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Pilot Study of a Novel Computerized Task to
Assess Spatial Learning in Children and
Adolescents With Neurofibromatosis Type 1
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Abstract
Difficulties with visual-spatial learning are frequently observed and often considered to be the hallmark of neurocognitive impair-
ment in neurofibromatosis type 1. The computerized Arena Maze is a virtual environment task that has been developed as a
human paradigm to the Morris Water Maze, which is used to evaluate spatial learning in animal models. The authors evaluated
this task as a measure of spatial learning in children with neurofibromatosis type 1 compared with their unaffected siblings.
Affected children were able to learn the task and navigate the virtual environment; however, they performed more poorly on
standard measures of spatial learning and spatial working memory than their siblings. The group with neurofibromatosis type
1 demonstrated decreased proficiency in earlier target trials and had more difficulty in remembering target location. This study
demonstrates the potential utility of a novel virtual task to assess spatial learning deficits in children with neurofibromatosis type 1.
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Neurofibromatosis type 1 is one of the most common autoso-

mal dominant disorders in humans, with a prevalence of

approximately 1 in 3500.1,2 Cognitive deficits and learning dif-

ficulties are among the most frequent problems that patients

and their families face, with a prevalence of 35% to 65% in

children with neurofibromatosis type 1 compared with 5% to

17.5% in the general population.3,4 Visual-spatial deficits and

difficulties with complex motor tasks are commonly seen in

individuals with neurofibromatosis type 1 and can be consid-

ered hallmark features of neuropsychological impairment in

children with neurofibromatosis type 1.4-7

At the cellular level, understanding of the underlying

genetic defect in neurofibromatosis type 1 has become central

to understanding the varied clinical spectrum of disease. The

protein product of the neurofibromatosis type 1 gene, neurofi-

bromin, is expressed in many tissues, including neurons, oligo-

dendrocytes, and other nonneural cell types.8 Neurofibromin

inactivates Ras and interrupts Ras-mediated signal transduc-

tion.9,10 Mutations of the neurofibromatosis type 1 gene may

be responsible for decreased synaptic plasticity and decreased

long-term potentiation and therefore may contribute to deficits

in learning and memory.11 Mice heterozygous for the neurofi-

bromatosis type 1 mutation have deficits in visual-spatial learn-

ing and motor coordination that are thought to be analogous to

the cognitive impairment observed in humans.11 These spatial

deficits, best characterized with the Morris Water Maze, can be

reversed by restoring genetic and pharmacologic manipulations

that decrease Ras function12 or by blocking Ras activity with

the drug lovastatin.13

Although testing of the Nf1 þ/– mice provides important

information, it is difficult to make direct inferences from the

murine model to neurocognitive functioning of children with

neurofibromatosis type 1. Currently, no standardized tests of

spatial learning in children or adults, comparable to the Morris

Water Maze, evaluate the integrity of mechanisms of learning

and memory that rely on intact hippocampal functioning. The

Arena Maze is a virtual environment task that has been devel-

oped as a ‘‘human Morris Water Maze.’’14,15 It has been used to

assess spatial orientation strategies and sex differences in

spatial abilities in young adults,16 deficits associated with trau-

matic brain injury,17 and changes in cognitive functioning asso-

ciated with normal aging.18 One study has examined the
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maturation of spatial navigation strategies in a pediatric popula-

tion. Laurance and colleagues18 examined the maturation of spa-

tial navigation strategies in children and found that by age 9 to

10 years, children were using relations among distal cues to

guide their search, which are the same strategies used by adults.

The purpose of this study was to assess the utility of this

novel computerized task as a measure of spatial learning in

children with neurofibromatosis type 1.

Methods

Patient Selection and Recruitment

A total of 11 neurofibromatosis type 1 participants were recruited from

the Multidisciplinary Neurofibromatosis Program at Children’s Hospi-

tal Boston, where patients with neurofibromatosis type 1 are evaluated

and receive ongoing care. All participants met National Institutes of

Health Consensus Development Conference clinical criteria for neuro-

fibromatosis type 1.1 Children with neurofibromatosis type 1 and sus-

pected learning or academic difficulties are routinely referred for a

comprehensive neuropsychological evaluation to the Neuropsychology

Program in the Department of Psychiatry at Children’s Hospital Boston.

Participants were excluded if they had a prior history of central nervous

system injury, including seizures, brain tumor, hydrocephalus, develop-

mental brain malformation, cerebral palsy, or other systemic cancer; a

known symptomatic optic pathway glioma or visual field deficit that

might affect performance on the computerized module; English as a

second language; a major psychiatric or developmental disorder; or a

Full Scale IQ standard score less than 80 following the initial assess-

ment. One child was excluded using these criteria. Three participants

met criteria for attention-deficit disorder but were not taking medica-

tions at the time of the testing with the Arena Maze.

A control group of 6 unaffected siblings of children with neurofi-

bromatosis type 1 who were between the ages of 10 and 16 years was

also recruited. Previous research with children with neurofibromatosis

type 1 has included unaffected siblings as controls for potential

confounding variables such as socioeconomic status and family

context. In some areas of assessment, such as overall IQ, individuals

with neurofibromatosis type 1 demonstrate more significant cognitive

impairments when compared with familial/sibling performance than

when compared with test population norms. We elected to use the sib-

ling controls for the above reasons and for ease of recruitment. Unaf-

fected siblings were included if they had a history of average school

performance (per parent report) and excluded if they had a history

of any central nervous system injury, a psychiatric or developmental

disorder, or English as a second language; no children were excluded

using these criteria.

At the time of evaluation, children and adolescents with neurofi-

bromatosis type 1 who met inclusion and exclusion criteria were asked

to participate in the optional add-on computerized tasks, performed at

the completion of the routine neuropsychological evaluation. Unaf-

fected siblings completed only the study evaluations. Mean age was

12.8 years (SD ¼ 2.04) for children with neurofibromatosis type 1

compared with 12.7 years (SD ¼ 1.7) for unaffected siblings. Both

groups had equal numbers of boys and girls. Characteristics of the

samples as well as results of screening assessments are provided in

Table 1. This study was approved by the Institutional Review Board

of Children’s Hospital Boston. Informed consent was obtained from

the parent/legal guardian for participants prior to any screening or eva-

luations performed.

Study Evaluations

The standard neuropsychological clinical assessment battery for chil-

dren with neurofibromatosis type 1 includes several measures of

visual-spatial functioning as well as parental reports of attention, exec-

utive functions, and social/emotional functioning. The Judgment of

Line Orientation is a motor-free untimed measure of spatial perception

and orientation that requires participants to match correctly the spatial

directionality and size of angle of lines.7,19 Participants’ performance

(number of items correct) was compared with published normative

data.20 In addition to the standard clinical battery, participants with

neurofibromatosis type 1 also completed the experimental task (Arena

Table 1. Neurocognitive Functioning of Children With Neurofibromatosis Type 1 Compared With Unaffected Siblings

Neurofibromatosis Type 1 (n ¼ 10) Siblings (n ¼ 6) P

Demographics
Mean age, y (SD) 13.5 (2.3) 12.7 (1.7) NS
Gender, % female 50 50 NS

Screening measures
Wechsler Intelligence Scale for Children (fourth edition)

Full-Scale IQ 93.8 (6.8) NA
Vocabulary subtest 10.3 (2.7) 12 (3.5) NS
Block Design subtest 8.0 (1.8) 11.3 (2.3) .01

California Verbal Learning Test for Children
Total T score 53.3 (5.4) 47.8 (5.8) NS

Behavioral Rating Scale of Executive Function
Behavioral Regulation Index (T score) 56.6 (15.6) 48.7 (5.7) NS
Metacognitive Index (T score) 68.9 (8.3) 43.8 (4.0) .00
Global Executive Composite (T score) 65.4 (10.5) 45.3 (2.7) .00

Conners Parent Rating Scale Revised
Cognitive problems/inattention (T Score) 71.9 (6.2) 48.0 (5.6) .00
Social problems (T score) 67.2 (15.5) 52.2 (6.6) .04
Attention-deficit hyperactivity symptoms (T score) 70.4 (11.9) 50.3 (8.4) .00

NA, not applicable.

2 Journal of Child Neurology 000(00)

2

 at PENNSYLVANIA STATE UNIV on October 6, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


Maze) as well as the Spatial Working Memory subtask of the Cam-

bridge Neuropsychological Testing Automated Battery.21,22 Unaffected

sibling control participants performed the 2 computerized tasks, an

intelligence screening using the Vocabulary and Block Design subtests

of the Wechsler Intelligence Scale for Children (fourth edition),23,24 the

California Verbal Learning Test for Children,25 and the Judgment of

Line Orientation. The assessment of verbal learning uses an everyday

memory task, in which the child is asked to recall a list of unrelated

words. Parents completed questionnaires rating executive function

(Behavior Rating Scale of Executive Function)26,27 and attention (Con-

ners Parent Rating Scale–Revised)28 for both children with neurofibro-

matosis type 1 and their unaffected siblings.

The Cambridge Neuropsychological Testing Automated Battery is

a computer-automated battery used to assess language, reaction time,

working memory, automated memory, and several aspects of execu-

tive functioning. The spatial working memory task is a serial-order

pointing task in which the participant is required to point to boxes

on a touch-screen computer one at a time to discover which one con-

tains a blue square. The task begins with 2 boxes for each trial and

increases to a maximum of 8 boxes for the final trials. For all trials,

each box location is used only once, and the children are instructed not

to go back to the boxes in which they have previously found the blue

squares. Primary performance measures for this task include the total

number of errors within items and the total number of errors between

items. We used between errors as the outcome variable and compared

participant spatial working memory scores to normative data from the

Cambridge Neuropsychological Testing Automated Battery.21

The Arena Maze is administered by computer and uses a video

game controller to navigate around a circular ‘‘arena’’ within a square

room to locate a target on the floor. The walls of the Arena Maze con-

tain cues, such as windows, that remain in place through the test trials.

A sample ‘‘background’’ is shown in Figure 1. Prior to beginning, par-

ticipants are given directions and are introduced to the virtual room

and allowed to familiarize themselves with the controller and to

explore the environment. For the first 2 practice trials, the target is

completely visible. For the 6 learning trials, the child is reminded that

the target is no longer visible but is always hidden in the same place in

the room. The child must then find the invisible target, starting from a

new location in the periphery each time. When the child successfully

navigates to the target, it becomes visible. On the final trial, the

‘‘probe’’ trial, the target is removed from the arena without the child’s

knowledge and does not appear when the child navigates to the target

location. Participants are told to go to each target location as quickly

and directly as possible for all trials.

Performance on the Arena Maze was assessed using several mea-

sures: (1) path length, the distance traveled from the start point to the

target; (2) latency, the time required to find the target; and (3) dwell time,

the time spent in each of the Arena Maze quadrants. During the final

‘‘probe’’ trial, dwell time in the quadrant where the target was located

provides a measure of learning. The program also generates a separate

data file that contains a pixel-by-pixel recording of the participant’s path

through the arena on each trial (search path). In addition, we evaluated

the overall success in finding the target (target crossings).

Data Analysis

Data from the standard psychometric assessments and computerized

Arena Maze were recorded, summarized, and graphed using Microsoft

Figure 1. Background of the virtual Arena Maze. Sample black and white picture of the computerized virtual water maze/computerized Arena
Maze with the virtual pool in the room. The actual graphics used during the experiments were in color.
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Excel. Analyses were conducted using SPSS (Version 16; SPSS, an

IBM Companyy). We first compared performances of children with

neurofibromatosis type 1 and their siblings on the screening measures

and parent rating scales. We then examined the performance of children

with neurofibromatosis type 1 on the Arena Maze and compared their

performance with that of their unaffected siblings as a way to assess this

novel measure of visual-spatial skills in the neurofibromatosis type 1

population. Finally, we examined the relationship between reported

working memory problems and performance on the Arena Maze.

Results

Intellectual and Visual-Spatial Abilities Based on Standard
Psychometric Assessments

Children and adolescents with neurofibromatosis type 1 were

compared with unaffected siblings based on established mea-

sures of intellectual abilities, verbal learning and memory,

visual-spatial perception, attention, and executive functioning.

Comprehensive assessment of intelligence was available for

the children with neurofibromatosis type 1. We compared the

performance of the neurofibromatosis type 1 group with nor-

mative sample means on the intelligence screen using the

Wechsler Intelligence Scale for Children (fourth edition).29

Although the mean Full Scale IQ score for the neurofibromato-

sis type 1 group was in the average range, significant differ-

ences from the normative mean were found for Full Scale IQ

(mean¼ 93.8, SD¼ 6.8; t(9)¼ –2.86, P¼ .02), Perceptual Rea-

soning Index (mean ¼ 93.9, SD ¼ 5.8; t(9) ¼ –3.34, P ¼ .009),

and Processing Speed Index (mean ¼ 85.0, SD ¼ 16.7; t(9) ¼ –

2.83, P ¼ .02). The Verbal Comprehension (mean ¼ 103.1, SD

¼ 10.6; P ¼ .38) and Working Memory (mean ¼ 94.9, SD ¼
8.8; P ¼ .10) indices were not significantly different from the

normative mean. We then compared performance on the screen-

ing intelligence subtests for both groups. Children

with neurofibromatosis type 1 performed more poorly on the

Block Design subtest (P ¼ .006) than their unaffected siblings,

but performance on the Vocabulary subtest was not significantly

different (P¼ .29). Analysis of performance on the verbal mem-

ory test revealed no significant difference between the neurofi-

bromatosis type 1 group and unaffected siblings (Table 1).

Impaired visual-spatial processing is commonly observed in

individuals with neurofibromatosis type 1.5,7 In our cohort, chil-

dren with neurofibromatosis type 1 performed more poorly on

the Judgment of Line Orientation and Cambridge Neuropsycho-

logical Testing Automated Battery Spatial Working Memory

subtest compared with the sibling group (Figure 2). For the Judg-

ment of Line Orientation, mean z score for the neurofibromatosis

type 1 group was –1.09 compared with 0.22 for sibling controls

(P¼ .05; 1-tailed test). On the Spatial Working Memory subtest,

mean between-errors z score for the neurofibromatosis type 1

group was significantly different from expected normative data

(t(9) ¼ –2.9, z score ¼ –.89, P ¼ .02) but was not significantly

different from the sibling controls (P ¼ .21).

Parental ratings of attention and executive function were

also compared. Children with neurofibromatosis type 1 had

T scores in the clinically significant range on the Conners

Parent Rating Scale for several relevant areas, including inat-

tention, social problems, and attention-deficit hyperactivity

disorder symptoms total. On the parental ratings of executive

function, the Working Memory Scale was in the clinically sig-

nificant range for children with neurofibromatosis type 1 and

significantly different from that of the control group (t(14) ¼
4.46, P ¼.001). Children with neurofibromatosis type 1 were

also more affected in the Global Executive Composite and

Metacognitive Index (see Table 1).

Performance in the Computer-Generated Arena Maze

The computerized task required 10 minutes to complete using a

video game controller device and was easily accomplished

after completion of routine neuropsychological testing. All par-

ticipants were able to use the game controller successfully and

were able to follow the necessary instructions. A bird’s-eye

view of the typical path through the Arena Maze is shown in

Figure 3a for a participant with neurofibromatosis type 1 for

each of the 9 trials, including the first 2 trials, where the target

is visible; the learning trials 3 through 8, where the target is

invisible; and trial 9, where the target is removed. With a visi-

ble target, children with neurofibromatosis type 1 were able to

navigate within the arena as quickly and as directly as the unaf-

fected siblings. There was no significant difference in path

length (trial 1 neurofibromatosis group mean ¼ 67, SD ¼ 21;y SPSS was acquired by IBM in October 2009.
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Figure 2. Spatial learning in children with and without neurofibro-
matosis type 1 on validated performance tasks. Performance of
children with neurofibromatosis type 1 on (A) Judgment of Line
Orientation and (B) Cambridge Neuropsychological Testing Auto-
mated Battery spatial working memory subtask compared with
unaffected siblings.
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siblings mean ¼ 57, SD ¼ 10; P ¼ .22) or latency (trial 1 neu-

rofibromatosis group mean ¼ 7.6, SD ¼ 2.6; siblings mean ¼
9.4, SD ¼ 3.0; P ¼ .27) between the 2 groups on the trials with

visible targets. Both groups were successful in finding all

visible and hidden targets (6 of 6 target crossings for each par-

ticipant). In addition, both cohorts demonstrated improvements

in trial accuracy (path length) over time in the first and last

learning trials, but some children with neurofibromatosis type

1 demonstrated more difficulty in earlier search trials compared

with sibling controls, although this difference did not meet

statistical significance (Figure 3b).

Children with and without neurofibromatosis type 1 demon-

strated improvements in spatial learning during the learning

trials (invisible target) of the Arena Maze; however, 2 different

performance patterns emerged among the children with neuro-

fibromatosis type 1. One group of patients appeared to search

the arena and learn the task quickly and effectively with rela-

tively short latencies from the initial trials. A second group

demonstrated longer latencies on the first learning trial fol-

lowed by reduced time to target over subsequent trials. Figure 4

demonstrates the time to target (target latency) for all partici-

pants with neurofibromatosis type 1. Although the number of

participants is small, we did an exploratory analysis to evaluate

performance using a 2-group t test to compare the group with

longer latency (more than 7 seconds on the first learning trial)

and shorter latency (less than 7 seconds). Based on this perfor-

mance distinction, there is a significant difference between the

2 groups (P ¼ .004). Unaffected siblings, by contrast, appeared

to learn the target location on the first trial and were able to go

to its location easily thereafter.

On the final probe trial, where the target is removed without

the child’s knowledge, children with neurofibromatosis type 1

were less able to focus their search for the target in the correct

quadrant (dwell time; Figure 5). Unaffected siblings spent more

time in the correct quadrant (80% vs 66%, t(14) ¼ –3.08,

P¼ .008), suggesting that they remembered where the target was

and were confident in their knowledge. In addition, percentage

dwell time in the correct quadrant correlated significantly with

the Working Memory Scale of the parental assessment of execu-

tive function (r ¼ 0.61, P ¼ .01), suggesting that children with

reported working memory difficulties spend less time in the

quadrant where the target was originally found. Full Scale

IQ was not available for sibling controls; however, for

participants with neurofibromatosis type 1, there was no signifi-

cant correlation between Full Scale IQ and dwell time (P¼ .36).

Discussion

Children with neurofibromatosis type 1 present with a variety

of learning disorders similar to those seen in the general pop-

ulation; impairments in written language, reading comprehen-

sion, spelling, and mathematics have been identified.3,30,31

Deficits in attention and executive functioning are common,

and nearly half of all individuals with neurofibromatosis type

1 meet clinical criteria for attention-deficit/hyperactivity dis-

order.7,32 Deficits with complex motor tasks and motor

coordination are also frequently seen in neurofibromatosis

type 1.30,33

Visual-spatial deficits are so common that some investiga-

tors have suggested that the presence of this deficit can be used

to classify patients.3,7 Studies demonstrate fairly consistently

that children with neurofibromatosis type 1 have impaired per-

formance on tasks of visual-spatial function such as the Judg-

ment of Line Orientation Test, a task associated with

activation of the parietal and occipital lobes.5,7 As seen in our

sample, children with neurofibromatosis type 1 also have

difficulty with visual-constructional tasks, such as constructing

patterns with blocks, assembling puzzles, and copying abstract

drawings.34-37 In a recent study using discriminant analysis,

92% of children were correctly identified using a multivariate

combination of 4 visual-spatial tasks.5,7

Spatial learning deficits in the mouse model of neurofibro-

matosis type 1 are best characterized by the Morris Water

Maze, a task that until recently had no comparable human

equivalent. This study demonstrates the potential utility of a

virtual task analogous to the Morris Water Maze task for

assessing spatial learning deficits in a group of children with

neurofibromatosis type 1. In our program, children with

neurofibromatosis type 1 and suspected learning or academic

difficulties are routinely referred for comprehensive neuropsy-

chological evaluation. The Arena Maze was performed after

completion of routine neuropsychological testing and was eas-

ily feasible, requiring only 10 minutes to complete. Participants

reported that the task was fun and responded well to the video

game aspect of the testing. All of the participants, with and

without neurofibromatosis type 1, were able to easily under-

stand the requirements of the task, and all participants were

able to continue the task until completion.

As a measure of visual spatial learning, the computerized

Arena Maze has several advantages and potential for novel

applications. The task is portable and works with a desktop

or laptop computer and allows for retesting in the same envi-

ronment. The task also includes a training component and is

safe for participants. Participants with neurofibromatosis type

1 were as capable as unaffected siblings in navigating in the

presence of clear landmarks in the visible target trials and in

ultimately finding the targets on the hidden target trials. In

comparing patterns of performance on the learning trials, we

found that affected and unaffected children both demonstrated

improvements in trial accuracy (path length) over time, but the

children with neurofibromatosis type 1 appeared to have more

difficulty in earlier search trials compared with sibling con-

trols. Performance of the neurofibromatosis type 1 group on the

probe trial where the target was removed was significantly

lower than for the control group, suggesting that ability to

remember target location was less secure. Furthermore, partici-

pants with working memory problems (as rated by the parent)

were more likely to spend less time in the correct quadrant.

The observed differences between the 2 groups were not

likely the result of differences in the ability of the neurofibro-

matosis type 1 group children to manage the procedural aspects

of the virtual task because all the children readily understood
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Figure 3. Performance on computerized arena. (A) Bird’s-eye view based on pixel-by-pixel recording of the participant’s path in the Arena
Maze during the different trials, 1 to 9. Trials 1 and 2, the target is visible. Trials 3 through 8 are the learning trials with the invisible target. For
trial 9, the target is removed. (B) Children with neurofibromatosis type 1 and their siblings both demonstrate improvements in trial accuracy
(path length) over time between the first and last learning trials; however, affected children have more difficulty in earlier search trials
compared with sibling controls.
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the task. Performance on the first 2 visible target trials was also

comparable between the 2 groups, suggesting that children with

neurofibromatosis type 1 understood and remembered the

instructions for the Arena Maze and were able to navigate eas-

ily in the virtual environment. Children with neurofibromatosis

type 1 had difficulty locating the hidden target but always were

able to successfully locate the target. Although this was a small

pilot feasibility study, 2 patterns of performance emerged

within the neurofibromatosis type 1 group: one group learned

the task quickly at the beginning of the learning trials, whereas

the other group had more difficulty initially but subsequently

improved. These patterns of performance may be related to

underlying differences in the presence and severity of

visual-spatial impairments observed clinically in children with

neurofibromatosis type 1. We hope that with further validation,

we will identify subgroups within this population that define a

clinically meaningful cutoff in terms of performance.

Spatial learning deficits may be an important target for

interventions designed to ameliorate learning difficulties in

children with neurofibromatosis type 1. Consequently, a para-

digm to assess visual-spatial learning is needed. This pilot

study represents the effort to bridge the gap between the

mouse model and human clinical trials by testing a treatment

endpoint that can be used in humans and employing a para-

digm that evaluates functions analogous to those known to

be impaired in the Nf1 mouse model. Performance in virtual

environments, such as the one used for this study, are thought

to transfer readily to real-world contexts.38 Ultimately, we

hope to validate the Arena Task in a larger group of children

and adolescents with neurofibromatosis type 1. This paradigm

may also be useful in evaluating visual-spatial learning defi-

cits in other clinical populations such as nonverbal learning

disorder or traumatic brain injury. It is possible that modifica-

tion of the Arena Task to make it more challenging will fur-

ther potentiate the differences observed between children

with and without neurofibromatosis type 1. The Arena Maze

task will be assessed as a novel outcome parameter as an

ancillary study to the upcoming, multicenter randomized

placebo-controlled phase II study to determine the efficacy

of lovastatin on visual-spatial learning and/or attention abil-

ities of children with neurofibromatosis type 1.

Acknowledgments

The authors thank Emily King, Gila Reckess, and Russell Bauer of the

University of Florida for their help with the Arena Maze paradigm.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to

the authorship and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for the

research and/or authorship of this article: This work was supported by

the Harvard Medical School Milton Fund (to NU).

References

1. National Institutes of Health Consensus Development Conference

Statement: neurofibromatosis. Bethesda, Md., USA, July 13-15,

1987. Neurofibromatosis. 1988;1:172-178.

2. Listernick R, Charrow J. Neurofibromatosis type 1 in childhood.

J Pediatr. 1990;116:845-853.

3. Cutting LE, Koth CW, Denckla MB. How children with neurofi-

bromatosis type 1 differ from ‘‘typical’’ learning disabled clinic

0

2

4

6

8

10

12

14

16

18

20

2 3 4 5 6 7 8 9

Trial

T
im

e 
(s

ec
)

Figure 4. Children with neurofibromatosis type 1 demonstrate 2
different spatial learning patterns. Time to target (target latency) was
determined for each participant over each trial of the Arena Maze.
Each line represents the change in performance of individual patients
between trial 3 (the first learning trial) and trial 8 (the last learning
trial). Two patterns of performance were identified within the group
of children with neurofibromatosis type 1: participants who had short
latencies on all trials (seen in gray, dashed lines) and participants who
demonstrated long latencies on the first learning trial followed by
reduced time to target over subsequent trials.

Figure 5. Spatial learning in children with neurofibromatosis type 1
and their unaffected siblings on the Arena Task. On the probe trial,
trial 9, the target is removed from the arena without the participant’s
knowledge. Dwell time in the northwest quadrant where the target
was located provides a measure of learning. Children with
neurofibromatosis type 1 spend less time in the appropriate target
compared with control siblings (P ¼ .008).

Ullrich et al 7

7

 at PENNSYLVANIA STATE UNIV on October 6, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


attenders: nonverbal learning disabilities revisited. Dev Neurop-

sychol. 2000;17:29-47.

4. Hyman SL, Shores A, North KN. The nature and frequency of

cognitive deficits in children with neurofibromatosis type 1.

Neurology. 2005;65:1037-1044.

5. Hofman KJ, Harris EL, Bryan RN, Denckla MB. Neurofibroma-

tosis type 1: the cognitive phenotype. J Pediatr. 1994;124:S1-S8.

6. Coude FX, Mignot C, Lyonnet S, Munnich A. Academic impair-

ment is the most frequent complication of neurofibromatosis type-

1 (NF1) in children. Behav Genet. 2006;11:1-5.

7. Schrimsher GW, Billingsley RL, Slopis JM, Moore BD III.

Visual-spatial performance deficits in children with neurofibro-

matosis type-1. Am J Med Genet A. 2003;120:326-330.

8. Li C, Cheng Y, Gutmann DA, Mangoura D. Differential localization

of the neurofibromatosis 1 (NF1) gene product, neurofibromin, with

the F-actin or microtubule cytoskeleton during differentiation of tel-

encephalic neurons. Brain Res Dev Brain Res. 2001;130:231-248.

9. Shen MH, Harper PS, Upadhyaya M. Molecular genetics of neu-

rofibromatosis type 1 (NF1). J Med Genet. 1996;33:2-17.

10. Weiss B, Bollag G, Shannon K. Hyperactive Ras as a therapeutic

target in neurofibromatosis type 1. Am J Med Genet. 1999;89:

14-22.

11. Costa RM, Silva AJ. Molecular and cellular mechanisms underly-

ing the cognitive deficits associated with neurofibromatosis 1.

J Child Neurol. 2002;17:622-626; discussion 627-629, 646-651.

12. Costa RM, Federov NB, Kogan JH, et al. Mechanism for the

learning deficits in a mouse model of neurofibromatosis type 1.

Nature. 2002;415:526-530.

13. Li W, Cui Y, Kushner SA, et al. The HMG-CoA reductase inhi-

bitor lovastatin reverses the learning and attention deficits in a

mouse model of neurofibromatosis type 1. Curr Biol. 2005;15:

1961-1967.

14. Kallai J, Makany T, Karadi K, Jacobs WJ. Spatial orientation stra-

tegies in Morris-type virtual water task for humans. Behav Brain

Res. 2005;159:187-196.

15. Thomas KG, Hsu M, Laurance HE, Nadel L, Jacobs WJ. Place

learning in virtual space: III. Investigation of spatial navigation

training procedures and their application to fMRI and clinical

neuropsychology. Behav Res Methods Instrum Comput. 2001;

33:21-37.

16. Astur RS, Taylor LB, Mamelak AN, Philpott L, Sutherland RJ.

Humans with hippocampus damage display severe spatial mem-

ory impairments in a virtual Morris water task. Behav Brain Res.

2002;132:77-84.

17. Skelton RW, Bukach CM, Laurance HE, Thomas KG, Jacobs JW.

Humans with traumatic brain injuries show place-learning deficits

in computer-generated virtual space. J Clin Exp Neuropsychol.

2000;22:157-175.

18. Laurance HE, Learmonth AE, Nadel L, Jacobs WJ. Maturation of

spatial navigation: convergent findings from computerized spatial

environments and self-report. J Cogn Dev. 2003;4:211-238.

19. Paquier PF, van Mourik M, Van Dongen HR, Catsman-

Berrevoets CE, Creten WL, Stronks DL. Clinical utility of the

judgment of line orientation test and facial recognition test in chil-

dren with acquired unilateral cerebral lesions. J Child Neurol.

1999;14:243-248.

20. Woodard JL, Benedict RH, Salthouse TA, Toth JP, Zgaljardic DJ,

Hancock HE. Normative data for equivalent, parallel forms of the

Judgment of Line Orientation Test. J Clin Exp Neuropsychol.

1998;20:457-462.

21. De Luca CR, Wood SJ, Anderson V, et al. Normative data from

the CANTAB. I: development of executive function over the life-

span. J Clin Exp Neuropsychol. 2003;25:242-254.

22. Clark CR, Paul RH, Williams LM, et al. Standardized assessment

of cognitive functioning during development and aging using an

automated touchscreen battery. Arch Clin Neuropsychol. 2006;

21:449-467.

23. Mayes SD, Calhoun SL. WISC-IV and WISC-III profiles in chil-

dren with ADHD. J Atten Disord. 2006;9:486-493.

24. Needelman H, Schnoes CJ, Ellis CR. The New WISC-IV. J Dev

Behav Pediatr. 2006;27:127-128.

25. Beebe DW, Ris MD, Dietrich KN. The relationship between

CVLT-C process scores and measures of executive functioning:

lack of support among community-dwelling adolescents. J Clin

Exp Neuropsychol. 2000;22:779-792.

26. McCandless S, O’Laughlin L. The clinical utility of the Behavior

Rating Inventory of Executive Function (BRIEF) in the diagnosis

of ADHD. J Atten Disord. 2007;10:381-389.

27. Gioia GA, Isquith PK. Ecological assessment of executive function

in traumatic brain injury. Dev Neuropsychol. 2004;25:135-158.

28. Cohen ML, Kelly PC, Atkinson AW. Parent, teacher, child: a tri-

lateral approach to attention deficit disorder. Am J Dis Child.

1989;143:1229-1233.

29. Wechsler D. Wechsler Intelligence Scale for Children. 4th ed. San

Antonio, TX: Harcourt Brace Jovanovich; 2003.

30. North K, Joy P, Yuille D, Cocks N, Hutchins P. Cognitive

function and academic performance in children with neurofibro-

matosis type 1. Dev Med Child Neurol. 1995;37:427-436.

31. Hyman SL, Arthur Shores E, North KN. Learning disabilities in

children with neurofibromatosis type 1: subtypes, cognitive pro-

file, and attention-deficit-hyperactivity disorder. Dev Med Child

Neurol. 2006;48:973-977.

32. Koth CW, Cutting LE, Denckla MB. The association of neurofi-

bromatosis type 1 and attention deficit hyperactivity disorder.

Child Neuropsychol. 2000;6:185-194.

33. Moore BD III, Ater JL, Needle MN, Slopis J, Copeland DR. Neu-

ropsychological profile of children with neurofibromatosis, brain

tumor, or both. J Child Neurol. 1994;9:368-377.

34. North K. Neurofibromatosis type 1: review of the first 200

patients in an Australian clinic. J Child Neurol. 1993;8:395-402.

35. North K, Joy P, Yuille D, et al. Specific learning disability in chil-

dren with neurofibromatosis type 1: significance of MRI abnorm-

alities. Neurology. 1994;44:878-883.

36. Eliason MJ. Neurofibromatosis: implications for learning and

behavior. J Dev Behav Pediatr. 1986;7:175-179.

37. Joy P, Roberts C, North K, de Silva M. Neuropsychological

function and MRI abnormalities in neurofibromatosis type 1.

Dev Med Child Neurol. 1995;37:906-914.

38. Rizzo AA, Cohen I, Weiss PL, et al. Design and development

of virtual reality based perceptual-motor rehabilitation

scenarios. Conf Proc IEEE Eng Med Biol Soc. 2004;7:

4852-4855.

8 Journal of Child Neurology 000(00)

8

 at PENNSYLVANIA STATE UNIV on October 6, 2016jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


