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Selective impairment of the executive attentional network in
adult patients with neurofibromatosis type 1

Xingchao Wang®™*, Qiong Wu®*, Hanlu Tang?, Fu Zhao®, Zhijun Yang?,

Bo Wang?, Peng Li%, Zhenmin Wang?, Yanhong Wu®", Jin Fan®""

and Pinan Liu®®

Cognitive dysfunction accompanied by neurofibromatosis
type 1 is one of the significant characteristics of this
neurocutaneous disorder and has a serious impact on
patients’ quality of life. Although studies on cognitive
function in children with neurofibromatosis type 1 have
revealed that attentional impairment is a key deficit

in these patients, few studies have examined their
neuropsychological profile, especially whether the
attentional function is also abnormal and specific in adult
patients with neurofibromatosis type 1. In this study,

we used the revised attention network test to examine
the function of three attentional networks-alerting,
orienting and executive control-in 20 adult patients with
neurofibromatosis type 1 in comparison to 20 normal
controls. Adult patients with neurofibromatosis type 1
showed significant greater conflict effect for the executive
control network, but no significant differences were found
for alerting and orienting network relative to normal
controls. These results provide evidence that there is

an attentional deficit which is specifically associated

with the executive control network in adult patients with

Introduction

Neurofibromatosis type 1 (NF1) is a rare orphan autoso-
mal dominant inherited disease with an incidence rate of
approximately 1/3000 [1]. The prominent physical symp-
toms of NF1, such as café au lait spots, axillary freckling,
Lisch nodules, osseous lesions and benign/malignant
neural tumours, are well documented. Only approxi-
mately 20% of NF1 cases include significant physical
complications [2]. Meanwhile, abnormalities of structures
(e.g. enlarged corpus callosum, T2 hyperintensities) [3,4]
and functions [5,6] in the brain have identified by the
neuroimaging studies increasingly. The detailed changes
of neurotransmitter and remoulding in the molecular and
cellular signalling pathways [7-9] indicates that NF1 also
has important influence on the brain.

Importantly, deficits in a wide range of cognitive pro-
cessing, including language, memory, motor control and
executive function, have also been noted as significant
features of NF1 and have a serious impact on patients’
daily lives [10-12]. Previous studies of children with
NF1 have demonstrated that they have lower intelli-
gence scores and poorer academic achievement than
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healthy controls, and the difference is especially obvious
when children with NF1 have a comorbid diagnosis of
attention deficit hyperactivity disorder [1,11]. Increasing
evidence has emphasized the disruptive effect of atten-
tion deficits on patients’ quality of life, and this cogni-
tive abnormality is a potential treatment target in NF1
patients [7,11]. Moreover, adult NF1 patients suffer from
a variety of cognitive impairments, such as reduced ver-
bal working memory and visuospatial functioning [10] as
well as slowed cognitive control when inhibition and flex-
ibility are required [12], indicating that cognitive deficits
are likewise a nonnegligible feature of NF1 across the
lifespan. However, a more fundamental process which
is the attentional functioning has not been thoroughly
examined in adult patients.

Attention is an important part of cognitive processing,
ensuring that the human mind focuses on and effectively
processes the most relevant and valuable information
when taking in a large amount of input of sensory infor-
mation. It has been widely recognized that the attention
is a coordinated system with independent anatomical
regions. The system consists of three interacting neural
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networks, including the ability to maintain alertness, the
ability to orient the sensory input and perform control
functions [13]. Identification of the general or selective
impairments in attention in adult patients with NF1
would enable us to understand higher-level functional
deficits in this population. This study sought to deter-
mine whether adult patients with NF1 have attentional
impairment and, if so, to clarify the profile of attention
deficits in these patients by isolating the particular aspect
of attentional processing that is responsible. Based on
previous research in children, we predicted that adult
NF1 patients would show deficits in performance on dif-
ferent aspects of the attention task. The study will clarify
the precise characteristics of attentional precisely in adult
NF1 patients.

Methods

Participants

Twenty-six NF1 adult patients with NF1 and 20 neu-
rologically intact normal controls (NCs) participated in
the study. Four NF1 patients were excluded because
they did not complete the task, and two patients were
excluded owing to severe depression as measured by the
Beck Depression Inventory (the BDI scores of those two
patients were 33 and 30 out of 39, respectively). The final
sample included 20 adult NF1 patients and 20 NCs (see
Table 1 for demographic information of the final sam-
ples). All participants were right-handed, had normal or
corrected-to-normal vision, and reported no previous or
current psychiatric conditions. All participants under-
went the same experimental procedures, and they were
informed of the study requirements and gave written
consent before participation. The study was approved
by the Institutional Review Board of Beijing Tiantan
Hospital, Capital Medical University, China.

All participants completed the Mini-Mental State
Examination (MMSE) and the short form of the BDI
(BDI-SF). The MMSE is commonly used in clinical
settings to screen for cognitive impairment [14]. This
instrument includes 11 items that assess eight catego-
ries of cognition: orientation to time, orientation to place,
registration, attention and calculation, recall, language,
repetition and complex commands. The maximum pos-
sible score is 30 points. Any score greater than or equal to
25 points indicates normal cognition. Scores below this
threshold indicate severe (<9 points), moderate (10-20
points) or mild (21-24 points) cognitive impairment. We

used the 13-item BDI-SF to assess the general emotional
state of each participant [15]. The BDI-SF is appropriate
for screening depressive symptoms in medical patients
and has been shown to have good internal consistency
[16]. The 13 items include sadness, pessimism, feeling of
failure, lack of satisfaction, feeling of guilt, self-disgust,
suicide, social withdrawal, indecisiveness and a sense of
unattractiveness. All patients were free of apparent cog-
nitive impairment as measured by the MMSE and had
slightly high scores (indicating depressive mood symp-
toms) on the baseline administration of the BDI-SF
(Table 1). The NF1 and NC groups were matched
for age (t<33) = -1.32, P = 0.19), educational attainment
(f(38> =-1.64, P = 0.11), BDI scores (1‘(38) =1.56, P =0.13)
and MMSE scores (f(sx) = 1.23, P = 0.23). Most of the
patients suffered cutaneous disturbances but no self-re-
ported cognitive problems in daily life, and two of these
patients complained of slight memory decline.

The revised attention network test

The revised attention network test (ANT=R) was used to
examine the efficiency of each of the three independent
attentional networks: the alerting, orienting and execu-
tive control networks [17]. Participants were required to
identify as quickly and accurate as possible the direction
of a centrally presented arrow that was flanked on the
right and left by two arrows. The flankers could point
either in the same direction as the central target arrow
(congruent) or in the opposite direction (incongruent)
(Fig. 1a). The function of the executive control network
was defined by the conflict effect, that is, the perfor-
mance difference between the incongruent and congru-
ent conditions. In each trial, either a 100-ms visual cue
(brightening the box) or no cue was presented 0, 400 or
800 ms before the target display. Four types of cues were
used (Fig. 1b): (1) no cue (neither box was brightened
before the target display); (2) a double cue (both boxes
were brightened); (3) a valid cue (one of the boxes was
brightened, always cuing the correct location of the tar-
get display); and (4) an invalid cue (one of the boxes was
brightened, always predicting the location opposite to
the target display). The function of the alerting network
was measured by the alerting effect, that is, the perfor-
mance difference between the double-cue and no-cue
conditions. The function of the orienting network was
measured by the validity effect, that is, the performance
difference between the invalid-cue and valid-cue con-
ditions. The experiment consisted of four blocks, with

Table1 Demographic characteristics of participants
Age (years), mean (95% CI) Sex Education (years), mean (95% CI) MMSE, mean (95% CI) BDI, mean (95% CI)
NF1 29.5 (3.7) 8 male 10.6 (1.6) 28.9 (1.0) 9.5 (2.5)
NC 33.1 (3.9) 8 male 12 (1.8) 28.3 (1.1) 7.0 (2.6)
P value 0.504 1.000 0.109 0.226 0.132

Age, the age at the testing date; BDI, short form of the Beck Depression Inventory: a measure of baseline mood; Cl, confidence interval; MMSE, Mini-Mental State
Examination: a test for cognitive impairment; NC, neurologically intact controls; NF1, neurofibromatosis type 1.
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llustration of the revised attention network test (ANT-R). (a) Flanker types. The central target arrow pointed to the same direction as the flankers
under the congruent condition, while pointing to the opposite direction under the incongruent condition. (b) Cue types. For no cue condition,
neither box was brightened. For double cue condition, both boxes were brightened. For spatial condition, a valid cue brightened the box always
cuing the correct location of the target display, while an invalid cue brightened the box always predicting the location opposite to the target
display. (c) The trial structure of the task. A cue (0.1 seconds) was followed by a variable fixation display (0-0.8 seconds), and then by the target

display (0.5 seconds) and a variable inter-trial interval (2-12 seconds).

72 trials in each block. The total time required to com-
plete the task is approximately 30 minutes, which is suit-
able for studies of patients. The experimental program
was presented in E-prime (Psychology Software Tools,
Pittsburgh, Pennsylvania, USA). Participants’ reaction
time (RT) and accuracy were recorded.

Data analysis

The effects of the attentional networks in ANT-R were
compared between the NF1 group and the HC group to
reveal the networks might be functioning abnormal in
NF1 patients. The scores of each of the three networks in
AN'T-R were calculated according to the previous study
[17]. Incorrect responses were excluded from the com-
putation of the mean RTs. The effects in RT and accu-
racy were entered into repeated-measures analysis of
variances (ANOVAs), with attentional network (alerting,
orienting or executive control) as the within-subject fac-
tor and group (NF1 and NC group) as the between-sub-
ject factor. In addition, we calculated Bayes factors (BF's)
with a Cauchy prior distribution to determine the relative
strength of evidence for the null and alternative hypoth-
eses [18]. A BF smaller than 1/3 indicates substantial evi-
dence for the null hypothesis. The BFs were calculated
using JASP [19].

Results
Selective deficit in the executive control network in adult
NF1 patients

The overall mean RTs of the NC and NF1 groups were
642 + 28 ms (mean = SD) and 700 + 42 ms, respec-
tively, and their accuracy rates were 91.65% =+ 3.02%
and 87.43% =+ 3.00%, respectively. Independent z-tests
showed that the NF1 group was significantly slower
(7., =2.25P=0.03, BF = 2.15) and marginally less accu-

rate (/. = ~1.97, P = 0.06, BF = 1.23) than the NC group.

(38)

Repeated-measures ANOVA on RT revealed a signif-
icant interaction between attention network (alerting,
orienting or executive control) and group (NF1 or NC)
(F(Z’%) =5.02, P=0.009, BF =10.21) (Fig. 2a), but no such
interaction was found for accuracy (F<2,7e) <1,BF =0.11)
(Fig. 2b). Planned simple comparisons revealed that the
executive control network showed a significant effect
of group (Fu,sx) = 8.07, P = 0.007, BF = 6.39), such that
NF1 patients demonstrated greater conflict effect
(156 = 26 ms) compared to the NC group (114 + 13 ms),
while the differences between groups in alerting or the
orienting network were NS (alerting: ¥’ 39 < 1,BF =0.39;
orienting: 38 < 1, BF = 0.32). These results suggest
that there was the selective deficit in executive control

Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



924 NeuroReport 2019, Vol 30 No 14

Fig. 2
(a) [CINC
210+ ik D NF1
- 1804
é 1504
8
Q 120
2 90
5 |
=
N 60
%20 [l
0 +
30~ . N executive
alerting orienting control

(b) [CINC
51 [TINF1

> 0 1

@

o

g T LIJ

2 5

.ag m

a 10

2y

©

3 154

3]

<
-20- executive

alerting  orienting

control

Behavioural results of the ANT-R. NF1 patients showed selective deficit in executive control network, but no evidence of deficits in alerting
or orienting functions. Results on reaction time differences (a) and accuracy differences (b). ANT-R, revised attention network test; NF1,

neurofibromatosis type 1.

of attention in adult NF1 patients, but no evidence of
deficits in alerting and orienting functions.

Clinical assessment results

The NF1 patients fulfilled the diagnostic criteria as spec-
ified by the NIH Consensus Development Conference
[20]. All patients had small benign subcutaneous nod-
ules or café au lait spots on the trunk and extremities;
these skin features did not affect normal activities. The
patients were in stable clinical situation and could go
about their work and daily activities independently. The
patients had not undergone surgery and had no serious
diseases that affected their quality of life (such as scoli-
osis and other osseous lesions). All patients had normal
MMSE scores (score 28.9 = 0.7, out of 30, Table 1), while
their BDI scores showed moderate depressive symptoms
(score 9.8 = 2.9). None of the patients showed any dys-
function on routine neurological examination.

Discussion

Inefficiency of execution control of attention in patients
with NF

Attention and attentional functions (i.e. the alerting, ori-
enting, and executive control functions) are supported
by independent and integrative brain networks [13].
The AN'T=R tests these three functions of the attention
network in a single task, making it possible to use one
test to simultaneously evaluate the three functions of
the attention network and to study the interaction of the
three subnetworks [17]. However, there has been contro-
versy about the efficiency of these three networks acting
on human attention and the interactions between them.
The previous literature on attention deficits in NF1
patients (mostly focussed on children) does not explic-
itly show which specific domain of attention has abnor-
mal function. In the current study, the ANT-R results
showed that there was a significant decrease only in the

executive control function of NF1 patients, mainly due
to the prolonged RT (flanker effect) under conflict con-
ditions. At the same time, there was no evidence found
for abnormalities in the alerting or orienting attentional
function in adult NF1 patients. The executive dysfunc-
tion dissociated from the alerting and orienting functions
supports the notion that these three attentional networks
are separable and relatively independent.

In a previous study, up to 70% of child patients with
NF1 had defects in one or more aspects of the atten-
tion system (sustainability, selectivity, dispersion and
distraction). Visual-spatial dysfunction is considered a
‘characteristic’ phenotype of NF1 patients. Children
with NF1 have been shown to have serious defects in
visual-spatial learning ability. In addition, children with
NF1 have a slow response to visual signals, long RT and
weak resistance to interference, resulting in unstable
attention [21]. This finding suggests that NF1 patients
face obstacles throughout the processing of visual infor-
mation. However, slowed or impaired ability to shift
visual attention towards cued locations was not found in
the current study, indicating that NF1 patients maintain
adaptive allocation of visual attention. Some prior studies
have proposed that executive deficits are strongly cor-
related with intelligence quotient (IQ) in children with
NF1. This hypothesis is inconsistent with the current
data. Although we did not collect the IQs of the NF1
group, most of the participants showed average academic
achievement, and none of the NF1 patients had self-re-
ported or MMSE-identified cognitive impairments.
Consistent with previous findings in children with NF1
and older adults, the executive control deficits of adult
NF1 patients may result from the impairment of fron-
toparietal circuits. It is worth noting that inhibition and
cognitive flexibility are essential to process the conflict-
ing information in the AN'T-R; one possibility is that the
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deficit in behavioural inhibition results in executive defi-
cits that depend on this inhibition.

Cognitive impairment is an important characteristic in
patients with neurofibromatosis type 1

Cognitive deficits in children with NF1 were first identi-
fied asa problem due to poor academic performance. Some
children with NF1 also showed deficits on intelligence
tests, and their scores were significantly lower than those
of healthy children of the same age. Most children with
NF1, even if their mental development is fundamentally
normal, have complex cognitive impairments affecting
perception, executive function and language skills; these
impairments cause learning difficulties, which constitute
the main symptom of NF1. At the same time, 40% of chil-
dren with NF1 show ADHD-like performance deficits
[22], such as executive control disorder, planning choice
ability defects and learning defects, which seriously
affecting their ability to develop and pursue an educa-
tion. In addition, increasingly many studies have noted
that various types of cognitive damage last throughout
the lifespan. For adolescents with NF1, symptoms such
as impaired motor development, visual-spatial judgment
and visual-motor integration suggest that NF1 may affect
multiple stages of cognitive processing [12]. In an overall
cognitive assessment of elderly patients with NF1,a mild
intelligence deficit was found, and short-term memory
showed a significant decline, confirming that cognitive
dysfunction is persistent and evolving in the progres-
sion of NF1 [10]. Generally, the cognitive impairments
caused by NF1 are multidimensional phenomena that
involve several psychological processes, moreover, all of
these processes are related to executive control of atten-
tion which is the key process associated with the NF1’s
decline in cognitive abilities.

Potential neural mechanism underlying cognitive
dysfunction in neurofibromatosis type 1

Cognitive processing by the brain is based on a complex
neural network involving multilevel regulatory mech-
anisms. The mechanisms that cause NF1-associated
cognitive impairment include molecular and cellular
signalling pathways, neuronal differentiation and many
other complex factors [9], the most important of which
are the roles of neurotransmitters and neuronal activity.

Abnormalities in local brain activation and structure of
the whole brain network

In recent studies of brain functional status and struc-
tures using new neuroimaging techniques, NF1 patients
demonstrated enhanced connectivity of the default-mode
network [8] and abnormal activation of the visual cortex
of the brain [23], along with reduction of the fractional
anisotropy of the regional fibre bundles in the thalamus
and basal ganglia [5] as well as decreased grey matter
volume in the superior temporal gyrus [6]. These results

suggest that NF1 leads to both functional and structural
alterations that might underlie the accompanying cogni-
tive deficits. On the one hand, the genetic mutation asso-
ciated with NF1 has a potential impact on the molecular
and cellular structure of the brain, which is an important
cause of cognitive impairment. On the other hand, to
adapt to the changes in abnormal cognitive processing,
neural activity and neuronal will reform to be efficient
and suitable for the current state through various plas-
ticity mechanisms. Accordingly, we proposed that there
are at least two modes of brain functional remodelling
associated with NF1: one is the local activity change in
specific ‘key regions’ based on functional separation the-
ory, leading directly to regional cortical remodelling. The
other is the reorganization of the whole brain networks
based on the functional integration perspective, that is,
the coordination of information processing through more
sophisticated and comprehensive restructuring within
the cognitive control networks.

Imbalanced dopamine system

Dopamine (DA) is one of the most important neuro-
transmitters to maintain and promote a variety of basic
physiological states (such as blood pressure) and complex
conscious functions (such as emotions). Importantly, DA
is the critical neurotransmitter for attention control dur-
ing normal physiological activities, and some key nodes of
cognitive control networks (i.e. basal ganglia, insula) are
also DA-enriched brain regions. Research on animal mod-
els of NF1 has provided us with an opportunity to learn
more about the pathogenesis of NF1. Previous studies
demonstrated that in the striatum of NF1 knockout mice
with non-selective and selective attention impairment,
post-synaptic DA levels are reduced, whereas the axons
of the dopaminergic neurons are shortened. Moreover,
such deficits were normalized following either methyl-
phenidate or levodopa administration, emphasizing that
the attention abnormality is the consequence of reduced
DA levels in the striatum [24]. Combined with behav-
ioural deficiencies such as learning and memory deficits
in NF1 mice [25], it is currently speculated that imbal-
ances in the DA system are important factors that cause
NF1 cognitive abnormalities [9].

The significance of cognitive assessment of
neurofibromatosis type 1

Characterizing the underlying neural mechanism of cog-
nitive processes is crucial for elucidating brain functions
and diagnosing and treating brain diseases. Although
animal research can help to understand some of the
mechanisms of neural activity, due to human-specific
advancements in intelligence, the results of animal stud-
ies are still distant from the reality of human beings.
The complexity of the human brain itself and the lim-
itations of research methods have constrained the fur-
ther exploration of cognitive activities in the brain. The
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relatively clear genetic background of NF1-related cog-
nitive impairment provides an opportunity to analyse the
neurophysiological basis of complex cognitive activities.
The combination of single gene mutations and cognitive
impairment makes NF1 a unique model for studying
cognitive processing. Increasing numbers of researchers
have explored the brain characteristics associated with
NF1 cognitive impairment, which provides a new per-
spective for clarifying the developmental dynamics and
the factors influencing cognition.

Taking cognitive impairments as a breakthrough, further
research on the inherent neural dysfunctions of NF1 by
selective tasks combined with neuroimaging would pro-
vide irreplaceable causal evidence for clarifying the neu-
rophysiological basis of complex cognitive processing.
These investigations will help us to uncover the patho-
genesis of NF1, improve the understanding of NF1 cog-
nitive impairment comprehensively, guide the diagnosis
and treatment of NF1, and help to overcome quandaries
in the treatment of such complex diseases. Furthermore,
given the close relationship between distinct genetic
characteristics of NF1 and cognitive impairment, the
combined research in cognitive neuroscience and molec-
ular biology will explain the neural mechanisms under-
lying a series of complex cognitive deficits and provide
evidence for the study of other diseases featuring compa-
rable cognitive impairment.
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