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Abstract

Neurofibromatosis Type 1 (NF1) is a common genetic disorder frequently associated
with cognitive deficits. Despite cognitive deficits being a key feature of NF1, the pro-
file of such impairments in NF1 has been shown to be heterogeneous. Thus, we
sought to quantitatively synthesize the extant literature on cognitive functioning in
NF1. A random-effects meta-analysis of cross-sectional studies was carried out com-
paring cognitive functioning of patients with NF1 to typically developing or unaf-
fected sibling comparison subjects of all ages. Analyses included 50 articles (Total
Nne1r = 1,522; Mpage = 15.70 years, range = 0.52-69.60), yielding 460 effect sizes.
Overall moderate deficits were observed [g§ = —0.64, 95% Cl = (—0.69, —0.60)]
wherein impairments differed at the level of cognitive domain. Deficits ranged from
large [general intelligence: g = —0.95, 95% Cl = (—1.12, —0.79)] to small [emotion:
g =—-0.37, 95% Cl = (—0.63, —0.11)]. Moderation analyses revealed nonsignificant
contributions of age, sex, educational attainment, and parental level of education to
outcomes. These results illustrate that cognitive impairments are diffuse and salient
across the lifespan in NF1. Taken together, these results further demonstrate efforts
should be made to evaluate and address cognitive morbidity in patients with NF1 in

conjunction with existing best practices.
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pattern (DeBella et al., 2000). The remaining cases are sporadic of

which ~80% are attributable to a paternal origin (Jadayel et al., 1990).

Neurofibromatosis Type 1 (NF1), also known as von Recklinghausen's
disease, is a common genetic multisystem disease found in ~1 in
2500 to 1 in 3000 people that affects the central and peripheral ner-
vous system (Williams et al., 2009). NF1 is caused by mutations in the
neurofibromin 1 (NF1) tumor suppressor gene located on chromo-
some 17, position gq11.2, and can result in a heterogeneous symptom
profile (Rasmussen & Friedman, 2000). NF1 is inherited in approxi-

mately half of cases and follows an autosomal dominant transmission

De novo deletions of the NF1 gene, as opposed to a transmitted or
sporadic mutation, occur in ~10% of cases and are most often mater-
nally transmitted (Upadhyaya et al., 1998). The disease is highly pene-
trant such that 90% of cases are identified by age 7 and 100% of
cases by age 19 (DeBella et al., 2000).

The characteristic somatic features include café-au-lait macules,
cutaneous and plexiform neurofibromas, abnormal skin freckling, sco-

liosis, pseudarthrosis, and iris hamartomas (Gutmann et al., 1997).
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Neurological complications often involve optic nerve gliomas
(Gutmann et al., 1997), macrocephaly (Castle et al., 2003), epilepsy
(Ostendorf et al., 2013), and multiple sclerosis (Ferner, 2007; Ferner
et al, 1995). Attention-deficit/hyperactivity disorder (ADHD) and
learning disabilities (LD) frequently co-occur in NF1, affecting approxi-
mately 40% and 30%-60% of patients respectively (Ferner, 2007).
Recent epidemiological studies also report increased rates of autism
spectrum disorder (ASD) in this population at a rate of 25%-30%
(Garg et al., 2012; Garg et al., 2013).

Patients with NF1 face an increased risk for developing cognitive
impairments, along with motor and behavioral dysfunction (Gutmann
et al., 2012). NF1 is often characterized by intellectual abilities in the
low average range (i.e., IQ =~ 85-90); however, the base rates of intel-
lectual disability are notably higher in NF1 than in the general popula-
tion (i.e., 6%-7% vs. 2%; Lehtonen et al., 2013). Impairments in
executive function are also a hallmark feature of the NF1 cognitive
profile (Beaussart et al., 2018). Other areas of compromise include the
domains of academic achievement, visuospatial ability, attention, and
psychosocial functioning (Lehtonen et al., 2013). The appearance of
these cognitive impairments closely proceed the onset of the hallmark
features of this condition and often emerge in early childhood (ages
3-5 years; Williams et al., 2009), necessitating neuropsychological or
psychoeducational evaluation for these patients.

Despite existing knowledge about the cognitive disruptions seen
in NF1, summary characterization of cognitive functioning in this dis-
ease is needed given the breadth of deficits reported in the literature
(cf. Beaussart et al., 2018; Lehtonen et al., 2013). Most studies docu-
ment noticeable deficits in several domains in NF1, yet no clear cogni-
tive profile emerges. A recent meta-analysis of the executive
functions in children with NF1 revealed significant impairment across
working memory, response inhibition, set-shifting, and planning/prob-
lem-solving (Beaussart et al., 2018), however, these deficits were not
equal in magnitude and within-domain analyses showed heterogene-
ity among studies examined. A broader systematic review echoed
these disparate findings in the executive function literature and
noticed similar variability in other domains (Lehtonen et al., 2013).

The aim of the current meta-analytic review is to summarize cog-
nitive functioning over the lifespan in patients with NF1. We exam-
ined intellectual, neuropsychological, and academic performance in
both children, adolescents, and adults with NF1 relative to healthy
unrelated age-matched typically developing and unaffected sibling
comparison groups. Furthermore, we sought to identify the impact of
various potential moderators, such as age and sex that may impact

performance deficits in NF1.

2 | METHODS

This systematic review and meta-analysis was conducted and
reported in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher
et al., 2009). A complete PRISMA checklist is available in Appendix A.

21 | Search strategy

Articles were independently screened by four of the authors (CM,
AM, JMJ, and AJDC) and identified through a computerized litera-
ture search using PubMed and PsychINFO databases using the sea-
rch terms: (“neurofibromatosis type 1”7, OR “NF1”, OR “von
Recklinghausen's disease”) AND (“neuropsychology”, OR “cogni-
tive”, OR “intelligence”, OR “achievement”, OR <“attention”, OR
“executive”, OR “memory”, OR “visual perceptual” OR “motor”). The
search was limited to English articles published through June
30, 2021 that dealt with human subjects. Additionally, a thorough
manual review of articles was performed utilizing cross-references
from identified original articles and reviews. All articles of interest
were retrieved without issue except one advanced online publication

where the corresponding author was contacted.

2.2 | Eligibility criteria

Inclusion of studies followed these criteria: (1) were original English
language research articles that enrolled human subjects; (2) utilized
standard or experimental tasks of cognitive function in patients
with NF1; (3) had a comparison group of typically developing or
sibling participants with no history of NF1; and (4) provided data or
statistical information that allowed for the calculation of

effect size.

2.3 | Data extraction

Items extracted included: (1) study details (author, publication date,
country of origin, and control group type); (2) participant characteris-
tics (mean age at time of testing, sex distribution, educational attain-
ment, and parental level of education among patients); (3) sample
sizes; and (4) means and standard deviations of test scores, test statis-
tics, and/or p-values. Cognitive functioning was defined broadly,
examining effect sizes across 27 specific cognitive domains including:
(1) general intelligence; (2) performance (nonverbal) intelligence;
(3) verbal intelligence; (4) math; (5) reading; (6) writing; (7) verbal long-
term memory; (8) nonverbal long-term memory; (9) verbal short-term
memory; (10) nonverbal short-term memory; (11) verbal working
memory; (12) nonverbal working memory; (13) processing speed;
(14) attention; (15) response inhibition; (16) interference control;
(17) set-shifting; (18) planning; (19) phonemic fluency; (20) semantic
fluency; (21) nonverbal fluency; (22) expressive language; (23) recep-
tive language; (24) visuospatial abilities; (25) motor function; (26) deci-
sion-making; and (27) emotion. Assignment of cognitive tests to
selected domains was guided by the classifications made in source
articles. In the absence of assignment in source articles, tests were
assigned to domain based on discussions between authors. All effect
sizes were coded so that a negative value indicated worse perfor-

mance by the NF1 group.
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2.4 | Statistical analysis

Mean differences contrasting patients with NF1 from healthy compar-
ison subjects on measures of cognitive functioning were standardized
by calculating Hedge's g (Hedges, 1981) with a large sample approxi-
mation of effect size variances (Borenstein, 2009). Effect sizes were
categorized as small (g > 0.2), medium (g = 0.5), or large (g = 0.8)
according to Cohen (1988) and were calculated from either: (1) means,
standard deviations, and sample sizes; (2) independent samples
t statistics; (3) univariate F statistics; (4) z statistics; or (5) p-values.
Formula available in Borenstein (2009) and Friedman (1982) were
used to convert and standardize effect sizes to Hedge's g. Random-
effects models with a restricted maximum-likelihood estimator of het-
erogeneity (Viechtbauer, 2005) were utilized in all analyses. To for-
mally test for heterogeneity across studies, the Cochran Q statistic
(Cochran, 1950) and the 2 statistic (Higgins & Thompson, 2002) were
employed. Effect size moderators were assessed with Cochran's
Q tests and linear mixed effect approaches. The alpha level was set to
0.05 for all analyses and post-hoc pairwise contrasts were Holm-
adjusted where appropriate. All analyses were conducted in the R lan-
guage (version 4.1.1; The R Core Team, 2021) with the metafor pack-
age (version 3.0-2; Viechtbauer, 2010).

2.5 | Publication bias

A combination of graphical and statistical methods was carried out to
evaluate publication bias. A funnel plot was appraised for a symmetric
distribution of effects. In addition, a normal quantile-quantile plot was
examined to evaluate whether effects were normally distributed. Begg
and Mazumdar's (1994) rank correlation test, Egger et al.'s (1997) linear
regression approach, and Orwin's (1983) fail-safe N for effect size were
employed to test for publication bias. Egger's regression test was per-
formed with included studies' standard errors as the predictor while
Orwin's fail safe N was estimated based on a target average effect size
of g = —0.1, an average effect of limited significance. Random-effects
models were adjusted for publication bias following Duval and
Tweedie (2000) where appropriate. Sensitivity analyses of publication
year, country of origin, control group type, and effect size type were also

undertaken with Cochran's Q tests and linear mixed effect approaches.

3 | RESULTS

3.1 | Study selection and characteristics

A total of 109 articles were identified through database searches and
50 articles published between 1989 and 2021 were deemed eligible
for meta-analysis (Figure 1). A comprehensive list of articles excluded
from the meta-analysis is available in Appendix B. Studies yielded
52 independent samples comprising patients with NF1 (n = 1522) and
healthy comparison subjects (n = 1576). Characteristics of included

studies are in Table 1.

The mean age of patients with NF1 across studies was
15.70 years (Mdn = 11, range = 0.52-69.60). The average proportion
of the patient samples which were male was 51.85% (Mdn = 51.02%,
range = 25.00-94.44%). The levels of education of the patients with
NF1 and their parents were largely unreported within studies, how-
ever the mean level of education of NF1 probands across studies was
6.92 years (Mdn = 8, range = 0-12.82) and their parents attained an
average of 12.16 years of education (Mdn = 12.1, range = 11.50-
12.91). A range of intelligence, neuropsychological, and academic
achievement tests were reported in the literature (Table S1).

Studies contributed an average of 8.85 effects (Mdn = 6,
range = 1-42). Effect size data reported across studies was primarily
means, standard deviations, and sample sizes (k = 394) followed by p-
values (k = 25), z statistics (k = 19), independent samples t statistics
(k = 17), and univariate F statistics (k = 5).

3.2 | Meta-analysis

Meta-analysis revealed a deficit in overall cognitive functioning
between patients with NF1 and healthy controls within the moderate
range [k = 460, g = —0.643 (SE = 0.023), Z = —28.607, p < 0.0001,
95% Cl = (-0.687, —0.599)], which was heterogeneous (Q
[459] = 1441.703, p < 0.0001). Between-study variance was moder-
ate (I = 68.46%). Notwithstanding, observed effect sizes were nor-
mally distributed (Figure S1).

3.3 | Publication bias

Analysis for the presence of possible publication bias revealed an
asymmetric funnel plot (Figure 2) and significant Begg (r = —0.117,
p = 0.0002) and Egger (Z = —4.168, p < 0.0001) tests, intimating pub-
lication bias in this literature. Calculation of a fail-safe N revealed that
2573 effects would need to be found and incorporated in the analysis
to reduce the overall effect to a trivial result, suggesting the present
findings are unlikely to have been affected by missing contradictory
studies. To address possible publication bias, we imputed potentially
missing studies following Duval and Tweedie (2000) and informed by
results of the aforementioned Begg's rank correlation test. This proce-
dure imputed two effects (SE = 2.450, p = 0.125) to the right of mean
estimate and marginally adjusted the overall model [Figure S2;
k = 462, g = —0.634 (SE = 0.023), Z = —28.001, p < 0.0001, 95%
Cl =(-0.683, —0.593)].

3.4 | Sensitivity analyses

3.4.1 | Year of publication

A linear mixed effect model indicated year of publication did not sig-
nificantly predict effect size outcomes (Qu[1] = 0.884, Z = 0.940
p = 0.347).
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FIGURE 1 Flowchart of literature search

34.2 | Country of origin

By contrast, a linear mixed model demonstrated effect sizes varied as
a function of country of origin (Qu[14] = 897.536, p < 0.0001). Post
hoc pairwise contrasts revealed effect size outcomes varied between
each country of origin (Qu[2] = 21.490, p < 0.0001). However, signifi-
cant residual heterogeneity was also observed (Qg[446] = 1312.244,
p < 0.0001), indicating other factors are influencing heterogeneity

among effect size outcomes.

3.4.3 | Control group type

Control group type was also found to significantly moderate effect
size outcomes (Qum[3] = 819.134, p < 0.0001). Post hoc pairwise con-
trasts demonstrated effect size outcomes varied between each con-
trol group type (Qm[2] =2 193.616, p < 0.0001). Post hoc pairwise
contrasts indicated studies utilizing both typically developing and

unaffected siblings controls demonstrated mean differences that were
larger in magnitude [g = -0.674 (SE = 0.087), Z = -7.715,
p < 0.0001, 95% Cl = (—0.845, —0.503)] than studies incorporating
solely typically developing controls [§ = —0.662 (SE = 0.026),
Z = —25.010, p < 0.0001, 95% Cl = (—0.713, 0.610)] or unaffected
sibling controls [g§ = —0.570 (SE = 0.049), Z = —11.580, p < 0.0001,
95% Cl = (—0.667, —0.474)]. Although, significant residual heteroge-
neity was revealed within this analysis, as well (Qg[457] = 1441.284,
p < 0.0001).

344 | Effect size type

A linear mixed effects analysis with mean differences set as the ref-
erence level found effect size outcomes were significantly moder-
ated by reported effect size (Qu[4] = 12.465, p = 0.014). Post hoc
pairwise contrasts indicated mean differences were larger in magni-
tude [g = —0.658 (SE = 0.024), Z = —27.582, p < 0.0001, 95%
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Cl = (-0.704, —0.611)] than independent samples t statistics
[g = 0.138 (SE = 0.114), Z = 1.213, p = 0.225, 95% CI| = (—0.085,
0.361)], univariate F statistics [g = —0.576 (SE = 0.245),

Standard Error
0.281 0.14
| |

0.421
|
.

0.561
|
.

Hedge's g

FIGURE 2 Funnel plot of individual effect sizes (Hedge's g) by
their standard error

Z = -2.350, p = 0.019, 95% Cl = (—1.056, —0.096)], z statistics
[g = 0.270 (SE = 0.140), Z = 1.928, p = 0.054, 95% Cl = (—0.005,
0.545)], and p values [g = 0.145 (SE = 0.106), Z = 1.358, p = 0.174,
95% Cl = (—0.064, 0.353)]. No other post hoc contrasts were sig-
nificant. In addition, significant residual heterogeneity remained
(Qe[455] = 1419.649, p < 0.0001).

3.5 | Moderator analysis

3.5.1 | Cognitive domain

Moderation analysis of the 27 cognitive domains revealed significant
heterogeneity (Figure 3; Qu[27] = 1003.965, p < 0.0001). Large def-
icits were seen among the domains of general intelligence, perfor-
mance intelligence, visuospatial abilities, verbal intelligence, math,
and writing. Moderate deficits were seen among nonverbal long-
term memory, nonverbal short-term memory, verbal working mem-
ory, receptive language, processing speed, nonverbal fluency, read-
ing, planning, motor function, expressive language, interference
control, and attention. Small deficits were found among set-shifting,
nonverbal working memory, response inhibition, and emotion. Dif-

ferences were not significant among the domains of phonemic

Cognitive Domain k NF1 C Estimate [95% CI]
General 1Q - 29 1041 957 -0.95[-1.12,-0.79]
Performance 1Q —m— 27 888 825 -0.93[-1.10,-0.76]
Visuospatial Abilities —m— 35 1008 1020 -0.85[-1.01,-0.70]
Verbal 1Q —a— 25 847 780 -0.83[-1.01,-0.66]
Math ———q 6 226 149 -0.80[-1.16,-0.44]
Writing —— 5 245 141  -0.80[-1.18,-0.41]
Nonverbal Long-Term Memory — 8 153 151 -0.77 [-1.11, -0.44]
Nonverbal Short-Term Memory — 7 252 151 -0.77 [-1.11, -0.43]
Verbal Working Memory —a— 10 326 359 -0.76[-1.04,-0.47]
Receptive Language —a— 23 696 799 -0.67[-0.86, -0.48]
Processing Speed —— 27 659 665 -0.67[-0.85,-0.48]
Nonverbal Fluency e 3 112 161 -0.64 [-1.11,-0.18]
Reading — 1 31 1569 1298 -0.62[-0.77,-0.47]
Planning —a— 25 676 648 -0.62[-0.80,-0.44]
Motor Function - 30 1075 1033 -0.61[-0.77,-0.45]
Expressive Language —a— 14 393 445 -0.57 [-0.81, -0.33]
Interference Control e 7 147 168 -0.54[-0.89,-0.19]
Attention i 39 1434 1317 -0.52[-0.66, -0.38]
Set-Shifting —— 28 748 905 -0.49[-0.65,-0.32]
Phonemic Fluency —— 3 121 94 -0.44 [-0.93, 0.06]
Nonverbal Working Memory - 32 1152 1000 -0.43[-0.58,-0.27]
Response Inhibition e 19 674 721 -0.42 [-0.62, -0.23]
Verbal Long-Term Memory —_ 4 111 167 -0.40 [-0.88, 0.08]
Emotion —a 11 427 256  -0.37[-0.63,-0.11]
Verbal Short-Term Memory i 7 153 229  -0.17[-0.54, 0.20]
Semantic Fluency e 4 49 137 -0.14[-0.65, 0.36]
Decision-Making } { 1 33 52 0.34 [-0.47, 1.15]
I 1 1 T T 1
-1.5 -1 -0.5 0.5 1 1.5

Hedge's g

FIGURE 3

Forest plot of average effect sizes (Hedge's g) by cognitive domain. Error bars represent 95% confidence intervals. C, total sample

size of control groups; K, total number of effects; NF1, total sample size of patient groups
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fluency, verbal long-term memory, verbal short-term memory,
semantic fluency, and decision-making. Significant residual heteroge-
neity was demonstrated in this moderation analysis
(Qe[433] = 1178.034, p < 0.0001), suggesting additional factors are

influencing effect size variances.

3.6 | Meta-regression

3.61 | Age

Analysis revealed that mean patient age did not significantly explain
variances in effect size outcome (k = 379, Qul1] = 1.855, Z = 1.362,
p = 0.173), indicating that the observed deficits in cognitive function
among patients with NF1 remain relatively static throughout the

lifespan.

3.6.2 | Sex

Analysis with the proportion of the patient sample being male as the
predictor did not significantly explain effect size outcomes (k = 376,
Quml1] =1.421,Z = —1.192, p = 0.233). This result suggests sex distri-
bution does not influence cognitive outcomes in patients with NF1.

3.6.3 | Proband level of education

With mean years of education among patients as the predictor, analy-
sis did not demonstrate an association between educational attain-
ment and effect size outcomes (k = 43, Qu[1] = 0.104, Z = —0.322,
p = 0.748). This finding should be interpreted with caution given the
low level of reporting within studies with respect to proband level of

education.

3.64 | Parentallevel of education

Similarly, analysis predicting effect size outcomes from parental years
of education among patients was not significant (k = 51,
Qml1] = 0.857,Z = 0.926, p = 0.355). Likewise, this finding should be
interpreted with caution as few studies reported parental level of

education.

4 | DISCUSSION

The present meta-analysis revealed moderate impairments in overall
cognitive performance in patients with NF1 relative to healthy com-
parison subjects. These deficits were broad, affecting a range of cog-
nitive domains. Importantly, differences in cognitive outcome were
largely uninfluenced by sociodemographic moderators such as age,

sex, educational attainment, or parental level of education.

medical genetics Bl WI1LEY_[ 2

4.1 | Neuropsychological domain

The largest deficits in cognitive functioning in NF1 were seen on tests
of intellectual functioning, visuospatial ability, and academic achieve-
ment with smaller differences seen in other domains, consistent with
a previous systematic review (Lehtonen et al., 2013). These findings
likely reflect the mild reductions in performance on intelligence tests,
LD, and common optic nerve neuropathology described previously
(Ferner, 2007). Consistent with this general finding, our data suggests
patients with NF1 generally present with an IQ approximately one
standard deviation below the mean.

In addition to mild reductions in intelligence, notable deficits
were also observed in studies of primarily nonverbal, visuospatial
functions (e.g., nonverbal long-term and short-term memory, non-
verbal working memory, nonverbal fluency, processing speed,
attention, response inhibition) which contrast with certain verbally
mediated functions (e.g., verbal long-term and short-term memory
and phonemic and semantic verbal fluency), which were not signifi-
cantly reduced. However, studies of verbal working memory,
expressive and receptive language, reading, and writing demon-
strated significant impairment, as well. Consequently, these find-
ings intimate a cognitive profile that goes beyond deficits in
nonverbal abilities.

This heterogeneity has been the focus of much research
(Lehtonen et al., 2013) and hypothesized to be related to a system of
weaknesses in visuospatial ability, executive function, and learning
(Cutting et al., 2004). As Cutting et al. (2004) have suggested, the
more pervasive deficits in visually mediated functions does not neces-
sarily indicate a form of nonverbal learning disability (NVLD) but a
more heterogeneous profile of LD that includes a key impairment in
visuospatial functioning. However, executive function deficits may
effectuate visuospatial dysfunction among patients who do not have
a primary visual impairment (Van Eylen et al., 2017). As such, visuo-
spatial deficits may be dependent on executive dysfunction among a
subgroup of patients. The breadth of deficits seen may also be associ-
ated with the high disease burden that includes comorbid LD, ADHD,
and other neurological and developmental disorders. With this under-
standing, it is conceivable patients with NF1 may present with hetero-
geneous deficits and lower than average performance on intelligence

tests.

42 | Age effects

Our findings suggest a limited role of age-related influences on cogni-
tive outcomes in NF1. Specifically, meta-regression analysis demon-
strated that age did not significantly moderate cognitive performance.
These findings run counter to findings in a recent meta-analysis show-
ing adolescents with NF1 had greater executive function deficits,
though this meta-analysis included only executive function domains,
was restricted to children and adolescents, and this age effect seemed
to be specific to working memory (Beaussart et al., 2018). Overall,

these results may echo the high penetrance (DeBella et al., 2000) and
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early emergence of cognitive impairments in the disease course of
NF1 (Williams et al., 2009).

4.3 | Neurobiological basis

In general, the cognitive deficits seen in NF1 may reflect the diffuse
neurodevelopmental consequences of reduced neurofibromin expres-
sion in the brain (Gutmann, 2002; Gutmann et al., 2012). Particularly,
it has been proposed that the Ras-pathway dysfunction resulting from
the typical course of NF1 may be more directly responsible for these
deficits as previously illustrated in early mouse studies (Costa &
Silva, 2002). Animal studies have shown Ras/ERK signaling indirectly
modulates y-aminobutric acid (GABA) neurotransmission via its role in
the phosphorylation of synapsin 1, a regulator of neurotransmitter
release (Gutmann et al., 2012). Both human and animal studies have
implicated NF1 in increased GABA-mediated inhibition in regions crit-
ical to learning, memory, and executive function (Shilyansky
et al.,, 2010). These findings are consistent with literature demonstrat-
ing lesser cortical GABA abundance in NF1 (Violante et al., 2013;
Violante et al., 2016). Given statin drugs are known to modulate Ras
activity, recent randomized control trails using statin drugs have been
conducted though have shown limited efficacy with respect to
improving cognitive and psychosocial outcomes in this population
(e.g., Krab et al., 2008; van der Vaart et al., 2013).

In addition to the Ras pathway, neurofibromin indirectly moder-
ates cyclic adenosine monophosphate (cAMP) signaling via rut activa-
tion (Diggs-Andrews & Gutmann, 2013). In model NF1 knockout
Drosophila, learning and memory impairments have been observed
which were ameliorated by the correction of neurofibromin and cAMP
deficiencies (Buchanan & Davis, 2010; Guo et al., 2000). In prior stud-
ies of knockout mice, abnormal cortical morphology has been found
and attributed to decreased neuronal arborization in addition to dys-
functional apoptotic processes stemming from reduced cAMP synthe-
sis (Brown et al., 2012; Hegedus et al., 2007; Hegedus et al., 2009).

With the considerable executive function and attention deficits
and the high prevalence of ADHD documented in NF1, researchers
have finally implicated aberrant dopaminergic neurotransmission in
NF1 (Diggs-Andrews & Gutmann, 2013). Methylphenidate, a common
stimulant medication for ADHD, has consistently shown positive effi-
cacy in treating cognitive deficits and ADHD-related symptomology in
NF1 (Lidzba et al, 2014; Loin-Francois et al., 2014; Mautner
et al., 2002). These outcomes are consistent with the finding that NF1
knockout mice have reduced striatal dopamine (Brown et al., 2010;
Brown et al., 2011) which has been implicated in learning and memory
deficits in these mouse models (Diggs-Andrews et al., 2013).

Taken together, these findings intimate a disruption of typical
neurodevelopmental processes in NF1 and underscore the importance
of neurofibromin in normal brain development. Despite this growing
literature on the neurobiological bases of NF1, the available knowl-
edge is still limited. Further study is required in order to elucidate the
molecular and cellular bases that cause cognitive deficits in this

population.

44 | Limitations

The findings of the current meta-analysis should be taken in light of
the following limitations. First, our analysis was comprised of studies
that had to include typically developing peers, unaffected siblings, or a
combination of these. Studies were excluded if the comparison group
was not adequately matched. While this allowed for comparisons of
effect sizes between patients with NF1 and age-matched healthy
comparison and sibling comparison groups, it excluded studies that
relied on normative data to calculate differences as variance of effect
size would increase when calculated on disparate and unrelated nor-
mative samples. Second, moderator analyses were limited by a paucity
of reporting of variables of interest such as education level and other
neurological or psychiatric symptomatology (e.g., depression, anxiety,
ADHD, or quality of life) in the included articles. Thus, our analyses
cannot clarify the effects of these likely influential factors on cognitive
outcomes in NF1. Third, we were unable to examine the role of geno-
type and transmission pattern as these variables were similarly under-
reported. Recent studies have noted that these variables may
influence cognitive deficits in NF1 (e.g., Biotteau et al, 2020;
Ottenhoff et al., 2020). While few genotype-phenotype correlations
have been demonstrated in NF1 (Bettegowda et al., 2021), future
studies should examine the contribution of genotype and transmission
pattern to cognitive variability in NF1. Lastly, we did not evaluate
study bias at the individual study level as studies did not differ consid-
erably regarding the selection and matching of patient and control
groups and outcome (independent) measures. However, the use of
quality assessment scales may have allowed for the identification of
possible study bias beyond the graphical and statistical
approaches used.

5 | CONCLUSIONS

The current meta-analytic review sought to summarize the magnitude,
scope, and differential impairments in cognitive functioning in patients
with NF1 in the current literature. Here, we have revealed moderate
effects in overall cognitive performance to which the largest deficits
are observed in intellectual domains, visuospatial ability, and academic
achievement. Decrements in other cognitive domains, notably in exec-
utive function, motor function, attention, visual memory, and working
memory among others, are also considerable. These impairments
seem to be uninfluenced by several sociodemographic moderators. In
summary, our data further evidences NF1 is associated with signifi-
cant cognitive impairments across several functional domains which
should be taken into consideration holistically in patients suspected of

having this disease.
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