Errors of

ng statistical y_gmﬁcance. Howeygr, m_the Interest of Con_Commission, Hit RT Block Change, and Hit RT SE Block
sistency of our findings and the ability to interpret the results, L .
Change were not significantly different from normal age-

age at irradiation and time elapsed from irradiation were .
. : ) and gender-corrected test norms, suggesting that the sam-
always forced into the regressions first.

In exploratory analyses with multiple comparisons, theple as a whole did not display impulsive responding and

potential for Type-1 errors is increased. One potential soluEhat patients were able to maintain a stable level of sus-

. L ._tained attention over the duration of the test.
tion would be data reduction in the form of factor analysis The intercorrelations amona CCPT indices that were sid-
of the CCPT. However, we had no CCPT conceptual model g 9

or previous factor analyses of the CCPT available to guidenmcantly depressed relative to normative values revealed,

us. In addition, there was concern that we might miss 23S expected, that the Overall Index was significantly corre-

. . ; o - lated with all other indices (Table 2). In order to reduce the
important relationship between individual indices and 1Q . ' .
: Type-1 error associated with the 36 correlations, a more
or brain volumes. To address Type-1 error as a threat to th . :
reliability of the findings, when the probability of a Type-1 cOnservative-value of .01 was adopted. Wit the excep-
Y gs, P Y yp tion of Hit RT, most of the other indices were significantly

error was 50% or greater at< .05 (e.g., 1(t tests), we . : ;
) correlated with each other, suggesting a strong influence of
adopted a more conservatipevalue of < .01. All tests of ) S
shared variance among indices.

statistical significance report two-tailed probabilities .

RESULTS Attention and 1Q

Also illustrated in Table 2 are the significant relationships
CCPT Performance between 1Q estimated by the short administration explained
Based uport tests for independent groups, the mean perearlier and the CCPT indices that were significantly lower
formance of patients was significantly worse than age- andhan normal expectations. Six of the eight correlations
gender-corrected test norms on the Overall Index and on feached statistical significance, ranging from456 to
of the 10 component indices (Table 1): Hit Reaction Time—.636. Multiple regression analyses were conducted to de-
(RT), Hit RT Standard Error (SE), Variability of RT SE, termine the CCPT variables with the greatest influence on
Attentiveness, Risk Taking, Hit RT Interstimulus Interval 1Q. For all analyses, the patient’s age at diagnosis and time
(IS1) Change, and Hit RT SE ISI Change. Because of theelapsed from diagnosis were first forced into the regression
number of comparisons, we adopted a more conservativeodel. Incremental predictive value is indicated by signif-
p-value of<.01. This pattern suggested that, compared tdacant standardized beta coefficients with the total variance
healthy peers, the sample as a whole failed to detect targeplained by the model presented for comparison purposes.
stimuli, were slow to respond to targets, had significantWhen all indices were available, the Overall Index but none
variability in their speed of response to target stimuli, hadof the other CCPT variables entered into the equation (beta
difficulty in discriminating target from non-target stimuli, —.690,p = .001; modelR? = .513,p = .001). When this
adopted a conservative response style to avoid respondiranalysis was repeated without the Overall Index, which is a
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Table 2. Intercorrelations among significantly low CCPT scores and IQ estimate

Overall Hit RT  Variability Risk Hit RT Hit RT SE
Index Hit RT SE RT SE Attentiveness Taking ISl Change ISI Change

CCPT Overall Index 1.00 X X X X X X X
CCPT Hit RT 417 1.00 X X X X X X
CCPT Hit RT SE .855*  445**  1.00 X X X X X
CCPT Variability RT SE Jg72* 207 .899**  1.00 X X X X
CCPT Attentiveness .543** 037 .520** .654** 1.00 X X X
CCPT Risk Taking .603**  .352 .639** .522** A5T7** 1.00 X X
CCPT Hit RT ISI Change .696** .255 .647** .500** .325 .362 1.00 X
CCPT Hit RT SE ISI Change .639** .020 .569** .563** 311 .343 .788** 1.00
IQ Estimate —.626** —.429** —.636** —.573* —.468** —.456**  —.339 —.243

Note.RT = reaction time; SE= standard error; IS¥ interstimulus interval. All values are T-scores except for the Overall Index. Hit RT is reverse scored
so that higher values indicate worse performance, like other CCPT variables. Statistically significant correlations (two-tailed) are uftgrknéd.

composite measure, the Reaction Time Standard Error wakotal cerebral NAWM volume showed significant incremen-
the only CCPT variable to enter the equation (beta.672, tal prediction of the Overall Index (beta—.497,p = .002;
p = .001; modeR? = .507,p = .001). modelR? = .165,p = .006), Hit RT SE (beta= —.475,p =
.005; modeR? = .256,p =.019), Variability RT SE (beta
. —.450,p=.009, modeR? = .200,p = .059), Attentiveness
Attention and NAWM Volumes (beta= —346,p = .045; modeR? = .165,p = .109), and

An analysis of the mean values for NAWM volumes for the Risk Taking (beta= —.411,p=.015; modeR® =.214,p=
8 regions of interest (Figure 2), usingests for dependent -044) scores. Lower volumes of NAWM were always asso-
groups, found no significant differences between right ancFiated with worse CCPT performance. _
left prefrontal or parietaimid-temporal volumes. Right fron- ~ We further explored the relation between the eight re-
tal NAWM was greater (mean differenee 1.5 cc or 10%) gional NAWM volumes and the CCPT scores that were
than on the left (Table 3). Although the total right hemi- below normal expectations compared to the standardization
sphere NAWM value was greater (mean differeack5 cc) §ar_np|e. In separate regression analysig for each of th_e seven
than on the left, the value did not reach statistical signifi-indices, we again controlled for the patient's age at diagno-
cance because it represented a difference of only 2.6%. SIS and time elapsed from diagnosis by forcing these vari-
For those CCPT scores that were below normal expecta’imes into the regression first. Then, all 8 NAWM regions
tions based upon the standardization sample, the associ#€re allowed to enter in a stepwise fashion. Right Prefron-
tions between NAWM volumes and CCPT scores werd@d NAWM showed significant incremental prediction of
explored using separate step-wise multiple regression analfAtentiveness (beta —.420,p = .012; modelR® = .228,
ses. For all analyses, the patient's age at diagnosis and tinfke= -034), Left Prefrontal NAWM showed significant in-
elapsed from diagnosis were first forced into the regressiorémental prediction of Hit RT SE (beta—.416,p=.011;
model. Incremental predictive value is indicated by signif-modelR? = .220,p = .020) and Hit RT ISI Change (beta
icant standardized beta coefficients with the total variance™-357,P = .019; modelR® = .310,p = .006), and Right

of the Overall Index (beta& —.497,p = .002; modeR? =

.299,p =.008) and Hit RT (betas —.412,p = .014; model

2 = =
Table 3. Comparison of intra-individual NAWM volumes R®=.202,p = .056).

(n=37)
_ _ : DISCUSSION
Left hemisphere Right hemisphere
_ The present study demonstrates that survivors of malignant

Variable M (SD) M (SD) P brain tumors of childhood have attentional deficits that can
Regional areas be at least partially characterized by their performance on a

Prefrontal 10.9 (3.6) 113 (2.9) ns computerized continuous performance test. Their pattern of

Frontal 120 (37) 132 (2.8) .024 performance suggests that, compared to healthy peers, the

ParietaJ Temporal 165 (3.5 171 (3.3) ns gample as a whole failed to detect target stimuli, were slow
. Pe;neta}’OccnpltaI 1587.27 (141-23 157;52 (352 NS to respond to targets, had significant variability in their
otalarea 7 (14 : (98) NS gpeed of response to target stimuli, had difficulty in discrim-
Note. Volumes are in cubic centimeters. Aptvalues are for two-tailed matmg target from non-tar.get Stlmu“_‘ adopted a conserva-
tests of significance. tive response style to avoid responding to non-targets, and
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had difficulty in adapting their response tempo to changesitive functioning (Casey et al., 2000). White matter but not
in the interstimulus intervals. However, since these resultgray matter volumes normally decline in the healthy aging
are based upon comparisons to test norms rather than mopulation (Guttmann, 1998). Previous reports on the asso-
parallel control group of healthy children, they must remainciation of white matter and cognitive function have been
tentative. Among patients in our sample, attentional deficitanixed, mostly relying on 1Q as an outcome measure. An-
were strongly associated with their intellectual develop-dreason et al. (1993) conducted IQ testing and MRI on 67
ment as measured by 1Q. The present study is the first thealthy adult volunteers and found a correlation of 0.35
document that reduced cerebral NAWM is significantly as-between gray matter volume and Full Scale 1Q but only a
sociated with deficits in attention among patients treatedsmall, nonsignificant correlation of 0.14 between white mat-
for malignant brain tumors. More specifically, even afterter volume and Full Scale 1Q. Similarly, Reiss (1996), in a
adjusting for age at diagnosis and time elapsed from diagstudy of brain morphology of 85 healthy children 5-17 years
nosis, patients with smaller volumes of normal appearingf age, found a significant association between volume of
prefrontajfrontal lobe and cingulate gyrus white matter cerebral gray matter and 1Q but not between cerebral white
had greater problems with attention (Table 4). These idenmatter volume and 1Q. After controlling for the effects of
tified regional NAWM volumes include Brodmann's areas gender, prefrontal gray matter alone accounted for approx-
9, 10, 24, 32, and 46 which are known to be activated orimately 20% of the variance in 1Q.
PET and fMRI examinations during attentional tasks (Ca- The absence of a strong correlation between normal white
beza & Nyberg, 2000). matter and 1Q in healthy children and adults is in contrast to
These results build upon the previous work of our groupreports of significant associations of white matter abnor-
and others that has demonstrated that intellectual declinemalities with cognitive dysfunction in normal aging and
over time among children treated for cancer is due to fail-ADHD populations. For example, in a quantitative review
ure to acquire information at an age-expected rate (Palmaronducted by Gunning-Dixon and Raz (2000), the presence
et al., 2001), that this phenomenon results from deficits irof white matter abnormalities on MRI was associated with
attention, processing speed, and working memory (Brouwworse performance on tests of processing speed, immediate
ers, et al. 1984; Lockwood et al., 1999; Espy et al., 2001and delayed memory, and executive functions among healthy
Rodgers et al., 1999; Schatz et al., 2000), and that a putadults 38 to 79 years of age. In addition, several studies
tive biological mechanism underlying these changes is &ave documented differences in brain volumes between
loss of normal white matter or a failure to continue to de-healthy children and those diagnosed with ADHD, includ-
velop normal white matter at an age-appropriate rate (Muling decreased volume of the frontal and prefrontal regions,
hern et al., 1999, 2001; Reddick et al., 2000). and, more relevant to the present study, reduced right fron-
The normal expectation is that the proportion of intracra-tal white matter volumes (Filipek et al., 1997; Castellanos
nial volume comprised by white matter will increase into et al., 1996, 2002).
early adulthood with the prefrontal areas among the last to Some white matter changes may be incidental, may rep-
complete myelination (Reiss et al., 1996), perhaps makingesent a nonspecific reduction in brain reserve, or may merely
prefrontal structures more vulnerable to the effects of childbe a marker for another neuropathological process that is
hood injury and normal aging as assessed by tests of exeget undetected. If white matter abnormalities are shown to

Table 4. Summary of Conners’ Continuous Performance Test (CCPT) scores and their association with normal
appearing white matter (NAWM,; = 37)

Significantly Association Association Association
deficient with with total with

Variable mean score? lower 1Q? cerebral NAWM? regional NAWM?
Overall Index Yes Yes Yes Yes (R frontal)
Errors of Commission No — — —
Hit RT Yes Yes No Yes (R frontal)
Hit RT SE Yes Yes Yes Yes (L prefrontal)
Variability RT SE Yes Yes Yes No
Attentiveness Yes Yes Yes Yes (R prefrontal)
Risk Taking Yes Yes Yes No
Hit RT Block Change No — — —
Hit RT SE Block Change No — — —
Hit RT ISI Change Yes No No Yes (L prefrontal)
Hit RT SE ISI Change Yes No No No

Note.Only those CCPT scores that were deficient relative to/ggeder corrected normative values were analyzed. Affirmative

responses reflect statistically significant findings presented in the Results.rBaction time; SE= standard error; ISk interstim-
ulus interval.
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be directly associated with cognitive deficits, at least onepreciated by physicians, parents, or teachers that care for
author has suggested that there may be a threshold effechildren treated for malignant brain tumors. From our ex-
for volume of normal white matter only below which cog- perience, and as illustrated by the data from this study, in-
nitive impairment becomes apparent (Inzitari, 2000). Thisattentiveness and slow processing tend to be prominent
would explain why, among healthy children and adoles-symptoms of treatment-induced brain damage in these chil-
cents, the volume of normal white matter accounts for adren. The symptoms overlap with the “sluggish cognitive
relatively smaller proportion of the variance in cognitive tempo” syndrome as discussed by Carlson and Mann (2002).
function than among children with pathological conditionsProblems arise when caretakers falsely attribute these
affecting white matter or among the aging who are progressymptoms to laziness, lack of motivation, daydreaming, or
sively losing normal white matter. emotional maladjustment rather than making appropriate
All patients in this series had received craniospinal irradi-accommodations with regard to classroom activities and
ation with or without chemotherapy and other events withhomework. Whether intensive cognitifieehavioral inter-
potential adverse effects on white matter developmentventions (e.g., Butler & Copeland, 2002) or pharmacolog-
Competing theories regarding the mechanisms underlyingcal treatment (e.g., Thompson et al., 2001) will prove
irradiation-induced radiation damage to white matter in-effective is yet unknown.
clude either (1) a direct, irradiation-induced gradual loss of Future studies of brain morphology among children treated
glial cells or their precursors resulting in demyelination for malignant brain tumors will need to assess whether in-
and/or inhibition of white matter development; or (2) an hibition of white matter development is relatively greater in
indirect effect of irradiation on white matter mediated prefrontal areas than other areas of the brain. Recent fMRI
through damage to the microvasculature and resulting istudies reinforce the importance of prefrontal structures to
hypoxia/ischemica. More recent work with animal analog attentional functioning. For example, Casey’s (1997) inves-
models suggests that the second theory may be more valihation of healthy children and Banich et al.’s (2000) study
(Hopewell & van der Kogel, 1999). Although it had been of healthy adults found selective activation of the prefron-
previously demonstrated that children treated for malignantal region on tasks requiring maintenance of an attentional
brain tumors with irradiation have abnormally low volumes set and, more specifically, suggested that the dorsolateral
of normal white matter (Mulhern et al., 1999; Reddick et al., prefrontal cortex plays a primary role in selective attention.
2000), whether this is a result of demyelination or failure of We are presently investigating whether loss of normal white
the normal myelination process is not known. matter impacts on fMRI activation during a selective atten-
The present study does have several limitations that paion task among children treated for cancer.
tentially impact on the interpretation and generalization of
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