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ABSTRACT

Neurofibromatosis type 1 (NF1) is a dominantly inherited multiorgan genetic
condition caused by pathogenic variants of the NFI gene. NF1 is characterized by
café au lait macules, axillary and inguinal freckling, and cutaneous neurofibromas.
The syndrome also predisposes affected persons to both benign and malignant
tumors. Cognitive and behavioral problems are also common in NF1. The birth
incidence of NF1 is approximately 1/2,000, and the mean prevalence is 1/4,000
owing to compromised survival.

In this thesis, a Finnish nationwide cohort of NF1 individuals was used in three
population-based analyses. The data were linked with multiple national
administrative health registers to study the distribution of gastrointestinal tumors,
gastrointestinal stromal tumors (GISTs) as a cause of death, essential and secondary
hypertension, and the risk and prognosis of myocardial infarction in individuals with
NFI1.

The site-specific register analysis of 1,410 NF1 patients revealed a markedly
high hazard ratio (HR) of 15.6 for tumors of the small intestine, and the analysis
of death certificates demonstrated substantial morbidity related to GISTs in NF1.
Cardiovascular outcomes showed that NF1 patients had significantly elevated
hazard for both secondary (HR 3.76) and essential hypertension (HR 1.73), with
essential hypertension being predominant and occurring an average of six years
earlier compared to matched controls. NF1 patients also had an increased risk of
myocardial infarction and their survival after myocardial infarction was worse than
in controls.

The results highlight the importance of early and accurate diagnosis of NF1-
related comorbidities, surveillance, multidisciplinary care, and risk reduction to
improve patient outcomes. The study has clinical relevance and it may help in
formulating the national guidelines of treatment and follow-up of NF1 patients.

KEYWORDS: gastrointestinal tumor, gastrointestinal stromal tumor, hypertension,
myocardial infarction, neurofibromatosis type 1
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TIVISTELMA

Tyypin 1 neurofibromatoosi (NF1) on vallitsevasti periytyvd monielinsairaus, joka
aitheutuu NFI-geenin muutoksista. NF1:n tavallisimpia 16ydoksid ovat ithon neuro-
fibroomat, maitokahvildiskét ja kainaloiden ja nivusten kesakot. Lisédksi oireyhtyma
altistaa sekd hyvén- ettd pahanlaatuisille kasvaimille. Myos kognitiiviset ja kdyttay-
tymiseen liittyvit ongelmat ovat yleisid. NF1 todetaan noin yhdelld 2000 syntyvasta
lapsesta, mutta keskimdédrdinen esiintyvyys on noin 1/4 000, mika selittyy lisdanty-
neelld kuolleisuudella.

Viitoskirjassa kaytettiin suomalaista valtakunnallista NF1-potilaiden kohorttia
kolmessa viestopohjaisessa analyysissd. NF1 kohortti yhdistettiin useisiin kansalli-
siin terveysrekistereihin. Tutkimuksessa selvitettiin ruoansulatuskanavan kasvainten
paikkajakaumaa, ruoansulatuskanavan stroomakasvainta (GIST) kuolinsyyna,
essentiaalisen ja sekundaarisen verenpainetaudin esiintyvyyttd sekd sydaninfarktin
riskid ja ennustetta NF1-potilailla.

Rekisteripohjainen 1410 NF1-potilaan tietojen analyysi osoitti merkittdvasti
kohonneen uhkasuhteen (HR 15,6) ohutsuolen kasvaimille. Kuolinsyyanalyysi toi
esiin GIST:in liittyvdn NF1-potilaiden kuolleisuuden. Sydén- ja verisuonisai-
rauksien osalta havaittiin, ettd NF1-potilailla vaikutti olevan suurentunut riski sekd
sekundaariseen (HR 3,76) ettd essentiaaliseen verenpainetautiin (HR 1,73).
Essentiaalinen verenpainetauti oli ndistd yleisempi ja ilmeni keskimdérin kuusi
vuotta aikaisemmin kuin verrokkiryhmassd. NF1-potilailla todettiin my6s kohonnut
sydaninfarktin riski sekd huonompi eloonjadminen infarktin jalkeen.

Tulokset korostavat NF1:4én liittyvien liitdnndissairauksien varhaisen ja tarkan
diagnostiikan, seurannan, moniammatillisen hoidon ja riskien vdhentdmisen merki-
tystd potilaiden ennusteen parantamisessa. Tutkimuksella on kliinistd merkitysta, ja
se voi osaltaan tukea NF1-potilaiden hoitoa ja seurantaa koskevien kansallisten
suositusten laatimista.

AVAINSANAT: neurofibromatoosi tyyppi 1, ruoansulatuskanavan kasvain, ruoan-
sulatuskanavan stroomakasvain, sydaninfarkti, verenpainetauti
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1 Introduction

Neurofibromatosis type 1 (NF1; OMIM #162200; ORPHA:636) is an autosomal
dominant genetic disorder caused by pathogenic variants in the NFI gene, which
encodes neurofibromin and is located on chromosome 17q11.2 (Wallace et al., 1990;
Xu et al., 1990; Gutmann et al., 2017). Individuals with NF1 are predisposed to
developing both benign and malignant tumors affecting the skin, nervous system,
and other organs, including the gastrointestinal tract (Ferner and Gutmann, 2013).

Diagnosis of NF1 is based on clinical and molecular criteria (National Institutes
of Health Consensus Development Conference, 1988; Legius et al., 2021). Café au
lait macules and cutaneous neurofibromas are the hallmark features of NF1. Café au
lait macules are the first detectable clinical finding of NF1 syndrome, and these
pigmented macules may be visible at birth while cutaneous neurofibromas start to
grow during puberty (DeBella et al., 2000). The manifestations of NF1 also include
optic pathway tumors and plexiform neurofibromas, and skeletal abnormalities and
neurocognitive impairments are frequently observed in children with NF1. Notably,
NF1 exhibits complete penetrance but its clinical manifestations are highly variable,
including differences in the number and type of tumors, ranging from few to
numerous lesions, their cosmetic impact, and whether the tumors are benign or
malignant. As a result, affected individuals may experience anything from mild
dermatological findings to severe complications such as malignant peripheral nerve
sheath tumors, reflecting the broad spectrum of phenotypic expression (Jouhilahti et
al., 2011a; Ferner and Gutmann, 2013).

NF1 is classified as a rare disease, with an estimated average prevalence ranging
from 1/4,500 to 1/2,000 individuals (Huson et al., 1989; Evans et al., 2010;
Kallionpaa et al., 2018). Importantly, its prevalence is age-dependent, decreasing in
older age groups and leading to a shortened lifespan among affected individuals
(Kallionpéa et al., 2018). In Finland, the birth incidence of NF1 has been reported to
be approximately 1/2,000 (Uusitalo et al., 2015).

The most significant contributor to excess mortality in NF1 is malignant
peripheral nerve sheath tumor (MPNST) (Rasmussen et al., 2001; Uusitalo et al.,
2015). Other causes include vascular complications, such as cardiovascular and
hypertension-related events, and cerebrovascular diseases, as well as increased risks
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of breast cancer and brain tumors (Zédller et al., 1995; Evans et al., 2011; Uusitalo et
al., 2015).

This thesis comprises three original nationwide, population-based
epidemiological studies, utilizing data linked from multiple national health registers.
The studies investigate selected comorbidities of NF1, including the sites of
gastrointestinal tract tumors, gastrointestinal stromal tumors (GISTs) as a cause of
death, essential and secondary hypertension, and the risk and prognosis of
myocardial infarction (MI) in individuals with NF1.

12



2 Review of the Literature

2.1 Neurofibromatosis type 1 (NF1)

211 History of NF1

The earliest descriptions of NF1 can be traced to Ancient Egypt (1500 BC) and the
Ebers Papyrus, one of the oldest surviving medical documents. Possible
neurofibromas are visible on a statuette from Smyrna dating to the Hellenistic period
(323-331 BC) (Ruggieri et al., 2018). Nodular skin lesions are also portrayed on
coins of the Parthian Empire (247 BC to AD 228) in ancient Persia (Todman, 2008).

Rudolf Ludwig Virchow (1821-1902), regarded as the father of modern
pathology, first concentrated on the pathology of peripheral nerve tumors (Ruggieri
et al., 2018). Friedrich Daniel von Recklinghausen (1833-1910) was a German
pathologist and a student of Virchow. In 1882, he provided a comprehensive
description of two cadavers with dermal tumors and pigmented spots on their skin.
Von Recklinghausen identified the neural connection of these dermal fibromas and
named them as neurofibromas. He also recognized that the pigmentation of the skin
was not a separate feature, but rather one symptom of a syndrome, thereafter called
as von Recklinghausen’s neurofibromatosis. Peripheral neurofibromatosis is an
additional term for this condition to make a distinction between two different
syndromes, the other previously called the central neurofibromatosis (=bilateral
acoustic neurofibromatosis) as reviewed by Reynolds et al. (2003), Brosius (2010)
and Ruggieri et al. (2018).

Frank Crowe (1919-1987) emphasized the diagnostic importance of café au lait
macules in neurofibromatosis and recognized that neurofibromatosis followed an
autosomal dominant trait with full penetrance, thus affecting approximately 50% of
offspring as reviewed by Carey et al. (1986). In 1987, the National Institutes of
Health (NIH) consensus conference named the peripheral and central
neurofibromatosis as NF1 and NF2, respectively (National Institutes of Health
Consensus Development Conference, 1988).

In 1990, two independent research groups (Wallace et al., 1990; Xu et al., 1990)
identified the sequence of a large gene on the long arm of chromosome 17 harboring

13
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pathogenic variants in patients with NF1. This gene was subsequently named the
NFI gene.

2.1.2 Diagnostic features of NF1

Diagnosis of NF1 is based on clinical and molecular criteria (Table 1). The
diagnostic criteria were established by National Institutes of Health (NIH)
Consensus Development Conference in 1987 (National Institutes of Health
Consensus Development Conference, 1988) and were updated in 2021 (Legius et al.,
2021).

The 1987 NIH clinical criteria are highly sensitive and specific for adults with
NF1 (Friedman, 2002; Gutmann et al., 2017). Diagnosing especially young children
can be challenging, because they do not yet meet the NIH Diagnostic Criteria with
two observed clinical findings required for NF1 diagnosis. It has been estimated that
95% of children with NF1 fulfill the diagnostic criteria by the age of six and that all
patients can be recognized by the age of twenty (DeBella et al., 2000). Advances in
gene testing led to the inclusion, in 2021, of detection of a heterozygous pathogenic
NF1 variant as a diagnostic criterion (Legius et al., 2021). Genetic testing is
particularly useful in confirming the diagnosis of young children and in patients with
atypical presentations.

Café au lait macules (CALMs) and cutaneous neurofibromas are the hallmarks
of NF1 (Figure 1). Typical CALMs are flat, oval or round patches of skin, about 1—
3 cm in size with regular and well-defined borders. Their coloration varies from light
to dark brown (Ozarslan et al., 2021; Albaghdadi et al., 2022) depending on the
patient’s skin tone. CALMs are usually the first detectable clinical manifestation of
NF1. Some children may have CALMs visible at birth, but they are present in 95%
of the NF1 patients by the age of one (DeBella et al., 2000) and in >99% of the
patients by adulthood (Ferner and Gutmann, 2013). The macules are distributed all
over the body, mostly (>50%) on the thorax, but not on the palms, soles, or head
(Nasi et al., 2023).

Figure 1. Typical clinical findings of NF1. A) Café au lait macules; B) Cutaneous neurofibromas;
and C) Lisch nodules (arrowhead). Photo courtesy of Sirkku Peltonen (A, B) and Vesa
Aaltonen (C).
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Table 1. Diagnostic criteria for neurofibromatosis type 1 (NF1). The National Institutes of Health
(NIH) consensus development conference statement 1987 and revised criteria® by
Legius et al. in 2021.

A. The diagnostic criteria for NF1 are met in an individual who does not have a parent
diagnosed with NF1 if two or more of the following are present:

1. Six or more café au lait macules of over 5 mm in greatest diameter in prepubertal individuals
and over 15 mm in greatest diameter in postpubertal individuals.

Freckling in the axillary or inguinal region®.

Two or more neurofibromas of any type or one plexiform neurofibroma.

Optic pathway glioma.

Two or more iris Lisch nodules or two or more choroidal abnormalities.

A distinctive osseous lesion such as sphenoid dysplasia®, anterolateral bowing of the tibia,
or pseudarthrosis of a long bone.

7. A heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in
apparently normal tissue such as white blood cells.

e G0 > @Y

B. A child of a parent who meets the diagnostic criteria specified in A merits a diagnosis of
NF1 if one or more of the criteria in A are present.

@ Revisions made to original criteria are shown in bold.

If only café au lait macules and freckling are present, the diagnosis is most likely NF1 but

exceptionally the person might have another diagnosis such as Legius syndrome. At least 1 of

the 2 pigmentary findings (café au lait macules or freckling) should be bilateral to exclude

mosaicism.

¢ Sphenoid wing dysplasia is not a separate criterion in case of an ipsilateral orbital plexiform
neurofibroma.

Freckling in intertriginous areas is diagnostic for NF1. Freckles are small (1-2
mm), pigmented spots which are clustered in skin folds typically in axillary and
inguinal regions. These benign skin pigmentation changes usually appear between 3
and 5 years of age, though axillary freckling may be visible at birth (Korf, 2002).

Lisch nodules are small, pigmented lesions of the iris with nodular appearance.
They are benign and do not impact vision. Multiple Lisch nodules are found in more
than 90% of adult NF1 patients and typically these yellow or brown lesions are
detectable by the age of 6 (Lubs et al., 1991; Friedman and Birch, 1997; Midena and
Cosmo, 2025).

Cutaneous neurofibromas are the most frequently occurring benign tumor type
in NF1, with an estimated lifetime cumulative incidence of 99% (Friedman, 2022).
Neurofibromas are peripheral nerve sheath tumors. Histologically, they are
composed of a subpopulation of Schwann cell precursors, mast cells, fibroblasts,
perineurial cells, T- and B-lymphocytes and macrophages (Peltonen et al., 1988;
Jouhilahti et al., 2011b; Kallionpia et al., 2024). Cutaneous neurofibromas typically
become clinically apparent during puberty and tend to grow in size and number with
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age (DeBella et al., 2000). Their growth accelerates and their number increases
during pregnancy (Duong et al., 2011a; Well et al., 2020). Neurofibromas are mostly
located on the trunk and limbs and vary in number, colour and size. The number of
cutaneous neurofibromas ranges from a few lesions to thousands (Duong et al.,
2011a) and they typically grow up to size of 2-3 cm (Jouhilahti et al., 2011b). It is
noteworthy that cutaneous neurofibromas never turn malignant. Pruritus as a clinical
symptom is associated with neurofibromas and has been reported in 20% of NF1
patients (Brenaut et al., 2016). In addition, high tumor burden causes significant
cosmetic discomfort and affects quality of life and interferes with daily activities of
NF1 individual (Lin et al., 2024; Cieza Rivera et al.,, 2024). Subcutaneous
neurofibromas are firm and distinct nodules located in deep dermis or subcutaneous
area. The typical age of onset is during adolescence, and these lesions occur in about
20% of patients (Duong et al., 2011a).

Plexiform neurofibroma affect about 20-50% of individuals with NF1 and this
most complex subtype of neurofibroma is typically congenital (Mautner et al., 2008;
Nguyen et al., 2012). Plexiform neurofibromas arise within nerve plexuses and grow
along the course of the nerve branches, involving multiple fascicles (Fisher et al.,
2022). Tumors can be superficial or deep. In the case of asymptomatic internal
plexiform neurofibroma, computed tomography (CT) or magnetic resonance imaging
(MRI) examination is needed to detect the tumor (Mautner et al., 2008). Some
plexiform tumors may grow into large masses, invade surrounding structures, and
compress organs and nerves. Surgical excision of the tumor is the first-line treatment
but it can be very challenging due to adjacent tissues and anatomical structures (Fisher
etal., 2022). In 2020, the FDA approved the MEK inhibitor (mitogen-activated protein
kinase kinase) selumetinib for the treatment of pediatric patients with inoperable
plexiform neurofibromas (Casey et al., 2021). Mirdametinib, a selective MEK1 and
MEK?2 inhibitor, was approved by FDA for the treatment of adults with NFI-
associated plexiform neurofibromas in 2025 (Oztosun et al., 2025). Plexiform
neurofibromas carry a risk of malignant transformation. Patients with NF1 have a
lifetime risk of 8-16% to develop MPNST (Evans et al., 2002; Uusitalo et al., 2016).

Optic pathway gliomas (OPGs) are the most common central nervous system
tumors in NF1. OPGs are found in 15-20% of NFI patients and are typically
diagnosed before age of 7 (Listernick et al., 1994). OPGs are classified as low-grade
pilocytic astrocytomas (Louis et al., 2021) and may affect any part of the optic
pathway (Listernick et al., 1995). Most tumors (>75%) are located in the anterior
part of the visual pathway in optic nerves or optic chiasm, but they can also arise
from optic tracts and optic radiations in the posterior visual pathway (Prada et al.,
2015; Sellmer et al., 2018). Clinical symptoms depend on tumor location, and about
30-50% of NF1 patients with OPG present with tumor-related symptoms such as
decreased visual acuity, proptosis, diplopia, and precocious puberty (Campen and
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Gutmann, 2018; Katz et al., 2024). MRI imaging and neuro-ophthalmological
examinations are recommended for children with NF1-related OPG annually to
monitor tumor growth and possible progression (Carton et al., 2023; Evans et al.,
2022). In addition, if the tumor is chiasmatic or hypothalamic, a detailed
endocrinological evaluation should be performed (Shofty et al., 2020).
Chemotherapy with vincristine and carboplatin is the first-line treatment for children
with clinically progressive tumors, while radiotherapy is not recommended, due to
the risk of secondary malignancies (Sharif et al., 2006; Kebudi et al., 2024).

NF1 patients can develop several skeletal manifestations, the most severe being
pseudarthrosis of tibia and dystrophic scoliosis, both of which represent challenging
orthopedic problems. Congenital dysplasia of long bones is relatively specific to
children with NF1 and this osseus defect is most typically developed unilaterally in
tibia (Elefteriou et al., 2009). Tibial dysplasia presents as anterolateral bowing of the
bone, and cortical thickening or thinning of the tibia as well as medullary canal
narrowing is observed radiographically in affected children. This condition can lead
to a pathologic fracture of bone and the formation of pseudarthrosis (false joint).

Scoliosis is a common orthopedic problem and 10% of NF1 children are diagnosed
with scoliosis (Toro et al., 2021). Scoliosis appears in lower cervical or upper thoracic
region in NF1 individuals and it can be classified in two types: non-dystrophic and
dystrophic types. Non-dystrophic scoliosis is most typical type in NF1 and it has
similar clinical appearance and rate of progression as idiopathic scoliosis but it has an
earlier onset of skeletal changes. Scoliosis is often associated with vertebral defects
and sometimes scoliosis may progress to the dystrophic type (Kaspiris et al., 2022).
Dystrophic scoliosis can develop rapidly and lead to severe deformity of the spine and
affect pulmonary function. Therefore, regular follow-up of NF1 children, usually at 6-
month intervals, is recommended (Feldman et al., 2010).

Sphenoid wing dysplasia is a cranial defect of sphenoid bone and found in up to
11% of NF1 individuals (Friedman and Birch, 1997). The defect is usually present at
birth, typically unilateral, and involves thinning or absence of the greater sphenoid
wing. Sometimes sphenoid wing dysplasia is associated with orbital plexiform
neurofibroma and the lesion can thus be a secondary response of bone. Alterations in
facial appearance of children must be observed. Affected eye may appear asymmetric
or proptotic, ocular motility may be impaired, and pulsating exophthalmos is also
rarely possible (Arrington et al., 2013; Chauvel-Picard et al., 2020).

213 Findings associated with NF1

Bone mineralization is frequently impaired among NF1 individuals, and osteopenia
or osteoporosis are more common than in general population. It has been reported
that bone mineral density is decreased in up to 50% of patients with NF1 (Kuorilehto
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et al., 2005; Elefteriou et al., 2009). In addition, NF1 patients have up to 5-fold risk
of bone fractures (Heervi et al., 2012).

Neurocognitive impairments such as learning disabilities and cognitive or
behavioral disorders are common in NF1. Up to 75% of children with NF1
experience learning difficulties at school (Krab et al., 2008). Impairments in gross
and fine motor functions (Pardej et al., 2022), speech and language deficits
(Alivuotila et al., 2010; Vogel et al., 2017) are also frequent in children with NF1.
Also, attention deficit hyperactivity disorder, autism spectrum disorder, and other
psychiatric conditions such as depression and anxiety are common findings in
children and adolescents with NF1 (Vogel et al., 2017).

Glomus tumors are rare, benign tumors which are associated with NF1 (Brems
et al., 2009; Harrison et al., 2013). These tumors originate from the glomus body
which is a small arteriovenous anastomosis in dermis controlling peripheral blood
circulation and thus regulating body temperature (Stewart et al., 2010). Glomus
tumors are small and painful tumors and they are most typically located in the nail
beds and digital pulps of fingers and toes where glomus bodies are abundant. Tumors
associated with NF1 are more likely to be multiple and tend to appear at a younger
age, while sporadic tumors are typically solitary. Furthermore, NF1-related glomus
tumors do not express neurofibromin (Kumar et al., 2014).

214 Heredity and molecular background of NF1

Neurofibromatosis type 1 is an autosomal dominant genetic condition caused by
pathogenic variants in the NFI gene. These pathogenic variants always manifest
clinically as NF1, i.e., the penetrance of the variants is 100% (Crowe et al., 1956;
Huson et al., 1989). Mutation frequency (1/10 000 gametes) of the NFI gene is
among the highest known in humans. Consequently, about half of all individuals
with NF1 harbor a new pathogenic variant in the NF/ gene (Huson et al., 1989).
About 80% of these new sporadic germline mutations are paternally derived (Jadayel
et al., 1990). Because of the dominant inheritance and full penetrance, there are no
skipped generations, and a child of healthy parents cannot inherit NF1 from
grandparents. A person is either born with NF1 or does not have NF1.

The NFI gene (OMIM *613113) was cloned and published simultaneously in
1990 by two research groups (Wallace et al., 1990; Xu et al., 1990). Located on
chromosome 17q11.2, the gene spans approximately 280 kb and comprises about 60
exons (Wallace et al., 1990).

The NFI gene encodes the tumor suppressor protein neurofibromin (DeClue et
al., 1991; Gutmann et al., 1991). Neurofibromin is ubiquitously expressed in
different cell types and tissues in adults and during development. Vascular
expression of neurofibromin is localized to the endothelial cells of the renal and
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cerebral arteries and aorta. In addition, smooth muscle cells of the aorta express
neurofibromin (Norton et al., 1995; Kuorilehto et al., 2006).

Neurofibromin is involved in tumor suppression, and it functions as a negative
regulator of the Ras signal transduction pathway. Ras pathway is a molecular switch
controlling key cell functions, such as cell growth, proliferation, and differentiation
(Basu et al., 1992; Mo et al., 2022). Neurofibromin protein normally accelerates the
conversion of active Ras-GTP to inactive Ras-GDP. However, pathogenic NF'I
variants lead to impaired neurofibromin function and to the upregulation of Ras
activity and increased cell growth (Xu et al., 1990; Gutmann et al., 2017). Somatic
alterations in NF'/ and in genes encoding Ras proteins are common in many cancers
(The Cancer Genome Atlas Research Network, 2014; Krauthammer et al., 2015).
The expression of neurofibromin can be regulated at transcriptional, translational,
and protein levels (Jouhilahti et al., 2011a).

2.1.5 Incidence and prevalence of NF1

The incidence of a disease is the number of new occurrences of the disease within a
defined population and timeframe. For a fully penetrant genetic disease such as NF1,
incidence can be defined as the proportion of persons born with the condition during
a defined time period out of all persons born during the same time period. Thus, birth
incidence of NF1 is a useful term (Uusitalo et al., 2015).

The prevalence of a disease is defined as the proportion of persons having the
condition at a specified prevalence date or period. The prevalence of NF1 can be
calculated for the whole population or for specific subgroups. Since the survival of
NF1 persons is inferior compared to the general population, the prevalence of NF1
decreases by increasing age (Kallionpaa et al., 2018).

Multiple studies have been carried out in order to estimate the incidence and
prevalence of NF1. The estimates have been highly variable mainly due to
differences in study settings. The population to be investigated can be hospital-based
or population-based and ascertainment methods can be different. Huson et al. (1989)
reviewed medical records of hospitalized patients and examined first-degree
relatives of affected individuals in South East Wales during years 1983—1986. In this
study, 135 NF1 patients were found, yielding estimated prevalence of 1/4,510 and
incidence of 1/2,558 (Huson et al., 1989). In the Manchester region of North West
England (population 4.1 million), genetic registers were searched. As a result, 979
patients with NF1 diagnosis confirmed according to NIH clinical criteria were found,
yielding a prevalence of 1/4,560 and birth incidence of 1/2,712 (Evans et al., 2010).
In Northern Finland (population 733,037), Poyhonen (2000) reported a prevalence
of 1/4,436 and birth incidence of 1/3,647. Later, a birth incidence of approximately
1/2,000 for NF1 was reported in a total population study in Finland (Uusitalo et al.,
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2015) and an overall observed prevalence of 1/4,088 for NF1 (Kallionpéa et al.,
2018). A systematic review and meta-analysis by Lee et al. (Lee et al., 2023) reported
pooled NF1 prevalence of 1/3,164 and birth incidence of 1/2,662.

2.1.6 Mortality in NF1

Comorbidities such as cancers are causing excess mortality throughout the lifetime
of the affected individuals (Figure 2). Consequently, the life expectancy is reduced
markedly in NF1 compared to the general population (Evans et al., 2011; Uusitalo
et al., 2015). Particularly, MPNSTs which have a poor prognosis have the greatest
influence on premature mortality (Rasmussen et al., 2001). Also, cerebrovascular
diseases, hypertension-related events, high-grade gliomas and OPGs with aggressive
behavior contribute to mortality in NF1 (Zoller et al., 1995; Evans et al., 2011).

Studies on mortality in NF1 are often based on data obtained from national death
registers. Studies solely based on death certificates are dependent on the information
recorded on the death certificate. Unfortunately, NF1 is not always marked on the
death certificate as the underlying cause of death or otherwise mentioned, thus
leading to poor sensitivity of identifying individuals with NF1. In studies with
clinical patient cohorts, NF1 diagnosis may be verified but hospital-based
ascertainment of individuals with NF1 may bias the cohort toward those with more
severe disease manifestations and leaving out mild cases.
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Figure 2. Age group-specific relative risk for death in NF1 compared to general population in two
Nordic cohorts (Kallionpaa et al., 2018; Doherty et al., 2025).
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A Finnish study analyzed 214 death certificates of NF1 patients from years
19872012 (Uusitalo et al., 2015). The NF1 diagnosis was confirmed by reviewing
a total of 1,471 patient records. Standardized mortality ratio (SMR) was used to
present the ratio of observed death to expected deaths in the study group (SMR 3.22,
95% CI 2.81-3.68). Excess mortality found in this cohort was mainly due to
malignancies at a relatively young age. The mean age at death was 52.3 years for
men with NF1 and 51.9 years for women with NF1, compared to 68.8 and 78.0 years
in the general population. In other words, NF1 decreased mean age at death by 16.5
years in men and by 26.1 years in women (Uusitalo et al., 2015).

Death certificates from the United States from years 1983—-1997 were reviewed
by Rasmussen et al. (2001) in order to analyze mortality in NF1. They found 3,770
deaths of individuals with presumed NF1 among over 32 million deaths. The number
of identified NF1 deaths in this study was clearly underestimated due to the missing
NF1 diagnosis on death certificates. Malignant neoplasms of connective and other
soft tissue, and neoplasms of the brain were reported more frequently than expected
and these were the main factors that decreased life expectancy by 15.7 years. In
numbers, the mean age at death was 54.4 years in NF1 and 70.1 years in the general
population (Rasmussen et al., 2001).

An Italian study by Masocco et al. (2011) examined death certificates from years
1995-2006. The search revealed 632 deaths with NF1 diagnosis. They observed 22-
fold rate of deaths in NF1 individuals compared to general population for connective
and other soft tissue malignant neoplasms (PMR 22.3, 95% CI 15.50-30.95), and a
4-fold rate of deaths for brain malignant neoplasms (PMR 4.2, 95% CI 2.69-6.15).
Furthermore, the mean age at death in patients with NF1 was 55.5 years, compared
to 76.2 years in general population. Specifically, one third of the deaths occurred
before 40 years.

Evans et al. (2011) performed a population-based study in North West England.
A total of 1,186 individuals with NF1 were identified and 131 of them died during
the years 1957-2009. The most common cause of death was MPNST (34/131 =
26%), glioma being the second most common (14/131 = 9%). Furthermore, most of
the excess mortality in NF1 occurred before 50 years of age. As a conclusion, median
survival for NF1 patients was 71.5 years and life expectancy for both men and
women were reduced by approximately 8 years compared to the general population
(Evans et al., 2011).

NF1-associated mortality was also studied in France by Diaz et al. (2023). They
identified 11,425 NF1 patients admitted to hospital during the years 2013—-2019 and
an SMR of 4.14 (95% CI 3.71-4.56) was observed. In this study cohort, cancer
accounted for 37% of deaths. The next two most common causes of death were
diseases of the respiratory system (15%) and diseases of the circulatory system
(12%).
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2.2 Cancer and NF1

2.21 Cancer risk in NF1

NF1 predisposes patients to benign and malignant tumors. An example of a benign
tumor is cutaneous neurofibroma. Another example of a usually benign tumors is
GIST which, however, may sometimes undergo malignant transformation. The
age-standardized incidence of cancer is at least four-fold in individuals with NF1
compared to the general population (Zéller et al., 1997; Seminog and Goldacre,
2013). A French study by Diaz et al. (2023) reported a standardized incidence ratio
(SIR) of 10.3 (95% CI 9.6-11.1) for cancer in individuals with NF1. Cancers of
the central nervous system and small intestine largely accounted for this elevation
(Diaz et al., 2023). OPG is the most common type of brain tumor, but also
brainstem gliomas are found in children with NF1 (Peltonen et al., 2019). The
lifetime risk of cancer has been estimated as high as 60% in NF1 (Uusitalo et al.,
2016). Cancers in NF1 can be categorized into NF 1-specific cancers (MPNST and
intracranial gliomas) and NF1-related cancers (GIST and breast cancer). Also,
pheochromocytomas (reviewed in section 2.3.2) and juvenile myeolomonocytic
leukemia have been shown to be associated with NFI1. Several studies have
estimated the risk and incidence of specific cancer types in NF1 (Table 2).
MPNSTs are the leading cause of excess mortality in NF1 (Duong et al., 2011b;
Evans et al., 2011). MPNST is an aggressive soft tissue sarcoma and 30-50% of
all MPNSTs are found in individuals with NF1. MPNSTs most typically develop
from pre-existing plexiform neurofibromas in young adults aged 20-30 years
(Evans et al., 2002). They can also arise as second malignant neoplasms after
chemotherapy with alkylating agents and irradiation (Coffin et al., 2004; Sharif et
al., 2006). Individuals with NF1 have a cumulative lifetime risk of 8-16% for
MPNST (Evans et al., 2002; Uusitalo et al., 2015). The majority (70%) of MPNSTs
are high-grade tumors that metastasize early and therefore have a poor prognosis
(Ferner and Gutmann, 2002; Martin et al., 2020). Evans et al. (2002) have reported
a 5-year survival of 21% after MPNST diagnosis in NF1 compared to 42% sporadic
MPNST. Lately, survival has increased perhaps due to improvements in early
identification and recognition of symptoms suggestive of malignant transformation
(Ingham et al., 2011). Suspicion for MPNST should arise if a plexiform
neurofibroma is growing rapidly, becomes firm or tumor is causing pain and
neurological symptoms. To confirm the location of MPNST, imaging with positron
emission tomography (PET) is the most sensitive and specific diagnostic method,
because it can differentiate benign and malignant tumors (Warbey et al., 2009).
The first-line treatment for MPNST is complete surgical excision with tumor-free
margins when possible (Carton et al., 2023). In addition, neoadjuvant
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chemotherapy with ifosfamide and epirubicin can also be used to reduce the size
of the tumor and to facilitate surgical removal (Hirbe et al., 2017).

Juvenile myelomonocytic leukemia (JMML) is a rare and aggressive
hematological malignancy of early childhood with an incidence of 0.7-1.3 per
million (Passmore et al., 2003). Allogeneic hematopoietic stem cell transplantation
is the first-line treatment. Without stem cell transplantation, the 10-year survival
after diagnosis of JMML is less than 10% (Yoshimi et al., 2010). NF1 predisposes
children to JMML. It has been estimated that children with NF1 have
approximately a 200-fold risk of developing JMML compared to the general
population (Stiller et al., 1994), and an even higher estimate of a 350-fold risk has
been reported (Niemeyer et al., 1997). Although JMML is overrepresented in
children with NF1, some studies have not reported any JMML cases (Uusitalo et
al., 2016; Peltonen et al., 2019). Consequently, the absolute risk remains low, and
specific screening or surveillance strategies are not currently recommended
(Carton et al., 2023).

Women with NF1 have an increased risk of breast cancer, especially before the
age of 50. The SIRs reported for breast cancer in NF1 range from 2 to 5 (Frayling
et al., 2019). The population-based study by Uusitalo et al. (2016) reported a SIR
of 3.04 for breast cancer in NF1 women overall, and a SIR of 11.1 in NF1 women
younger than 40. In addition, the lifetime risk of breast cancer has been estimated
to be 18% in women with NF1 (Uusitalo et al., 2017). Furthermore, survival of
NF1 patients with breast cancer is worse compared to general population (Uusitalo
et al., 2016, 2017). The 10-year disease specific survival was 64.2% in NFI
compared with 91.2% in control group in a five-country study (Evans et al., 2020).
NF1-related breast cancers often show unfavorable prognostic factors. These
cancers are often hormone receptor negative and have HER2 amplification
(Uusitalo et al., 2017). Due to the early onset of breast cancer and poor prognosis,
current guidelines recommend annual mammograms starting at age 30 for women
with NF1 (Carton et al., 2023).
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Table 2. Studies reporting cancer risk in neurofibromatosis type 1.

Cancer Walker et al. Zi'::;::r% and Uusitalo et al. |Landry et al. |Diaz et al.
(2006) (2013) (2016) (2021) (2023)

CNS SIR 22.6 RR 58.3 SIR 37.5 SIR 195

MPNST SIR 2,056 OR 2,186

Adrenal medulla RR 304 SIR74.3 OR 126

Digestive organs | SIR 2.2 RR 2.9 SIR 1.83

Small intestine RR 14.5 SIR 103

GIST SIR 34.2 OR 272

Breast SIR 1.87 RR 2.3 SIR 3.04 OR 3.8 SIR 4.9

Respiratory SIR 0.54 RR 3.0 SIR 1.25

organs

Melanoma RR 3.6 SIR 1.58

CNS: central nervous system; GIST: gastrointestinal stromal tumor; MPNST: malignant peripheral
nerve sheath tumor; OR: odds ratio; RR: rate ratio; SIR: standardized incidence ratio.

2.2.2 Gastrointestinal tumors

Gastrointestinal (GI) tumors accounted for 26% of new cancer cases and 35% of all
cancer-related deaths worldwide in 2018 (Arnold et al., 2020). Tumors of colorectum
were the most common, followed by tumors of stomach, liver, esophagus and
pancreas (Arnold et al., 2020). Gastrointestinal stromal tumors (GISTs) are rare
mesenchymal tumors of GI tract and approximately 1-2% of GISTs arise in patients
with NF1 (Miettinen and Lasota, 2013).

An incidence of 10-20 new GISTs per million per year has been reported for
GISTs in the general population (Nilsson et al., 2005; Sereide et al., 2016). The
incidence of GISTs in NF1 patients is markedly higher (Table 2). Uusitalo et al.
(2016) reported a SIR of 34.2 for GISTs in NF1. Miettinen et al. (2006) have reported
up to 45-fold higher prevalence of NF1 in patients with GIST than expected. A recent
meta-analysis shows that the prevalence of small intestinal GISTs is 3% in NF1
while it is 0.002% in general population (Mantalovas et al., 2025). On the other hand,
previous studies have estimated that GISTs occur in up to 6—7% of NF1 patients
(Zoller et al., 1997; Nishida et al., 2016a), while autopsy studies have revealed that
GISTs are found in one-third of NF1 patients (Andersson et al., 2005). Importantly,
all GISTs are never diagnosed, especially if they are asymptomatic.

GISTs are thought to originate from interstitial cells of Cajal (ICCs). These
pacemaker cells are located particularly between the circular and longitudinal muscle
layers in the walls of the GI tract (Al-Shboul, 2013). GISTs can occur throughout
the GI tract as solitary or multiple tumors. NF1-associated GISTs are typically
multiple and located in the small intestine (Miettinen and Lasota, 2006; Salvi et al.,
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2013), whereas half of GISTs in the general population are found in the stomach and
are typically solitary (Sereide et al., 2016; Wada et al., 2016; Mehren and Joensuu,
2018). In addition, NF1 patients with GISTs are slightly younger at the time of
diagnosis with a mean age of 50 years compared to 60 years in the general population
(Miettinen and Lasota, 2006; Salvi et al., 2013).

The majority of GISTs of the general population are sporadic tumors, with
approximately 75% harboring an activating mutation in the K/T gene, which encodes
mast/stem cell growth factor receptor tyrosine kinase. In 10% of cases, the platelet
derived growth factor receptor alpha (PDGFRA) gene is mutated (Mehren and
Joensuu, 2018). These two transmembrane receptors are molecular targets for the
tyrosine kinase inhibitor imatinib, which is the first-line chemotherapy for the
treatment of GISTs harboring KIT or PDGFRA mutations. Also, mutations of
succinate dehydrogenase (SDH) complex subunits are found in 13% of GISTs. In
individuals with NF1, the inactivation of both alleles of the NF/ gene leads to the
development of GIST (Maertens et al., 2006; Schaefer et al., 2022). GISTs of the
NF1 patients do not depend on the KIT or PDGFRA (Kinoshita et al., 2004;
Maertens et al., 2006) and, consequently imatinib is ineffective in the treatment of
GISTs in NF1 (Mehren and Joensuu, 2018; Casali et al., 2022).

The diagnosis of GIST is based on morphology and immunohistochemistry. The
morphology of GISTs is characterized on hematoxylin-eosin (HE) staining (Nishida
et al., 2016b). GISTs can be divided into three groups based on their histological
morphology: spindle cell type (70%), epitheloid cell type (20%), and mixed type
(10%) (Nishida et al., 2016b). The distribution of these different types depends on
location in GI tract, but spindle cell morphology is the most common throughout the
whole tract. NF1-associated GISTs also most often have spindled morphology
(Miettinen and Lasota, 2011).

The immunohistochemical analysis of a tumor sample establishes the definitive
diagnosis of GIST (Wu et al., 2019). The most important immunohistochemical
marker is KIT. Positive staining for KIT (CD117) is observed in approximately 95%
of GISTs (Miettinen and Lasota, 2006; Wu et al., 2019). Moreover, 98% of GISTs
are positive for DOG-1 (Discovered on GIST 1, also called Anoctamin-1 (ANO-1))
(West et al., 2004). DOG-1 is a calcium activated chloride channel protein, which is
expressed ubiquitously in gastrointestinal stromal tumors regardless of KIT or
PDGFRA mutation status (West et al., 2004). Notably, the KIT-negative GISTs are
usually identified by positive staining for anoctamin (DOG-1/ANO-1), although
small intestinal tumors may remain negative. In addition, 70-80% of GISTs are
positive for CD34 (Miettinen and Lasota, 2006). NF1-associated GISTs lack KIT
mutations, however they are strongly positive for KIT.

The clinical manifestations of GISTs are variable. Patients may be quite
asymptomatic, or present with GI bleeding, which can be insidious or chronic,
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leading to anemia. Bleeding can also be a life-threatening acute complication with
hematemesis or melena. Other symptoms include abdominal pain, gastrointestinal
discomfort after eating, intestinal obstruction, or palpable abdominal mass (Sorour
et al., 2014). Endoscopy is a useful method in the evaluation of gastric or colorectal
GISTs and GI bleeding. However, CT scanning or imaging with MRI is needed to
detect GISTs in NF1 patients because tumors are frequently located in the small
intestine and grow intramurally (Casali et al., 2022).

The first-line treatment for all patients with localized and resectable GISTs larger
than 2 cm is complete surgical removal. In the general population, if the complete
removal of the tumor is not possible in locally advanced disease, imatinib can be
used as neoadjuvant therapy to reduce tumor size before resection. If the tumor is
unresectable or if it has metastasized, treatment with tyrosine kinase inhibitors is
recommended. The use of imatinib is preferred, followed by sunitinib in imatinib-
resistant mutations (Demetri et al., 2010). Regorafenib, a multitarget tyrosine kinase
inhibitor, is the third-line therapy (Casali et al., 2022). There is currently no standard
treatment for NF1-associated GISTs except surgery. A case report of Fujimi et al.
(2019) described a therapeutic response to regorafenib in NF1-associated GIST.
Mutational analysis is recommended for all GISTs to identify the underlying
mutation and to aid the planning of the appropriate treatment for each patient (Casali
et al., 2022).

2.3 Cardiovascular diseases and NF1

2.3.1 Cardiovascular diseases

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality
worldwide (Roth et al., 2020). CVDs accounted for 28% of deaths in the United
States in 2021 (Martin et al., 2024). In the Finnish general population, cardiovascular
diseases caused 31.0% of deaths in 2022. Specifically, MI was the underlying cause
in 10.3% of all deaths (Causes of death | Statistics Finland). Excess overall mortality
has been reported in NF1 compared to the general population. This is mainly
explained by malignancies, but increased mortality due to circulatory system
diseases has been documented with an SMR of 1.82 (Uusitalo et al., 2015).

The CVDs affect the heart and blood vessels and present with different clinical
manifestations. The most common presentation is coronary heart disease, in which
decreased blood flow due to stenosis of the coronary arteries can lead to MI. Clinical
manifestations of cerebrovascular disease include strokes and transient ischemic
attacks (TIAs), whereas peripheral artery disease presents as claudication of the
lower limbs due to decreased blood circulation. Furthermore, aortic disease involves
thoracic and abdominal aortic aneurysms (Tasouli-Drakou et al., 2025).
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Well recognized modifiable risk factors for coronary heart disease include
smoking, dyslipidemia, hypertension, diabetes mellitus, obesity, unhealthy diet, and
physical inactivity. A family history of early atherosclerotic heart disease is a
significant non-modifiable risk factor (Sagris et al., 2022). Additionally, chronic
kidney disease (Sarnak et al., 2019), rheumatoid arthritis (Crowson et al., 2013), and
obstructive sleep apnea (Sert Kuniyoshi et al., 2008) are linked to increased risk for
coronary heart disease. Furthermore, low socioeconomic status, low income, and low
education have been shown to contribute to the risk of MI (Kucharska-Newton et al.,
2011; Petrelli et al., 2022; Xiao et al., 2022).

Blood vessel walls consist of three different layers: the tunica intima is the
innermost layer with endothelial cells lining the lumen of the blood vessel. The
intermediate layer, the tunica media, is mainly composed of smooth muscle cells,
which regulate vascular tone. The outermost, principally supporting tissue, is called
the tunica adventitia. This layer contains, for instance, small vasa vasorum arteries
and nerves (Seidelmann et al., 2014).

Neurofibromin is normally expressed by endothelial and smooth muscle cells of
blood vessels. Loss of neurofibromin expression in these cells is considered a key
factor in the pathogenesis of vasculopathy in NF1 (Norton et al., 1995). NF1-
associated vasculopathy can affect arteries, and various vascular abnormalities can
be observed in patients with NF1. Vasculopathy in NF1 can present with stenosis or
occlusion of an artery, aortic coarctation, and aneurysms (Bergqvist et al., 2020). In
addition, abnormalities in intracranial vessels may cause Moya-Moya syndrome
(Scott and Smith, 2009).

23.2 Hypertension

The global age-standardized prevalence of hypertension was 32% in women and in
men 34% among adults aged 30-79 years in year 2019 (NCD Risk Factor
Collaboration (NCD-RisC), 2021). Hypertension can be classified into two main
types: essential hypertension and secondary hypertension. According to clinical
guidelines, blood pressure is considered elevated if systolic pressure is > 130 mmHg
or diastolic pressure is > 80 mmHg, and drug treatment should be initiated if blood
pressure is >140/90 mmHg (Mancia et al., 2023; Jones et al., 2025).

Secondary hypertension can be caused by a variety of renal and endocrine
disorders. Secondary hypertension is diagnosed in 5-10 % of hypertensive patients
in the general population (Charles et al., 2017). The prevalence of secondary
hypertension varies with age, and about 30% of patients are diagnosed under age of
40 (de Freminville et al., 2024). The most common endocrine cause of hypertension
in the general population is primary aldosteronism, the prevalence of which increases
along with the severity of hypertension (Reincke et al., 2021). Screening for
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aldosteronism is currently performed on only a subset of those for whom it would be
potentially beneficial. Primary aldosteronism is likely to occur in at least 5% of
patients with hypertension (Jaffe et al., 2020).

Although essential hypertension is common in the general population,
epidemiological studies on its association with NF1 are sparse (Kenborg et al., 2020),
and current knowledge is mainly based on case reports describing consequences of
essential hypertension (Faris et al., 2021). Collectively, these reports suggest that
hypertension is a common finding in patients with NF1. Hypertension may also
develop during childhood in NF1 (Bergqvist et al., 2020). Up to 16% of children and
adolescents with NF1 have been reported to show blood pressure values suggestive
of hypertension (Lama et al., 2004; Dubov et al., 2016). A Danish analysis of
diagnoses associated with hospitalizations reported a relative risk of 1.5 (95% CI
1.1-2.0) for hypertensive disorders other than renal vascular hypertension in NF1
compared to the control population (Kenborg et al., 2020). In addition to essential
and secondary hypertension, pulmonary arterial hypertension should be recognized
as a distinct and severe vascular complication of NF1, as evidenced by its unique
phenotype and poor outcomes (Jutant et al., 2020). Annual monitoring of blood
pressure is recommended for individuals with NF1 (Bergqvist et al., 2020; Merker
et al., 2022; Carton et al., 2023).

Secondary hypertension is more common in individuals with NF1 than in the
general population. NF1-associated vasculopathy may manifest as a renal artery
stenosis leading to renovascular hypertension (Ferner et al., 2007; Gutmann et al.,
2017). Therefore, children with elevated blood pressure and young adults with
refractory hypertension should be carefully screened for renal artery stenosis (Fossali
et al., 2000; Patel and Cabhill, 2021). In addition, renovascular hypertension may also
result from aortic coarctation or middle aortic syndrome in children with NF1
(Dubov et al., 2016).

Pheochromocytoma is a rare endocrine cause of secondary hypertension in the
general population. However, it should be suspected as a potential cause of NF1-
associated hypertension, especially if hypertension is resistant to antihypertensive
therapies and if symptoms include paroxysmal hypertension, palpitations,
tachyarrhythmias, sweating, or headache. Pheochromocytoma is a catecholamine-
producing tumor originating from chromaffin cells of the adrenal medulla.
Occasionally, these tumors are also found outside the adrenal gland in the
paravertebral sympathetic ganglia, in which case they are called paragangliomas.
The prevalence of pheochromocytoma in systematically screened individuals with
NF1 has been reported to be as high as 7.7-14.6% (Zinnamosca et al., 2011;
Képénékian et al., 2016). Currently, screening for pheochromocytoma and
functional paraganglioma is recommended for NF1 patients who have elevated blood
pressure unexplained by other medical reasons. Biochemical screening is also
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recommended for all women with NF1 who are contemplating pregnancy or are
already pregnant (Stewart et al., 2018; Carton et al., 2023). Measurement of plasma-
fractionated or urinary-fractionated metanephrines is recommended initial screening
test for pheochromocytoma, and the localization of the tumor is confirmed by CT or
MRI before surgery (Lenders et al., 2014; de Freminville et al., 2024).

233 Myocardial infarction

MI is a severe vascular complication and can occasionally lead to immediate death.
It is mainly caused by insufficient oxygen supply to the heart muscle. The primary
mechanism of ischemic coronary heart disease is atherosclerosis. This process begins
to develop in large arteries during early adulthood, but clinically significant changes
occur primarily in older individuals. Atherosclerotic changes in vessel walls start
with the formation of a fatty streak. These lesions develop in the subendothelial
space as a result of turbulent flow at the sites of shear stress. Lipoproteins circulating
in the bloodstream enter the intima, aggregate, and become oxidized. This cascade
leads to the activation of endothelial cells, followed by leukocyte recruitment and
inflammation. Macrophages in the fatty streak lesions take up oxidized low-density
lipoproteins and develop to foam cells. These cholesterol rich cells frequently
undergo apoptosis or necrosis and form the necrotic core of an atherosclerotic lesion
with accumulated cell debris (Bjorkegren and Lusis, 2022).

The fibrous cap of an atherosclerotic plaque is built when smooth muscle cells
proliferate and migrate to the region beneath the endothelial cells, and secrete
collagen. The main function of the fibrous cap is to protect the lesion from rupture.
It has been observed that lesions with a thick fibrous cap are more stable and resistant
than those lesions containing lipids and abundant macrophages, which maintain
chronic inflammation (Libby, 2021).

The calcification of coronary arteries occurs in both the intimal and medial layers
of the vessel, where calcium-phosphate deposits start to accumulate and form
calcified sheets or plates. Computed tomography can be used as an imaging modality
to evaluate the extent and localization of coronary calcification in patients with
coronary artery disease (Mori et al., 2018). Specifically, an advanced atherosclerotic
lesion can rupture and lead to MI if the thrombus occludes the coronary artery
(Bjorkegren and Lusis, 2022). It is clinically important to note that atherosclerosis
or calcification is rarely observed in the internal thoracic artery, thus making this
vessel suitable as a graft in bypass surgery (Otsuka et al., 2013).

Despite the fact that MIs are relatively common in the general population, studies
of MI in NF1 are limited. Corona-Rivera et al. (2023) presented an overview of 17
published cases of obstructive and/or aneurysmal coronary artery disease in NF1
patients. MI was the cardiac manifestation in 11 of these 17 individuals, with the
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most prevalent site of aneurysm in the left anterior descending artery (LAD). The
youngest patient was 13 years old and the oldest 80 years. In addition, Corona-Rivera
(2023) reported, for the first time, aneurysmal coronary artery disease in a neonate
with NF1 diagnosed at birth (Corona-Rivera et al., 2023). Recently, a case report
described MI in a 25-year-old NF1 patient with an ectatic right coronary artery
(RCA) and LAD with significant stenosis (van Gelder et al., 2024).

24 Registers and data sources

Epidemiological studies can reveal associations between certain diseases and risk
factors, such as having a genetic condition like NF1. Nationwide registers are useful
data sources for epidemiological studies and enable retrospective studies on rare
diseases. The success of such studies depends on the accuracy of disease diagnoses
in the registers and patient coverage.

During the years 1964—1968, unique personal identity code was created for each
Finnish resident. The code includes the date of birth and sex, and remains unchanged
over lifetime. The health care centers, hospitals and administrative registers use the
code to identify persons. The personal identity code also enables cross-linking data
from different databases as well as lifelong follow-up of each person. This practically
eliminates the loss to follow-up.

The Finnish Care Register for Health Care (HILMO) (https://thl.fi/en/statistics-
and-data/data-and-services/register-descriptions/care-register-for-health-care) collects
comprehensive patient information from health care providers using International
Standard Classification of Diseases (ICD) codes to record diagnoses. Importantly,
validation studies have shown that the data from the Finnish Care Register for Health
Care is reliable (Sund, 2012). Another administrative register relevant for the
epidemiology of life-threatening diseases is the Causes of Death Register (Lahti and
Penttild, 2001; Tolonen et al., 2007) (https://stat.fi/en/statistics/ksyyt). Specifically, the
diagnoses on coronary heart disease events were shown to be reliable both in the
Finnish Care Register for Health Care and in the Causes of Death Register (Pajunen et
al., 2005).
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3 Aims

The thesis had four specific aims:

1. To study the site distribution of tumors in the gastrointestinal tract in NF1.
(Study I)

2. To evaluate the clinical course of fatal GISTs in NF1 patients. (Study I)

3. To analyze the occurrence of primary and secondary hypertension in NF1.
(Study 1II)

4, To evaluate the risk and prognosis of myocardial infarction in NF1.
(Study III)

31



4 Materials and Methods

4.1 Ethical considerations

The study adhered to the principles of the Declaration of Helsinki and was approved
by the Ethics Committee of the Hospital District of Southwest Finland
(66/180/2012). Research permits were obtained from the Finnish Social and Health
Data Permit Authority Findata, Ministry of Social Affairs and Health, the Finnish
Institute for Health and Welfare, the Finnish Social Insurance Institution, Statistics
Finland, and all participating hospitals. The study was register-based and
retrospective and therefore exempt from obtaining informed consent from the
participants.

Academic proofreading and refinement of language of this thesis were supported
by artificial intelligence tools (ChatGPT-5 and Copilot).

4.2 Study populations

4.2.1 The Finnish NF1 cohort

Studies I-1II were based on the total population-based Finnish NF1 cohort. The
Finnish NF1 cohort was initially collected by searching all hospital visits with a
diagnosis of neurofibromatosis in the 15 Central and five University Hospitals in
mainland Finland during the years 1987-2011 (Uusitalo et al., 2015). The search
covered the ICD-9 diagnosis code 2377A (neurofibromatosis) and the ICD-10 codes
Q85 (phakomatoses, not elsewhere classified), Q85.0 (neurofibromatosis), Q85.00
(neurofibromatosis type 1), Q85.01 (neurofibromatosis type 2), and Q85.09 (other
neurofibromatosis). ICD-9 has been used in Finland in 1987—-1995 and ICD-10 since
1996. The search also included diagnosis codes for NF2 and unspecified
neurofibromatosis to maximize the coverage. The medical records of each patient
were reviewed to confirm NF1 diagnosis according to the NIH diagnostic criteria
(National Institutes of Health Consensus Development Conference, 1988).
Verification procedure excluded persons with insufficient data on medical records,
and persons not fulfilling the diagnostic criteria. As a result, 1,471 patients with NF1
were identified. This cohort was used in Studies I-1I (Table 3).
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The Finnish NF1 cohort was recently updated to include 1,811 patients with
confirmed NF1 diagnoses (National Institutes of Health Consensus Development
Conference, 1988; Legius et al., 2021). This updated NF1 cohort covers an ascertainment
period of 1987-2020. This updated cohort was used in Study III (Table 3).

422 Control cohort

A control cohort was formed by searching ten control persons for each individual with NF1
from the Finnish Population Register Centre. Controls were required to be alive on the
cohort entry date of the respective NF1 individual. Controls were matched with the NF1
individuals by date of birth, sex and municipality of residence at the time of cohort entry.
The first-degree relatives of NF1 individuals were excluded from the control cohort.

4.3 Data sources and outcomes of interest

The Finnish Population Register Center is a national authority which gathers
information on all inhabitants in Finland from several institutions such as hospitals
(https://dvv.fi/en/population-information-system). Dates of birth, death and
emigration data were obtained from the Finnish Population Register (Studies I-I1I).

The Finnish Care Register for Health Care (HILMO) (Sund, 2012) (Care Register
for Health Care - THL) (https://thl.fi/en/statistics-and-data/data-and-services/register-
descriptions/care-register-for-health-care) is maintained by the Finnish Institute for
Health and Welfare. This register collects data from health care providers and contains
information on visits to specialized outpatient care and patients discharged from
inpatient care. The register has information on inpatient care since 1969, while the
outpatient visits have been recorded since 1998. Hospital visits are recorded using the
International Standard Classification of Diseases (ICD) diagnosis codes. During the
years 1987-1995, the ICD-9 was the coding system, and ICD-10 has been used since
1996. The Finnish Care Register for Health Care was used in Studies I-111.

The death certificate is written by the physician who treated the patient prior to the
death, or by forensic pathologist if autopsy is required. Causes of death are recorded
on the certificate using the ICD codes. The causes of death are categorized into three
levels: immediate cause of death (A), intermediate and contributing causes of death
(B) and underlying cause of death (C). The underlying cause of death must always be
entered on the certificate. The causes of death listed on death certificate are recorded
in the Causes of Death Register (Lahti and Penttild, 2001) maintained by Statistics
Finland (Causes of death | Statistics Finland) (https:/stat.fi/en/statistics/ksyyt). The
death certificates were searched for GIST in Study 1. If the death certificate mentioned
GIST, the medical history of the patient was studied in more detail using hospital
records. In addition, MIs recorded in death certificates were analyzed in Study III.
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The Finnish Register of Reimbursed Drug Purchases contains information of
prescription drug purchases with eligibility to reimbursement. This data, collected
by the Finnish Social Insurance Institution, is available since 1996. The drug
purchases are recorded using the Anatomical Therapeutic Chemical (ATC) codes.
This classification system divides drugs into specific groups according to which
organ system they affect and based on their therapeutic use. Practically, every drug
molecule has its own code. Drug purchases were analyzed in Studies II and III.

The Finnish Cancer Registry (Leinonen et al., 2017) (Tasks - Syopérekisteri)
(https://cancerregistry.fi/information/tasks/) is a comprehensive national database
which documents cancer diagnoses in Finland. Systematic cancer registration started
in 1953 and was legislated as mandatory in 1961. The registry receives cancer data
from hospitals and pathology laboratories. In addition, the data is supplemented with
causes of death data provided by Statistics Finland. Data from the Finnish Cancer
Registry was analyzed in Study III.

The educational level (Studies II and III) and annual disposable income
(Study II) were retrieved from Statistics Finland. Statistics Finland obtains
information on completed degrees from the providers of education and acquires the
data on annual disposable income of Finnish residents. Educational level was coded
using the International Standard Classification of Education (ISCED). ISCED 0-2
corresponds to <9 years of education, ISCED 3—4 represents ~12 years of education,
and ISCED 25 translates to >15 years of education.

ATC, ICD-9 and ICD-10 codes used to identify events of interest are defined in
Table 3. In Study 11, patients with diagnoses for both essential and secondary hypertension
were excluded from the analysis focusing on essential hypertension. In Studies II and 111,
factors potentially contributing to hypertension or MI were also analyzed.

4.4 Statistical analyses

For the individuals with NF1, the cohort entry date was the date when the first NF1-
related hospital visit during the ascertainment period was recorded. For the matched
controls, the cohort entry date was the entry date of the respective NF1 patient. The
follow-up started at the cohort entry date or the beginning of the study period
(Table 3) whichever was later. The follow-up ended at the first occurrence of an
event of interest, death, emigration, or end of study period (Table 3) whichever
occurred first.

Hazard ratios (HRs) and their 95% confidence intervals (CI) were estimated
using Cox proportional hazards models (Table 4). The matching of individuals with
NF1 and controls was accounted for using a frailty term. Fisher’s exact test and odds
ratios (ORs) were used to compare the prevalence of factors potentially contributing
to hypertension or MI between the NF1 and control groups.
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5 Results

5.1 Gastrointestinal tumors in NF1 (1)

The results are based on two complementary approaches: 1) a register-based analysis
of hospital visits (1987-2014) by 1,410 individuals in the Finnish NF1 cohort
(Uusitalo et al., 2015) to characterize the anatomical distribution of GI tumors in
NF1; and 2) a review of all 232 death certificates for NF1 patients who died in 1987—
2013 to identify individuals in whom GIST was the primary or major contributing
factor of death.

511 Incidence and anatomical distribution of
gastrointestinal tumors in NF1 (I)

Using the Finnish Care Register for Health Care, tumor related diagnoses across the
esophagus, stomach, small intestine, colon, rectum, and anus were identified.
Because tumor morphology was not available in the register data, all intestinal tumor
types were encompassed, including GISTs. Compared with matched controls, NF1
was associated with a higher overall hazard for GI tumors (HR 2.6). The excess risk
was most pronounced in the small intestine (HR 15.6), and lowest in the stomach
(HR 1.2).

Based on personal experience of participation in two autopsies of two patients
with NF1, benign GISTs can be more frequent in NF1 than represented in the
register-based data. Both patients had died of non-GIST-related reasons and had no
previous diagnosis of GIST. However, in both of them, benign GISTs were found in
the autopsy.

5.1.2 Fatal GISTs in NF1: death certificate series (I)

Among the death certificates of 232 individuals with NF1, eight certificates recorded
GIST; in seven, GIST was the underlying cause of death, and one patient died of
MPNST. Three of the patients were men and five were women. Hospital records
were available for all eight NF1 GIST patients and were reviewed for clinical and
pathological characteristics of the GISTs.
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The age at the diagnosis of the GIST recorded in the death certificate ranged
from 35 to 74 years (median 61; 58 in women and 65 in men). All patients were
symptomatic at presentation, with abdominal pain, anemia, palpable mass, weight
loss or nausea. The GIST was located in the small intestine in seven NF1 patients
while one GIST was retroperitoneal. Histology was predominantly spindle cell, with
two mixed spindle/epithelioid cases. Six patients were also found to have other
GISTs while two had solitary lesions. The diameters of the tumors ranged from 1.5
to 20 cm, and four had metastasized at diagnosis. Two patients had undergone a prior
GIST resection, 11 and 27 years before the presentation of the current and fatal GIST.

Immunohistochemistry showed CD117 (c-Kit) positivity in seven NF1 GISTs
and CD34 positivity in five. Four GISTs were analyzed for mutations, and were
negative for KIT and PDGFRA mutations. By standard criteria (size, mitotic rate,
Ki-67), six tumors were high risk and two were low risk. Notably, both low risk
duodenal tumors were nevertheless fatal within one year. Initial management was
surgical in all patients and five patients received post-operative systemic therapy
(imatinib first-line, with sunitinib in two and later paclitaxel/sorafenib in one).
Survival after GIST diagnosis ranged from 1 day to 2 years 6 months. Among these
patients with fatal GISTs, the median interval from detection to death was 6 months.

5.2 Cardiovascular comorbidities in NF1 (11, 1)

5.2.1 Hypertension in NF1 (I1)

A total of 1,365 individuals with confirmed NF1 and 13,923 controls matched for
age, sex, and municipality were analyzed. The cohorts were well matched at the
beginning of the follow-up time, yet individuals with NF1 had lower educational
level and smaller mean disposable income than the controls.

Across 1996-2014, hospital records identified 115 NF1 patients and 914 controls
with a hypertension diagnosis (110, 111, 112, 113, or I15), corresponding to a HR of
1.64 (95% CI 1.34-2.00) for NF1 versus controls. Nine of 115 NF1 patients had
secondary hypertension (I15), yielding a HR of 3.76 (95% CI 1.77-7.95; P<0.001).
The mean age at the first hospital record of secondary hypertension was 35 years
(SD 30) in NF1 and 56 years (SD 19) in controls. Renovascular hypertension (115.0)
was recorded in five NF1 individuals, and adrenal etiology of secondary
hypertension, pheochromocytoma (C74), adrenal neoplasm (D44.1), and/or
adrenomedullary hyperfunction (E27.5) in two. In addition, the cause of secondary
hypertension was unspecified in two patients. No patient had a diagnosis of primary
hyperaldosteronism (E26.0) or primary hyperparathyroidism (E21.0).

A total of 98 NF1 patients had a diagnosis of essential hypertension (I110) and no
diagnosis of secondary hypertension (I15). The HR for essential hypertension was
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1.73 (95% CI 1.39-2.14; P<0.001) and remained unchanged in a sensitivity analysis
excluding the first six months after cohort entry. Mean age at first record of essential
hypertension was 63 years (SD 15) in NF1 and 69 years (SD 13) in controls. The
relative hazard was higher at ages <50 years (HR 3.24; P<0.001) and remained
elevated at >50 years (HR 1.59; P<0.001). There was no sex difference. Adjusting
for education yielded a HR of 1.71 (95% CI 1.38-2.13). Adjustment for parental
NF1 attenuated the estimate modestly (HR 1.53; 95% CI 1.18-1.98; P=0.001).
Among those with essential hypertension, the prevalence of recorded potential
contributors (sleep apnea, obesity, tobacco use, alcohol-related conditions) did not
differ between NF1 and controls.

Nearly all patients with essential hypertension had purchased antihypertensive
medication at least once (NF1 98.0%; controls 98.3%). However, NF1 individuals
were less likely to have purchased calcium-channel blockers or agents inhibiting the
renin—angiotensin system. Moreover, 24.5% of NF1 patients versus 12.4% of
controls purchased drugs from only a single ATC class (P=0.003).

To capture hypertension only managed in primary care, reimbursed drug
purchases were analyzed in the full NF1 and control cohorts. A total of 388 NF1
individuals and 3,563 controls had at least one antihypertensive drug purchase. Only
diuretics and beta-blockers showed increased hazards in NF1; purchases of calcium-
channel blockers and agents acting on the renin—angiotensin system did not differ
significantly.

5.2.2 Myocardial infarction in NF1 (lll)

A total of 1,811 NF1 patients and 18,006 matched controls were analyzed for the
risk and prognosis of myocardial infarction during the years 1987-2021. Forty-two
NF1 and 415 control patients had a diagnosis of myocardial MI, corresponding to a
HR of 1.36 (95% CI 0.98-1.88; P=0.062). Women had a HR of 1.58 (95% CI 0.97—
2.57; P=0.068) and men HR of 1.24 (95% CI 0.81-1.91; P=0.319) and there was no
significant difference in the HRs between women and men (P=0.635). Mean age at
first diagnosis of MI was 66.2 years (SD 12.8) in patients with NF1 and 69.7 years
(SD 12.5) in controls. The cumulative risk of MI by age 50 was 0.8% (95% CI 0.3%—
2.1%) in NF1 versus 0.6% (95% CI 0.4%—0.9%) in controls and by age 80, the risk
was 10.4% (95% CI 7.6%—14.3%) versus 11.7% (95% CI 10.5%—13.0%),
respectively. Furthermore, a 50-year-old individual with NF1 had a 10-year MI risk
of 2.5% (95% CI 1.3%4.7%) compared with 1.5% (95% CI 1.1%-1.9%) in
controls.

Before MI admission or MI-related death, hypertension and lipoprotein disorder
diagnoses did not differ significantly between groups. In the full cohort, however,
NF1 was associated with higher hazards for purchases of lipid-modifying agents (HR
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1.33, 95% CI 1.18-1.51; P<0.001) and for a diagnosis of lipoprotein metabolism
disorders (HR 1.34, 95% CI 1.05-1.71; P=0.017). A prior cancer was more frequent
among NF1 patients with MI than among controls with MI, but the HR for MI was
essentially unaffected by cancer history. Pharmacotherapy after myocardial
infarction was similar in NF1 and controls. Five NF1 and 53 control patients died
with M1 listed as underlying or immediate cause without a prior hospital visit for MI.

Among the 37 NF1 patients admitted to hospital with MI, disease-specific
survival was 69.2% (95% CI 54.8%—87.6%) at 5 years and 62.9% (95% CI 46.6%—
85.0%) at 10 years, versus 85.0% (95% CI 81.0%—-89.2%) and 80.9% (95% CI
76.0%—-86.1%) in controls. Survival after MI admission was significantly worse in
NF1 (HR 2.22, 95% CI 1.16-4.24; P=0.016), and remained so after excluding those
with prior cancer (HR 2.16, 95% CI 1.02—4.56; P=0.046).

Across the entire NF1 cohort, MI was the primary or underlying cause of death
in 16 individuals. The HR for death due to MI was 2.18 (95% CI 1.29-3.70; P=0.004)
in NF1 versus control cohort. The mean age at MI death was 68.7 years (SD 13.2) in
NF1 and 74.1 years (SD 12.4) in controls, and sex did not modify the hazard.
Hypertension and heart failure before death due to MI did not differ significantly,
although sleep apnea was more frequent in NF1 (OR 6.14). The excess hazard of M1
death appeared greater among those with prior cancer.
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5 Discussion

This thesis integrates population-based evidence on three clinically connected
aspects of neurofibromatosis type 1 (NF1): 1) intestinal tumors with emphasis on
gastrointestinal stromal tumors (GISTs), 2) hypertension, and 3) myocardial
infarction (MI) and its prognosis. By combining nationwide Finnish health registers
with individually verified NF1 diagnoses, the studies highlight that NF1 is a
multisystem disorder with substantial gastrointestinal and cardiovascular burdens.
NF1 was associated with markedly elevated hazards for small intestinal tumors
including fatal NFl-related GISTs (Study I); a predominance of essential
hypertension with potentially earlier onset (Study II); and a worse survival after MI
despite broadly similar pharmacotherapy (Study III). These conditions were partly
age-dependent in NF1. The findings have implications for surveillance, diagnostic
strategies, and risk reduction in everyday care. The actions may include targeted
diagnostic pathways for the GI tract, age-aware blood pressure monitoring with
special focus on secondary causes, and control of atherosclerotic risk factors
including dyslipidemia and sleep apnea.

6.1 Gastrointestinal tract tumors in NF1:
anatomical distribution, lethality, and diagnostic
gaps

Studying the epidemiology of GIST is difficult. Searching registers for site-based
ICD-10 codes cannot differentiate GISTs from other GI tumors, and morphological
coding is only available for those registered as cancers. In addition, many GISTs are
indolent and may remain undetected (Miettinen et al., 2006). Thus, the incidence and
prevalence of GISTs has not been reliably estimated previously and could not be
analyzed in this study either. Also, a personal experience of finding benign GISTs in
the autopsies of two NF1 patients supports the view that GISTs are frequent in NF1
and may remain undetected if the tumors are asymptomatic. This is in line with
previous evidence from autopsies of individuals with NF1 (Andersson et al., 2005).

A site-specific analysis of specialized outpatient and inpatient encounters
showed that gastrointestinal tumors were more frequently detected in NF1 than in
matched controls (HR 2.6), with the most frequent localization in the small intestine
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(HR 15.6). This distribution strongly suggests a predominant contribution from
GISTs of the small intestine, which are characteristically multiple and spindle cell
type in NF1 (Miettinen et al., 2006).

Among deceased NF1 patients, GIST was identified as the primary cause of
death in 7 out of 8 individuals where it was recorded on the death certificate,
demonstrating that NF1-associated GISTs are not necessarily indolent. Importantly,
standard endoscopies may miss GISTs in the small intestine. Thus, abdominal CT or
MRI should be applied particularly in middle-aged or older NF1 patients with
unexplained anemia, pain, weight loss, or other GI symptoms (Casali et al., 2022).
Furthermore, despite low-risk histopathology of some primary tumors (e.g.,
duodenal lesions), fatal courses occurred. This questions the applicability of
histopathological grading in the context of NF1 and highlights the need for cautious
post-excision follow-up. Finally, the resistance to imatinib is typical in NF1 GIST
due to the absence of hereditary KIT/PDGFRA mutations, with only limited evidence
for benefit from multikinase inhibitors. Early diagnosis and multidisciplinary
surgical evaluation are therefore essential. It is important to keep in mind that NF1
GISTs can be multiple and careful follow-up is needed for early detection of new
tumors.

6.2 Hypertension in NF1: essential hypertension
redominates, secondary hypertension is
Important in differential diagnosis at young age

Hypertension is very common in adults of the general population and in NF1
individuals. Patients with essential hypertension are usually treated in the primary
health care without need for specialized health care or hospital admission. The
possibility of secondary hypertension must be considered in young hypertensive
patients especially if hypertension is resistant to antihypertensive therapies.
Furthermore, the risk of secondary hypertension caused by renal artery stenosis and
pheochromocytoma is considerably higher in NF1 than in the general population.
Hospital-based data (1996-2014) revealed increased hazards for hypertension
(110, 111, 112, 114, 115) in NF1 (HR 1.64), driven by both secondary (HR 3.76) and
essential hypertension (HR 1.73). This is in line with a Danish study by Kenborg et
al. (2020), who reported relative risk of 1.5 for hypertensive disorders other than
renal vascular hypertension in NF1. Noteworthly, essential hypertension clearly
predominates among NF1 adults seen in specialized health care. To cover all patients
at every level of health care we used the Finnish Register of Reimbursed Drug
Purchases which provides comprehensive data on antihypertensive drug purchases.
This complementary analysis of reimbursed drug purchases for antihypertensive
medication in the whole Finnish NF1 cohort shows that the hazard for purchasing
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calcium channel blockers or agents acting on the renin-angiotensin system does not
differ between the NF1 and control cohorts. This suggests that the increased hazard
for hypertension-related hospital visits may be partly due to the greater overall
probability of visiting a hospital in the NF1 group.

The mean age at the time of the first hospital consultation with a record of
essential hypertension was 63 years in NF1 and 69 years among the controls. The
relative hazard for essential hypertension was highest in the 17 individuals aged 50
or younger (HR 3.24). These findings support longitudinal blood pressure
monitoring also in individuals with NF1. This is most pertinent in cases of secondary
hypertension, such as renovascular hypertension and the catecholamine-producing
tumors pheochromocytomas and paragangliomas. At the same time, clinicians
should not overestimate secondary actiologies at the expense of timely recognition
and treatment of essential hypertension which is the most common possibility.

6.3 Myocardial infarction in NF1: higher risk and
worse survival after Ml

In the expanded cohort (1987-2021), NF1 showed a trend toward higher hazard for
myocardial infarction (HR 1.36) and a clearly higher hazard of death due to MI (HR
2.18) compared to controls. This is consistent with the results of Kenborg et al.
(2020), who reported relative risk of 1.4 for diseases of circulatory system. After
hospital admission for MI, disease-specific survival was worse in patients with NF1.
Specifically, the results showed that disease-specific survival was 69% at 5 years in
NF1 versus 85% in controls, even though the age at MI and post-MI
pharmacotherapy did not suggest that the survival in NF1 would be worse. Thus,
equal treatment did not close the survival gap.

Health conditions recorded in specialized health care before MI were broadly
similar between groups, but two points can guide care. First, in the overall NF1
cohort (not restricted to MI), hazards were higher for both diagnoses of lipoprotein
disorders and for purchases of lipid-modifying therapy—suggesting dyslipidemia is
common and merits systematic detection and management. Second, obstructive
sleep apnea was overrepresented among NF1 individuals who died due to MI,
indicating a practical target for risk reduction. Notably, the NF1 cohort was relatively
young, with a mean age of 40.2 years at the end of follow-up. With longer follow-
up, coronary artery disease is likely to become more evident as additional cases
occur. Together, these data argue for regular health checks and proactive
management of lipids and sleep apnea in NF1, alongside standard coronary artery
disease risk management.

43



Niina Loponen

6.4 Molecular context

The observations of this thesis are consistent with known NF1 pathobiology (Ras
hyperactivation). At the molecular level, pathogenic variants of the NF'I gene over-
activate the Ras pathway in the endothelium of blood vessels and in vascular smooth
muscle cells (Xu et al., 2007). NF1-associated vasculopathy affects arteries and
contributes to different vascular complications. Based on murine models of NF1,
hyperplasia of intima media can lead to the occlusion of an artery (Lasater et al.,
2008), and structural changes in aorta predispose to formation of aneurysms (Li et
al., 2014). These mechanisms likely contribute to, but are unlikely to fully explain,
the higher rates of hypertension and the worse outcomes after MI seen at the
population level.

6.5 Register-based analyses

The potential shortcomings of all registers relate to which degree they are complete,
and accurate. Potential pitfalls include missing or incorrect entries. The cause for
missing or incorrect data may be as simple as misspelling, or selection of a wrong
ICD code. Thus, careful validation of the data is needed before it can be used for
proper analyses. With respect to NF1, the question is, how covering the cohort of
patients is, and, are the diagnoses correct.

A population-based health register tries to find all individuals with a specific
condition. In an ideal case, all true diagnoses are included, and no false diagnoses
are present. In the ideal case, HR, RR, and OR are unbiased and as precise as the
number of patients allows. Missing cases mean fewer events, leading to wider Cls
and less power, but the HR and RR stay about right on average, or unbiased. False
positives in the register would lead to overestimation of disease frequency, reduce
statistical power, and weaken or lead to spurious associations.

A register or cohort of patients based on the records of specialized NF1 clinics
or centers have the benefit that the diagnoses are correct. However, these cohorts do
not cover the whole population which can lead e.g., to selection bias and potentially
to overestimation of severe complications.

6.6 Strengths and limitations across studies (I-l)

The shared strengths include 1) validated NF1 diagnoses based on NIH criteria; 2)
large, matched reference population cohorts, and 3) long follow-up with linkage
across Finnish national registers (specialized care, causes of death, drug
reimbursements). Limitations are typical of register-based research: lack of primary
care blood pressure values and risk biomarkers, incomplete morphologic data for
intestinal tumors in administrative coding, and potential surveillance biases tied to
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hospital-based cohort entry, thus potentially leaving out patients with a very mild
form of NF1. The limitations of this study also include small numbers of patients
with myocardial infarction and specific comorbidities, such as sleep apnea or
previous cancer. Furthermore, the incidence of silent MI cannot be estimated.
Autopsy-based research of patients with sudden cardiac death (< 50 years) found that
34% had previously undetected infarction scars, showing silent infarction can occur
even at a young age (Vidhitalo et al., 2021). However, sensitivity analyses and
consistent findings across endpoints (e.g., mortality, drug purchases) mitigate major
concerns and support the accuracy of main conclusions.

6.7 Clinical recommendations

Extensive efforts have been made to develop follow-up guidelines for individuals
with NF1 (Stewart et al., 2018; Miller et al., 2019; Bergqvist et al., 2020; Carton et
al., 2023; Peltonen et al., 2025). However, many of these guidelines are primarily
focused on tumors, pediatric populations, or they lack clear age-specific
recommendations. In contrast, there is a notable scarcity of guidance regarding the
management of aging patients with NF1. When monitoring aging patients with NF1,
it is important to consider the increased risk of dementia (Kallionpda et al., 2021),
which may manifest as cognitive decline and challenges in adhering to
pharmacological treatment. The findings of this thesis propose specific care models
that could be considered in the clinical follow-up of individuals with NF1.

Gastrointestinal care. For NF1 patients from middle aged onwards with GI
symptoms 1) imaging modality that can detect the tumors of small intestine early
(CT or MRI) should be used, 2) structured follow-up after surgery is essential, even
for low-risk primary tumors. Furthermore, it is important to keep in mind that
standard targeted drugs like tyrosine kinase inhibitors often work less well in NF1-
associated GISTs, so complete surgical removal and early detection are especially
crucial.

Blood pressure management. Blood pressure management should include the
following: 1) Blood pressure check at every visit; 2) In children, teens, and young
adults, the possibility of renal artery stenosis and pheochromocytoma or
paraganglioma should be considered when elevated blood pressure has been found;
3) In adults, essential hypertension should be treated following national guidelines,
noting that it may develop earlier in NF1.

Atherosclerotic risk and MI. 1) Excess risk of MI posed by NF1 should be
acknowledged in addition to the traditional risk factors such as smoking,
hypertension and dyslipidemia, as well as the potentially worse survival after MI in
NF1; 2) Blood lipids should be screened for routinely and treated according national
guidelines; 3) Monitoring for sleep apnea is needed when symptoms or risk factors
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are present, including consultation of respiratory physician if sleep apnea is
suspected. Importantly, fast assessment is needed if chest pain or other warning signs
of coronary artery disease appear.

6.8 Future directions

Three areas require attention: 1) prospective NF1-specific GI pathways that
prioritize small intestine imaging and careful follow-up after resection; 2) age-
tailored hypertension algorithms that couple essential hypertension management
with streamlined screening for renovascular disease and pheochromocytoma in
younger patients with NF1; and 3) cardiovascular risk programs that integrate lipid
management and sleep apnea assessment, and evaluate whether intensified
secondary prevention can close the survival gap after MI. Mechanistic work on
neurofibromin regulated vascular biology may help identify new therapies.

To conclude, NF1 is associated with distinctive, clinically consequential risks
across the gastrointestinal and cardiovascular systems. GISTs in small intestine are
common and sometimes lethal; essential hypertension is the dominant type of
hypertension despite a meaningful burden of secondary hypertension in the young;
and MI outcomes may be worse compared to general population. These findings
highlight the need for proactive care that takes NF1 into account, involving different
medical specialties to detect comorbidities early, provide personalized follow-up,
and help prevent avoidable deaths.
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7 Conclusions

Based on the results of the present study the following conclusions were made:

1. Careful evaluation and monitoring of gastrointestinal (GI) symptoms in
patients with NF1 are essential for early diagnosis and treatment.
Diagnosing NF1-associated GIST is challenging because the tumors
typically arise intramurally in small intestine, which is not reliably
accessible with conventional endoscopy. NF1-related GISTs may behave
unpredictably and can be fatal.

2. NF1 may be associated with an increased risk of hypertension,
encompassing both essential and secondary forms.

3. NFI is associated with an increased hazard of myocardial infarction.
Furthermore, survival after myocardial infarction may be poorer in
individuals with NF1 than in controls. The results also showed that these
findings were not explained by prior cancers.

4. Clinical recommendations for NF1 monitoring: application of early small-
intestine—capable imaging for GI alarm symptoms; routine blood pressure
measurements with selective evaluation for renovascular disease and
pheochromocytoma, and systematic lipid management and sleep apnea
assessment to narrow the post-MI survival gap.

47



Acknowledgements

This thesis work was carried out in the Institute of Biomedicine, Department of Cell
Biology and Anatomy, University of Turku. I wish to thank all the present and
former heads of the Department and Institute: Professors Juha Peltonen, Jan Kaslin,
Pirkko Harkdnen and Sari Mékelé for providing the facilities and supportive working
environment for the current study.

I want to express my sincere gratitude to my supervisors, Professor Juha
Peltonen, Professor Sirkku Peltonen and Docent Roope Kallionpdd for their
guidance, support, and encouragement. Juha is especially acknowledged for his
extensive knowledge on NF1 and experience in research. Sirkku’s clinical
experience has been essential for this study as well as her advice for many practical
issues. Roope has patiently explained to me epidemiological study designs and
conclusions behind the numbers. His technical skills have been invaluable during all
stages of this work.

Professor Ilkka Porsti and Docent Sirpa Kivirikko are gratefully acknowledged
for their careful review of this thesis and for their constructive criticism, valuable
comments and suggestions. I also want to thank the members of my follow-up
committee: Professor Hannu Jarveldinen and Docent Heli Y1d-Outinen, for their
creative ideas, encouragement and many conversations during this process. Hannu
and Heli are also warmly thanked as my co-authors for their contribution to the
manuscripts. Co-authors Professor Kari Auranen and MSc Mikko Valtanen are
acknowledged for their expertise in statistics.

Heli Yld-Outinen and Roope Kallionpdd have been my closest fellow
researchers. We shared the office with Heli, and over the years, we have had
numerous discussions of science, anatomy and life. Especially, I am grateful to Heli
for sharing her clinical knowledge and practical advice. Roope is acknowledged for
the enormous help he has provided me from the beginning. His advice in different
technical problems and knowledge of NF1 epidemiology has been crucial. I could
not have managed without his help with the thesis word template and Mendeley.

I wish to express my gratitude to all the present and former NF1 team members
for your great support in this research. [ would like to thank all the former and present
co-workers from Medisiina C, especially from C3 and C4 floors. They are too many

48



Acknowledgements

to be listed by name. I have known some of them for a long time, even from the times
when I was a medical student. My friends and colleagues are also thanked for their
support and inspiring discussions during these years.

I wish to acknowledge Doctoral Programme in Clinical Research (DPCR) for the
years 2018-2026. This thesis work was supported by grants from the Cancer
Foundation Finland, Turku University Hospital and Helsinki University Hospital.

Finally, I would like to express my warmest thanks to my parents, my sister and
her family, and my husband Jyrki and my son Mikael.

Turku, April 2026
Niina Loponen

49



References

Albaghdadi M, Thibodeau ML, Lara-Corrales 1. 2022. Updated Approach to Patients with Multiple
Café au Lait Macules. Dermatol. Clin. 40: 9-23.

Alivuotila L, Hakokari J, Visnapuu V, Korpijaakko-Huuhka A-M, Aaltonen O, Happonen R-P,
Peltonen S, Peltonen J. 2010. Speech characteristics in neurofibromatosis type 1. Am. J. Med.
Genet. A 152A: 42-51.

Al-Shboul OA. 2013. The importance of interstitial cells of cajal in the gastrointestinal tract. Saudi J.
Gastroenterol. 19: 3—15.

Andersson J, Sihto H, Meis-Kindblom JM, Joensuu H, Nupponen N, Kindblom L-G. 2005. NF1-
associated gastrointestinal stromal tumors have unique clinical, phenotypic, and genotypic
characteristics. Am. J. Surg. Pathol. 29: 1170-6.

Arnold M, Abnet CC, Neale RE, Vignat J, Giovannucci EL, McGlynn KA, Bray F. 2020. Global
Burden of 5 Major Types of Gastrointestinal Cancer. Gastroenterology 159: 335-349.¢e15.

Arrington DK, Danehy AR, Peleggi A, Proctor MR, Irons MB, Ullrich NJ. 2013. Calvarial defects and
skeletal dysplasia in patients with neurofibromatosis Type 1. J. Neurosurg. Pediatr. 11: 410-6.

Basu TN, Gutmann DH, Fletcher JA, Glover TW, Collins FS, Downward J. 1992. Aberrant regulation
of ras proteins in malignant tumour cells from type 1 neurofibromatosis patients. Nature 356: 713—
S.

Bergqvist C, Servy A, Valeyrie-Allanore L, Ferkal S, Combemale P, Wolkenstein P, NF France
Network. 2020. Neurofibromatosis 1 French national guidelines based on an extensive literature
review since 1966. Orphanet J. Rare Dis. 15: 37.

Bjorkegren JLM, Lusis AJ. 2022. Atherosclerosis: Recent developments. Cell 185: 1630-1645.

Brems H, Park C, Maertens O, Pemov A, Messiaen L, Upadhyaya M, Claes K, Beert E, Peeters K,
Mautner V, Sloan JL, Yao L, Lee C-CR, Sciot R, De Smet L, Legius E, Stewart DR. 2009. Glomus
tumors in neurofibromatosis type 1: genetic, functional, and clinical evidence of a novel
association. Cancer Res. 69: 7393—401.

Brenaut E, Nizery-Guermeur C, Audebert-Bellanger S, Ferkal S, Wolkenstein P, Misery L, Abasq-
Thomas C. 2016. Clinical Characteristics of Pruritus in Neurofibromatosis 1. Acta Derm.
Venereol. 96: 398-9.

Brosius S. 2010. A history of von Recklinghausen’s NF1. J. Hist. Neurosci. 19: 333-48.

Campen CJ, Gutmann DH. 2018. Optic Pathway Gliomas in Neurofibromatosis Type 1. J. Child Neurol.
33: 73-81.

Care Register for Health Care - THL.

Carey JC, Baty BJ, Johnson JP, Morrison T, Skolnick M, Kivlin J. 1986. The genetic aspects of
neurofibromatosis. Ann. N. Y. Acad. Sci. 486: 45-56.

Carton C, Evans DG, Blanco I, Friedrich RE, Ferner RE, Farschtschi S, Salvador H, Azizi AA, Mautner
V, R&hl C, Peltonen S, Stivaros S, Legius E, Oostenbrink R, ERN GENTURIS NF1 Tumour
Management Guideline Group. 2023. ERN GENTURIS tumour surveillance guidelines for
individuals with neurofibromatosis type 1. EClinicalMedicine 56: 101818.

Casali PG, Blay JY, Abecassis N, Bajpai J, Bauer S, Biagini R, Bielack S, Bonvalot S, Boukovinas I,
Bovee JVMG, Boye K, Brodowicz T, Buonadonna A, De Alava E, Dei Tos AP, Del Muro XG,

50



References

Dufresne A, Eriksson M, Fedenko A, Ferraresi V, Ferrari A, Frezza AM, Gasperoni S, Gelderblom
H, Gouin F, Grignani G, Haas R, Hassan AB, Hindi N, Hohenberger P, Joensuu H, Jones RL,
Jungels C, Jutte P, Kasper B, Kawai A, Kopeckova K, Krakorova DA, Le Cesne A, Le Grange F,
Legius E, Leithner A, Lopez-Pousa A, Martin-Broto J, Merimsky O, Messiou C, Miah AB, Mir O,
Montemurro M, Morosi C, Palmerini E, Pantaleo MA, Piana R, Piperno-Neumann S, Reichardt P,
Rutkowski P, Safwat AA, Sangalli C, Sbaraglia M, Scheipl S, Schoffski P, Sleijfer S, Strauss D,
Strauss SJ, Hall KS, Trama A, Unk M, van de Sande MAJ, van der Graaf WTA, van Houdt W],
Frebourg T, Gronchi A, Stacchiotti S, ESMO Guidelines Committee, EURACAN and
GENTURIS. Electronic address: clinicalguidelines@esmo.org. 2022. Gastrointestinal stromal
tumours: ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment
and follow-up. Ann. Oncol. 33: 20-33.

Casey D, Demko S, Sinha A, Mishra-Kalyani PS, Shen Y-L, Khasar S, Goheer MA, Helms WS, Pan
L, XuY, FanJ, Leong R, Liu J, Yang Y, Windsor K, Ou M, Stephens O, Oh B, Reaman GH, Nair
A, Shord SS, Bhatnagar V, Daniels SR, Sickafuse S, Goldberg KB, Theoret MR, Pazdur R, Singh
H. 2021. FDA Approval Summary: Selumetinib for Plexiform Neurofibroma. Clin. Cancer Res.
27: 4142-4146.

Causes of death | Statistics Finland.

Charles L, Triscott J, Dobbs B. 2017. Secondary Hypertension: Discovering the Underlying Cause.
Am. Fam. Physician 96: 453-461.

Chauvel-Picard J, Lion-Francois L, Beuriat P-A, Paulus C, Szathmari A, Mottolese C, Gleizal A, Di
Rocco F. 2020. Craniofacial bone alterations in patients with neurofibromatosis type 1. Childs
Nerv. Syst. 36: 2391-2399.

Cieza Rivera AM, Lobato Fuertes C, Fernandez-Villa T, Martin Sanchez V, Atallah 1. 2024. Impact of
neurofibromatosis type 1 on quality of life using the Skindex-29 questionnaire quality of life in
NF1. Orphanet J. Rare Dis. 19: 85.

Coffin CM, Cassity J, Viskochil D, Lor Randall R, Albritton K. 2004. Non-neurogenic sarcomas in
four children and young adults with neurofibromatosis type 1. Am. J. Med. Genet. A 127A: 40—
43.

Corona-Rivera JR, Barrios-Prieto E, Rivera-Ramirez B, Sanchez-Uribe EH, Cortés-Pastrana RC,
Aguilera CER, de Anda-Camacho RG, Pefa-Padilla C, Bobadilla-Morales L, Corona-Rivera A.
2023. Aneurysms involving the coronary arteries in a neonate with neurofibromatosis 1. Am. J.
Med. Genet. A 191: 2422-2427.

Crowe F, Schull W, Neel JV. 1956. A Clinical, Pathological, and Genetic Study of Multiple
Neurofibromatosis. Springfield, IL: Charles C Thomas.

Crowson CS, Liao KP, Davis JM, Solomon DH, Matteson EL, Knutson KL, Hlatky MA, Gabriel SE.
2013. Rheumatoid arthritis and cardiovascular disease. Am. Heart J. 166: 622-628.¢l.

DeBella K, Szudek J, Friedman JM. 2000. Use of the national institutes of health criteria for diagnosis
of neurofibromatosis 1 in children. Pediatrics 105: 608—14.

DeClue JE, Cohen BD, Lowy DR. 1991. Identification and characterization of the neurofibromatosis
type 1 protein product. Proc. Natl. Acad. Sci. U. S. A. 88: 9914-9918.

Demetri GD, von Mehren M, Antonescu CR, DeMatteo RP, Ganjoo KN, Maki RG, Pisters PWT, Raut
CP, Riedel RF, Schuetze S, Sundar HM, Trent JC, Wayne JD. 2010. NCCN Task Force report:
update on the management of patients with gastrointestinal stromal tumors. J. Natl. Compr. Canc.
Netw. 8 Suppl 2: S1-41.

Diaz E, Bergqvist C, Peiffer B, Fertitta L, Jannic A, Ferkal S, Zehou O, Hemery F, Sbidian E,
Wolkenstein P. 2023. In-Hospital Clinical Features, Morbidity, and Mortality of Patients with
Neurofibromatosis 1 in France: A Nationwide, Population-Based Retrospective Cohort Study. J.
Invest. Dermatol. 143: 2408-2415.¢7.

Doherty MA, Grell K, Hove H, Handrup MM, Ostergaard JR, Krayer A, Nielsen TT, Hjalgrim H,
Mulvihill JJ, Hasle H, Ejerskov C, Wohlfahrt J, Kenborg L. 2025. Non-neoplastic causes of death
in neurofibromatosis 1: A cohort study with long-term follow-up. Genet. Med.: 101654.

51



Niina Loponen

Dubov T, Toledano-Alhadef H, Chernin G, Constantini S, Cleper R, Ben-Shachar S. 2016. High
prevalence of elevated blood pressure among children with neurofibromatosis type 1. Pediatr.
Nephrol. 31: 131-6.

Duong TA, Bastuji-Garin S, Valeyrie-Allanore L, Sbidian E, Ferkal S, Wolkenstein P. 2011a. Evolving
pattern with age of cutaneous signs in neurofibromatosis type 1: a cross-sectional study of 728
patients. Dermatology 222: 269-73.

Duong TA, Sbidian E, Valeyrie-Allanore L, Vialette C, Ferkal S, Hadj-Rabia S, Glorion C, Lyonnet S,
Zerah M, Kemlin I, Rodriguez D, Bastuji-Garin S, Wolkenstein P. 2011b. Mortality associated
with neurofibromatosis 1: a cohort study of 1895 patients in 1980-2006 in France. Orphanet J. Rare
Dis. 6: 18.

Elefteriou F, Kolanczyk M, Schindeler A, Viskochil DH, Hock JM, Schorry EK, Crawford AH,
Friedman JM, Little D, Peltonen J, Carey JC, Feldman D, Yu X, Armstrong L, Birch P, Kendler
DL, Mundlos S, Yang F-C, Agiostratidou G, Hunter-Schaedle K, Stevenson DA. 2009. Skeletal
abnormalities in neurofibromatosis type 1: approaches to therapeutic options. Am. J. Med. Genet.
A 149A: 2327-38.

Evans DGR, Baser ME, McGaughran J, Sharif S, Howard E, Moran A. 2002. Malignant peripheral
nerve sheath tumours in neurofibromatosis 1. J. Med. Genet. 39: 311-4.

Evans DG, Howard E, Giblin C, Clancy T, Spencer H, Huson SM, Lalloo F. 2010. Birth incidence and
prevalence of tumor-prone syndromes: estimates from a UK family genetic register service. Am.
J. Med. Genet. A 152A: 327-32.

Evans DGR, O’Hara C, Wilding A, Ingham SL, Howard E, Dawson J, Moran A, Scott-Kitching V,
Holt F, Huson SM. 2011. Mortality in neurofibromatosis 1: in North West England: an assessment
of actuarial survival in a region of the UK since 1989. Eur. J. Hum. Genet. 19: 1187-91.

Evans DGR, Kallionpdd RA, Clementi M, Trevisson E, Mautner V-F, Howell SJ, Lewis L, Zehou O,
Peltonen S, Brunello A, Harkness EF, Wolkenstein P, Peltonen J. 2020. Breast cancer in
neurofibromatosis 1: survival and risk of contralateral breast cancer in a five country cohort study.
Genet. Med. 22: 398-406.

Evans DG, Mostaccioli S, Pang D, Fadzil O Connor M, Pittara M, Champollion N, Wolkenstein P,
Thomas N, Ferner RE, Kalamarides M, Peyre M, Papi L, Legius E, Becerra JL, King A, Duff C,
Stivaros S, Blanco 1. 2022. ERN GENTURIS clinical practice guidelines for the diagnosis,
treatment, management and surveillance of people with schwannomatosis. Eur. J. Hum. Genet. 30:
812-817.

Faris M, Baliss M, Coni R, Nambudiri V. 2021. Severe Hypertension Leading to Hemorrhagic Stroke
in Neurofibromatosis Type 1. Cureus 13: ¢14658.

Feldman DS, Jordan C, Fonseca L. 2010. Orthopaedic manifestations of neurofibromatosis type 1. J.
Am. Acad. Orthop. Surg. 18: 346-57.

Ferner RE, Gutmann DH. 2002. International consensus statement on malignant peripheral nerve sheath
tumors in neurofibromatosis. Cancer Res. 62: 1573-7.

Ferner RE, Huson SM, Thomas N, Moss C, Willshaw H, Evans DG, Upadhyaya M, Towers R, Gleeson
M, Steiger C, Kirby A. 2007. Guidelines for the diagnosis and management of individuals with
neurofibromatosis 1. J. Med. Genet. 44: 81-8.

Ferner RE, Gutmann DH. 2013. Neurofibromatosis type 1 (NF1): diagnosis and management. Handb.
Clin. Neurol. 115: 939-55.

Fisher MJ, Blakeley JO, Weiss BD, Dombi E, Ahlawat S, Akshintala S, Belzberg AJ, Bornhorst M,
Bredella MA, Cai W, Ferner RE, Gross AM, Harris GJ, Listernick R, Ly I, Martin S, Mautner VF,
Salamon JM, Salerno KE, Spinner RJ, Staedtke V, Ullrich NJ, Upadhyaya M, Wolters PL, Yohay
K, Widemann BC. 2022. Management of neurofibromatosis type 1-associated plexiform
neurofibromas. Neuro. Oncol. 24: 1827-1844.

Fossali E, Signorini E, Intermite RC, Casalini E, Lovaria A, Maninetti MM, Rossi LN. 2000.
Renovascular disease and hypertension in children with neurofibromatosis. Pediatr. Nephrol. 14:
806-10.

52



References

Frayling IM, Mautner V-F, van Minkelen R, Kallionpaa RA, Aktas S, Baralle D, Ben-Shachar S,
Callaway A, Cox H, Eccles DM, Ferkal S, LaDuca H, Lazaro C, Rogers MT, Stuenkel AJ,
Summerour P, Varan A, Yap YS, Zehou O, Peltonen J, Evans DG, Wolkenstein P, Upadhyaya M.
2019. Breast cancer risk in neurofibromatosis type 1 is a function of the type of NF1 gene mutation:
a new genotype-phenotype correlation. J. Med. Genet. 56: 209-219.

de Freminville J-B, Gardini M, Cremer A, Camelli S, Baron S, Bobrie G, Gosse P, Boulestreau R,
Gebara N, Doublet J, Dussartre T, Grataloup C, Lorthioir A, Massien C, Madjalian A-M, Riancho
J, Soulat G, Postel-Vinay N, Azizi M, Rance B, Amar L. 2024. Prevalence and Risk Factors for
Secondary Hypertension in Young Adults. Hypertension 81: 2340-2349.

Friedman JM, Birch PH. 1997. Type 1 neurofibromatosis: a descriptive analysis of the disorder in 1,728
patients. Am. J. Med. Genet. 70: 138-43.

Friedman JM. 2002. Neurofibromatosis 1: clinical manifestations and diagnostic criteria. J. Child
Neurol. 17: 548-54.

Friedman JM. 2022. Neurofibromatosis 1. GeneReviews: [no pagination].

Fujimi A, Nagamachi Y, Yamauchi N, Tamura F, Kimura T, Miyajima N, Inomata H, Nishisato T,
Yoshida M, Takada K, Kobayashi K, Kato J. 2019. Gastrointestinal Stromal Tumor in a Patient
with Neurofibromatosis Type 1 That Was Successfully Treated with Regorafenib. Intern. Med. 58:
1865-1870.

van Gelder S, Teunissen PF, van Nunen LX. 2024. Myocardial Infarction and Coronary Anomalies in
a 25-Year-Old Neurofibromatosis Type 1 Patient. JACC Case Rep. 29: 102261.

Gutmann DH, Wood DL, Collins FS. 1991. Identification of the neurofibromatosis type 1 gene product.
Proc. Natl. Acad. Sci. U. S. A. 88: 9658—62.

Gutmann DH, Ferner RE, Listernick RH, Korf BR, Wolters PL, Johnson KJ. 2017. Neurofibromatosis
type 1. Nat. Rev. Dis. Primers 3: 17004.

Harrison B, Moore AM, Calfee R, Sammer DM. 2013. The association between glomus tumors and
neurofibromatosis. J. Hand Surg. Am. 38: 1571-4.

Heervi E, Koffert A, Jokinen E, Kuorilehto T, Peltonen S, Aro HT, Peltonen J. 2012. A controlled
register-based study of 460 neurofibromatosis 1 patients: increased fracture risk in children and
adults over 41 years of age. J. Bone Miner. Res. 27: 2333-7.

Hirbe AC, Cosper PF, Dahiya S, Van Tine BA. 2017. Neoadjuvant Ifosfamide and Epirubicin in the
Treatment of Malignant Peripheral Nerve Sheath Tumors. Sarcoma 2017: 3761292.

Huson SM, Compston DA, Clark P, Harper PS. 1989. A genetic study of von Recklinghausen
neurofibromatosis in south east Wales. 1. Prevalence, fitness, mutation rate, and effect of parental
transmission on severity. J. Med. Genet. 26: 704—11.

Ingham S, Huson SM, Moran A, Wylie J, Leahy M, Evans DGR. 2011. Malignant peripheral nerve
sheath tumours in NF1: improved survival in women and in recent years. Eur. J. Cancer 47: 2723—
8.

Jadayel D, Fain P, Upadhyaya M, Ponder MA, Huson SM, Carey J, Fryer A, Mathew CG, Barker DF,
Ponder BA. 1990. Paternal origin of new mutations in von Recklinghausen neurofibromatosis.
Nature 343: 558-559.

Jaffe G, Gray Z, Krishnan G, Stedman M, Zheng Y, Han J, Chertow GM, Leppert JT, Bhalla V. 2020.
Screening Rates for Primary Aldosteronism in Resistant Hypertension: A Cohort Study.
Hypertension 75: 650-659.

Jones DW, Ferdinand KC, Taler SJ, Johnson HM, Shimbo D, Abdalla M, Altieri MM, Bansal N, Bello
NA, Bress AP, Carter J, Cohen JB, Collins KJ, Commodore-Mensah Y, Davis LL, Egan B, Khan
SS, Lloyd-Jones DM, Melnyk BM, Mistry EA, Ogunniyi MO, Schott SL, Smith SC, Talbot AW,
Vongpatanasin W, Watson KE, Whelton PK, Williamson JD. 2025. 2025
AHA/ACC/AANP/AAPA/ABC/ACCP/ACPM/AGS/AMA/ASPC/NMA/PCNA/SGIM Guideline
for the Prevention, Detection, Evaluation and Management of High Blood Pressure in Adults: A
Report of the American College of Cardiology/American Heart Association Joint Committee on
Clinical Practice Guidelines. Hypertension 82: e212—e316.

53



Niina Loponen

Jouhilahti EM, Peltonen S, Heape AM, Peltonen J. 2011a. The pathoetiology of neurofibromatosis 1.
Am. J. Pathol. 178: 1932-1939.

Jouhilahti E-M, Peltonen S, Callens T, Jokinen E, Heape AM, Messiaen L, Peltonen J. 2011b. The
development of cutaneous neurofibromas. Am. J. Pathol. 178: 500-505.

Jutant EM, Jais X, Girerd B, Savale L, Ghigna MR, Perros F, Mignard X, Jevnikar M, Bourlier D,
Prevot G, Tromeur C, Bauer F, Bergot E, Dauphin C, Favrolt N, Traclet J, Soumagne T, de Groote
P, Chabanne C, Magro P, Bertoletti L, Gueffet JP, Chaouat A, Goupil F, Moceri P, Borie R, Fadel
E, Wolkenstein P, Brillet PY, Simonneau G, Sitbon O, Humbert M, Montani D. 2020. Phenotype
and Outcomes of Pulmonary Hypertension Associated with Neurofibromatosis Type 1. Am. J.
Respir. Crit. Care Med. 202: 843-852.

Kallionpdd RA, Uusitalo E, Leppévirta J, P6yhonen M, Peltonen S, Peltonen J. 2018. Prevalence of
neurofibromatosis type 1 in the Finnish population. Genet. Med. 20: 1082—1086.

Kallionpdd RA, Valtanen M, Auranen K, Uusitalo E, Rinne JO, Peltonen S, Peltonen J. 2021. Increased
risk for dementia in neurofibromatosis type 1. Genet. Med. 23: 2219-2222.

Kallionpdi RA, Peltonen S, Le KM, Martikkala E, Jadskeldinen M, Fazeli E, Riihild P, Haapaniemi P,
Rokka A, Salmi M, Leivo I, Peltonen J. 2024. Characterization of Immune Cell Populations of
Cutaneous Neurofibromas in Neurofibromatosis 1. Lab. Invest. 104.

Kaspiris A, Savvidou OD, Vasiliadis ES, Hadjimichael AC, Melissaridou D, Iliopoulou-Kosmadaki S,
Iliopoulos ID, Papadimitriou E, Chronopoulos E. 2022. Current Aspects on the Pathophysiology
of Bone Metabolic Defects during Progression of Scoliosis in Neurofibromatosis Type 1. J. Clin.
Med. 11: 444.

Katz J, Ratnam S, Listernick RH, Habiby RL, Gutmann DH. 2024. Precocious Puberty in Children with
Neurofibromatosis Type 1. J. Pediatr. 278: 114440.

Kebudi R, Yildirim UM, Iribas A, Tuncer S. 2024. Optic pathway gliomas in children: Clinical
characteristics, treatment, and outcome of 95 patients in a single center over a 31-year period. Can
we avoid radiotherapy? Pediatr. Blood Cancer 71: e31337.

Kenborg L, Duun-Henriksen AK, Dalton SO, Bidstrup PE, Doser K, Rugbjerg K, Pedersen C, Krayer
A, Johansen C, Andersen KK, Ostergaard JR, Hove H, Serensen SA, Riccardi VM, Mulvihill JJ,
Winther JF. 2020. Multisystem burden of neurofibromatosis 1 in Denmark: registry- and
population-based rates of hospitalizations over the life span. Genet. Med. 22: 1069-1078.

Képénékian L, Mognetti T, Lifante JC, Giraudet AL, Houzard C, Pinson S, Borson-Chazot F,
Combemale P. 2016. Interest of systematic screening of pheochromocytoma in patients with
neurofibromatosis type 1. Eur. J. Endocrinol. 175: 335-344.

Kinoshita K, Hirota S, Isozaki K, Ohashi A, Nishida T, Kitamura Y, Shinomura Y, Matsuzawa Y. 2004.
Absence of c-kit gene mutations in gastrointestinal stromal tumours from neurofibromatosis type
1 patients. J. Pathol. 202: 80-85.

Korf BR. 2002. Clinical features and pathobiology of neurofibromatosis 1. J. Child Neurol. 17: 573—
577.

Krab LC, Aarsen FK, de Goede-Bolder A, Catsman-Berrevoets CE, Arts WF, Moll HA, Elgersma Y.
2008. Impact of neurofibromatosis type 1 on school performance. J. Child Neurol. 23: 1002-1010.

Krauthammer M, Kong Y, Bacchiocchi A, Evans P, Pornputtapong N, Wu C, McCusker JP, Ma S,
Cheng E, Straub R, Serin M, Bosenberg M, Ariyan S, Narayan D, Sznol M, Kluger HM, Mane S,
Schlessinger J, Lifton RP, Halaban R. 2015. Exome sequencing identifies recurrent mutations in
NF1 and RASopathy genes in sun-exposed melanomas. Nat. Genet. 47: 996-1002.

Kucharska-Newton AM, Harald K, Rosamond WD, Rose KM, Rea TD, Salomaa V. 2011.
Socioeconomic indicators and the risk of acute coronary heart disease events: comparison of
population-based data from the United States and Finland. Ann. Epidemiol. 21: 572-579.

Kumar MG, Emnett RJ, Bayliss SJ, Gutmann DH. 2014. Glomus tumors in individuals with
neurofibromatosis type 1. J. Am. Acad. Dermatol. 71: 44-48.

54



References

Kuorilehto T, Péyhonen M, Bloigu R, Heikkinen J, Vadnédnen K, Peltonen J. 2005. Decreased bone
mineral density and content in neurofibromatosis type 1: lowest local values are located in the
load-carrying parts of the body. Osteoporos. Int. 16: 928-936.

Kuorilehto T, Kinnunen P, Nissinen M, Alanne M, Leskeld HV, Lehenkari P, Peltonen J. 2006.
Vasculopathy in two cases of NF1-related congenital pseudarthrosis. Pathol. Res. Pract. 202: 687—
690.

Lahti RA, Penttild A. 2001. The validity of death certificates: routine validation of death certification
and its effects on mortality statistics. Forensic Sci. Int. 115: 15-32.

Lama G, Graziano L, Calabrese E, Grassia C, Rambaldi PF, Cioce F, Tedesco MA, Di Salvo G,
Esposito-Salsano M. 2004. Blood pressure and cardiovascular involvement in children with
neurofibromatosis typel. Pediatr. Nephrol. 19: 413—418.

Landry JP, Schertz KL, Chiang Y-J, Bhalla AD, Yi M, Keung EZ, Scally CP, Feig BW, Hunt KK,
Roland CL, Guadagnolo A, Bishop AJ, Lazar AJ, Slopis JM, McCutcheon IE, Torres KE. 2021.
Comparison of Cancer Prevalence in Patients With Neurofibromatosis Type 1 at an Academic
Cancer Center vs in the General Population From 1985 to 2020. JAMA Netw. Open 4: €210945.

Lasater EA, Bessler WK, Mead LE, Horn WE, Clapp DW, Conway SJ, Ingram DA, Li F. 2008. Nf1+/—
mice have increased neointima formation via hyperactivation of a Gleevec sensitive molecular
pathway. Hum. Mol. Genet. 17: 2336.

Lee T-SJ, Chopra M, Kim RH, Parkin PC, Barnett-Tapia C. 2023. Incidence and prevalence of
neurofibromatosis type 1 and 2: a systematic review and meta-analysis. Orphanet J. Rare Dis. 18:
292.

Legius E, Messiaen L, Wolkenstein P, Pancza P, Avery RA, Berman Y, Blakeley J, Babovic-
Vuksanovic D, Cunha KS, Ferner R, Fisher MJ, Friedman JM, Gutmann DH, Kehrer-Sawatzki H,
Korf BR, Mautner VF, Peltonen S, Rauen KA, Riccardi V, Schorry E, Stemmer-Rachamimov A,
Stevenson DA, Tadini G, Ullrich NJ, Viskochil D, Wimmer K, Yohay K, Gomes A, Jordan JT,
Mautner V, Merker VL, Smith MJ, Anten M, Aylsworth A, Baralle D, Barbarot S, Barker F, Ben-
Shachar S, Bergner A, Bessis D, Blanco I, Cassiman C, Ciavarelli P, Clementi M, Frébourg T,
Giovannini M, Halliday D, Hammond C, Hanemann CO, Hanson H, Heiberg A, Joly P,
Kalamarides M, Karajannis M, Kroshinsky D, Larralde M, Lazaro C, Le L, Link M, Listernick R,
MacCollin M, Mallucci C, Moertel C, Mueller A, Ngeow J, Oostenbrink R, Packer R, Papi L,
Parry A, Peltonen J, Pichard D, Poppe B, Rezende N, Rodrigues LO, Rosser T, Ruggieri M, Serra
E, Steinke-Lange V, Stivaros SM, Taylor A, Toelen J, Tonsgard J, Trevisson E, Upadhyaya M,
Varan A, Wilson M, Wu H, Zadeh G, Huson SM, Evans DG, Plotkin SR. 2021. Revised diagnostic
criteria for neurofibromatosis type 1 and Legius syndrome: an international consensus
recommendation. Genet. Med. 23: 1506-1513.

Leinonen MK, Miettinen J, Heikkinen S, Pitkdniemi J, Malila N. 2017. Quality measures of the
population-based Finnish Cancer Registry indicate sound data quality for solid malignant tumours.
Eur. J. Cancer 77: 31-39.

Lenders JWM, Duh QY, Eisenhofer G, Gimenez-Roqueplo AP, Grebe SKG, Murad MH, Naruse M,
Pacak K, Young WEF. 2014. Pheochromocytoma and Paraganglioma: An Endocrine Society
Clinical Practice Guideline. J. Clin. Endocrinol. Metab. 99: 1915-1942.

Li F, Downing BD, Smiley LC, Mund JA, DiStasi MR, Bessler WK, Sarchet KN, Hinds DM,
Kamendulis LM, Hingtgen CM, Case J, Clapp DW, Conway SJ, Stansfield BK, Ingram DA. 2014.
Neurofibromin-deficient myeloid cells are critical mediators of aneurysm formation in vivo.
Circulation 129: 1213-1224.

Libby P. 2021. The changing landscape of atherosclerosis. Nature 592: 524-533.

Lin MJ, Yao H, Vera K, Patel E, Johnson M, Caroline P, Ramos J, Mehta J, Hu X, Blakeley JO, Romo
CG, Sarin KY. 2024. Cutaneous Neurofibromas and Quality of Life in Adults With
Neurofibromatosis Type 1. JAMA Dermatol. 160: 1091-1098.

Listernick R, Charrow J, Greenwald M, Mets M. 1994. Natural history of optic pathway tumors in
children with neurofibromatosis type 1: a longitudinal study. J. Pediatr. 125: 63—66.

55



Niina Loponen

Listernick R, Darling C, Greenwald M, Strauss L, Charrow J. 1995. Optic pathway tumors in children:
The effect of neurofibromatosis type 1 on clinical manifestations and natural history. J. Pediatr.
127: 718-722.

Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, Hawkins C, Ng HK, Pfister
SM, Reifenberger G, Soffietti R, Von Deimling A, Ellison DW. 2021. The 2021 WHO
Classification of Tumors of the Central Nervous System: a summary. Neuro. Oncol. 23: 1231—
1251.

Lubs ML, Bauer MS, Formas ME, Djokic B. 1991. Lisch nodules in neurofibromatosis type 1. N. Engl.
J. Med. 324: 1264-1266.

Maertens O, Prenen H, Debiec-Rychter M, Wozniak A, Sciot R, Pauwels P, De Wever I, Vermeesch
JR, de Raedt T, De Paepe A, Speleman F, van Oosterom A, Messiaen L, Legius E. 2006. Molecular
pathogenesis of multiple gastrointestinal stromal tumors in NF1 patients. Hum. Mol. Genet. 15:
1015-1023.

Mancia G, Kreutz R, Brunstrom M, Burnier M, Grassi G, Januszewicz A, Muiesan ML, Tsioufis K,
Agabiti-Rosei E, Algharably EAE, Azizi M, Benetos A, Borghi C, Hitij JB, Cifkova R, Coca A,
Cornelissen V, Cruickshank JK, Cunha PG, Danser AHJ, Pinho RM De, Delles C, Dominiczak
AF, Dorobantu M, Doumas M, Fernandez-Alfonso MS, Halimi JM, Jarai Z, Jelakovi¢ B, Jordan
J, Kuznetsova T, Laurent S, Lovic D, Lurbe E, Mahfoud F, Manolis A, Miglinas M, Narkiewicz
K, Niiranen T, Palatini P, Parati G, Pathak A, Persu A, Polonia J, Redon J, Sarafidis P, Schmieder
R, Spronck B, Stabouli S, Stergiou G, Taddei S, Thomopoulos C, Tomaszewski M, Van De Borne
P, Wanner C, Weber T, Williams B, Zhang ZY, Kjeldsen SE. 2023. 2023 ESH Guidelines for the
management of arterial hypertension the Task Force for the management of arterial hypertension
of the European Society of Hypertension: Endorsed by the International Society of Hypertension
(ISH) and the European Renal Association (ERA). J. Hypertens. 41: 1874-2071.

Mantalovas S, Karakousis VA, Sevva C, Roulia P, Savvakis S, Anthimidis G, Papadopoulos K, Magra
V, Varsamis N, Kosmidis CS, Kesisoglou 1. 2025. Multifocal Gastrointestinal Stromal Tumors
(GISTs) of the Small Intestine in Patients with Neurofibromatosis Type 1 (NF-1): Meta-Analysis
and Systematic Review of the Literature. Cancers (Basel). 17: 1934.

Martin E, Coert JH, Flucke UE, Slooff W-BM, van de Sande MAJ, van Noesel MM, Griinhagen DJ,
Wijnen MHWA, Verhoef C. 2020. Neurofibromatosis-associated malignant peripheral nerve
sheath tumors in children have a worse prognosis: A nationwide cohort study. Pediatr. Blood
Cancer 67: ¢28138.

Martin SS, Aday AW, Almarzooq ZI, Anderson CAM, Arora P, Avery CL, Baker-Smith CM, Barone
Gibbs B, Beaton AZ, Boehme AK, Commodore-Mensah Y, Currie ME, Elkind MS V, Evenson
KR, Generoso G, Heard DG, Hiremath S, Johansen MC, Kalani R, Kazi DS, Ko D, Liu J, Magnani
JW, Michos ED, Mussolino ME, Navaneethan SD, Parikh NI, Perman SM, Poudel R, Rezk-Hanna
M, Roth GA, Shah NS, St-Onge M-P, Thacker EL, Tsao CW, Urbut SM, Van Spall HGC, Voeks
JH, Wang N-Y, Wong ND, Wong SS, Yaffe K, Palaniappan LP, American Heart Association
Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics
Subcommittee. 2024. 2024 Heart Disease and Stroke Statistics: A Report of US and Global Data
From the American Heart Association. Circulation 149: e347—¢913.

Masocco M, Kodra Y, Vichi M, Conti S, Kanieff M, Pace M, Frova L, Taruscio D. 2011. Mortality
associated with neurofibromatosis type 1: a study based on Italian death certificates (1995-2006).
Orphanet J. Rare Dis. 6.

Mautner V-F, Asuagbor FA, Dombi E, Fiinsterer C, Kluwe L, Wenzel R, Widemann BC, Friedman JM.
2008. Assessment of benign tumor burden by whole-body MRI in patients with neurofibromatosis
1. Neuro. Oncol. 10: 593-598.

Mehren M von, Joensuu H. 2018. Gastrointestinal Stromal Tumors. J. Clin. Oncol. 36: 136—-143.

Merker VL, Knight P, Radtke HB, Yohay K, Ullrich NJ, Plotkin SR, Jordan JT. 2022. Awareness and
agreement with neurofibromatosis care guidelines among U.S. neurofibromatosis specialists.
Orphanet J. Rare Dis. 17: 44.

56



References

Midena E, Cosmo E. 2025. Neurofibromatosis Type 1 (NF1)-Related Ocular Signs: New Insights on
Their Prevalence, Incidence, and Genotype-Phenotype Correlation in NF1 Children. Am. J.
Ophthalmol. 275: 58-73.

Miettinen M, Fetsch JF, Sobin LH, Lasota J. 2006. Gastrointestinal stromal tumors in patients with
neurofibromatosis 1: a clinicopathologic and molecular genetic study of 45 cases. Am. J. Surg.
Pathol. 30: 90-96.

Miettinen M, Lasota J. 2006. Gastrointestinal stromal tumors: review on morphology, molecular
pathology, prognosis, and differential diagnosis. Arch. Pathol. Lab. Med. 130: 1466—1478.

Miettinen M, Lasota J. 2011. Histopathology of gastrointestinal stromal tumor. J. Surg. Oncol. 104:
865-873.

Miettinen M, Lasota J. 2013. Gastrointestinal Stromal Tumors. Gastroenterol. Clin. North Am. 42: 399—
415.

Miller DT, Freedenberg D, Schorry E, Ullrich NJ, Viskochil D, Korf BR, Chen E, Trotter TL, Berry
SA, Burke LW, Geleske TA, Hamid R, Hopkin RJ, Introne WJ, Lyons MJ, Scheuerle AE, Stoler
JM. 2019. Health Supervision for Children With Neurofibromatosis Type 1. Pediatrics 143.

Mo J, Moye SL, McKay RM, Le LQ. 2022. Neurofibromin and suppression of tumorigenesis: beyond
the GAP. Oncogene 41: 1235-1251.

Mori H, Torii S, Kutyna M, Sakamoto A, Finn A V., Virmani R. 2018. Coronary Artery Calcification
and its Progression: What Does it Really Mean? JACC Cardiovasc. Imaging 11: 127-142.

Nasi L, Alexopoulos A, Kokkinou E, Roka K, Tzetis M, Tsipi M, Kakourou T, Kanaka-Gantenbein C,
Chrousos G, Kattamis A, Pons R, Agia Sophia Neurocutaneous Group. 2023. Characteristics of
Café-au-lait Macules and their Association with the Neurofibromatosis type I Genotype in a Cohort
of Greek Children. Acta Derm. Venereol. 103: adv5758.

National Institutes of Health Consensus Development Conference. 1988. Neurofibromatosis.
Conference statement. Arch. Neurol. 45: 575-578.

NCD Risk Factor Collaboration (NCD-RisC). 2021. Worldwide trends in hypertension prevalence and
progress in treatment and control from 1990 to 2019: a pooled analysis of 1201 population-
representative studies with 104 million participants. Lancet 398: 957-980.

Nguyen R, Dombi E, Widemann BC, Solomon J, Fuensterer C, Kluwe L, Friedman JM, Mautner V-F.
2012. Growth dynamics of plexiform neurofibromas: a retrospective cohort study of 201 patients
with neurofibromatosis 1. Orphanet J. Rare Dis. 7: 75.

Niemeyer CM, Arico M, Basso G, Biondi A, Cantu Rajnoldi A, Creutzig U, Haas O, Harbott J, Hasle
H, Kerndrup G, Locatelli F, Mann G, Stollmann-Gibbels B, van’t Veer-Korthof ET, van Wering
E, Zimmermann M. 1997. Chronic myelomonocytic leukemia in childhood: a retrospective
analysis of 110 cases. European Working Group on Myelodysplastic Syndromes in Childhood
(EWOG-MDS). Blood 89: 3534-3543.

Nilsson B, Biimming P, Meis-Kindblom JM, Odén A, Dortok A, Gustavsson B, Sablinska K, Kindblom
LG. 2005. Gastrointestinal stromal tumors: the incidence, prevalence, clinical course, and
prognostication in the preimatinib mesylate era--a population-based study in western Sweden.
Cancer 103: 821-829.

Nishida T, Tsujimoto M, Takahashi T, Hirota S, Blay JY, Wataya-Kaneda M. 2016a. Gastrointestinal
stromal tumors in Japanese patients with neurofibromatosis type I. J. Gastroenterol. 51: 571-578.

Nishida T, Blay JY, Hirota S, Kitagawa Y, Kang YK. 2016b. The standard diagnosis, treatment, and
follow-up of gastrointestinal stromal tumors based on guidelines. Gastric Cancer 19: 3—14.

Norton KK, Xu J, Gutmann DH. 1995. Expression of the neurofibromatosis I gene product,
neurofibromin, in blood vessel endothelial cells and smooth muscle. Neurobiol. Dis. 2: 13-21.

Otsuka F, Yahagi K, Sakakura K, Virmani R. 2013. Why is the mammary artery so special and what
protects it from atherosclerosis? Ann. Cardiothorac. Surg. 2: 519-526.

Ozarslan B, Russo T, Argenziano G, Santoro C, Piccolo V. 2021. Cutaneous Findings in
Neurofibromatosis Type 1. Cancers (Basel). 13: 463.

57



Niina Loponen

Oztosun G, Armstrong A, Hirbe AC. 2025. Mirdametinib, an FDA-Approved MEK1/2 inhibitor for
adult and pediatric NF1-associated plexiform neurofibromas. Expert Opin. Investig. Drugs 34:
665-673.

Pajunen P, Koukkunen H, Ketonen M, Jerkkola T, Immonen-Réihd P, Kirjd-Koskenkari P, Mdhonen
M, Niemeld M, Kuulasmaa K, Paloméki P, Mustonen J, Lehtonen A, Arstila M, Vuorenmaa T,
Lehto S, Miettinen H, Torppa J, Tuomilehto J, Kesdniemi YA, Pyorild K, Salomaa V. 2005. The
validity of the Finnish Hospital Discharge Register and Causes of Death Register data on coronary
heart disease. Eur. J. Cardiovasc. Prev. Rehabil. 12: 132-137.

Pardej SK, Glad DM, Casnar CL, Janke KM, Klein-Tasman BP. 2022. Longitudinal Investigation of
Early Motor Development in Neurofibromatosis Type 1. J. Pediatr. Psychol. 47: 180—188.

Passmore SJ, Chessells JM, Kempski H, Hann IM, Brownbill PA, Stiller CA. 2003. Paediatric
myelodysplastic syndromes and juvenile myelomonocytic leukaemia in the UK: a population-
based study of incidence and survival. Br. J. Haematol. 121: 758-767.

Patel PA, Cahill AM. 2021. Renovascular hypertension in children. CVIR Endovasc. 4: 10.

Peltonen J, Jaakkola S, Lebwohl M, Renvall S, Risteli L, Virtanen I, Uitto J. 1988. Cellular
differentiation and expression of matrix genes in type 1 neurofibromatosis. Lab. Invest. 59: 760—
771.

Peltonen S, Kallionpdd RA, Rantanen M, Uusitalo E, Lahteenmiki PM, Péyhonen M, Pitkéniemi J,
Peltonen J. 2019. Pediatric malignancies in neurofibromatosis type 1: A population-based cohort
study. Int. J. Cancer 145: 2926-2932.

Peltonen S, Poyhonen M, Haanpdd M. 2025. Neurofibromatoosi 1:n diagnosointi ja kasvainten
seuranta. Duodecim: 1026-1032.

Petrelli A, Sebastiani G, Di Napoli A, Macciotta A, Di Filippo P, Strippoli E, Mirisola C, d’Errico A.
2022. Education inequalities in cardiovascular and coronary heart disease in Italy and the role of
behavioral and biological risk factors. Nutr. Metab. Cardiovasc. Dis. 32: 918-928.

Poyhonen M, Kytola S, Leisti J. 2000. Epidemiology of neurofibromatosis type 1 (NF1) in northern
Finland. J. Med. Genet. 37: 632.

Prada CE, Hufnagel RB, Hummel TR, Lovell AM, Hopkin RJ, Saal HM, Schorry EK. 2015. The Use
of Magnetic Resonance Imaging Screening for Optic Pathway Gliomas in Children with
Neurofibromatosis Type 1. J. Pediatr. 167: 851-856.e1.

Rasmussen SA, Yang Q, Friedman JM. 2001. Mortality in neurofibromatosis 1: an analysis using U.S.
death certificates. Am. J. Hum. Genet. 68: 1110-1118.

Reincke M, Bancos I, Mulatero P, Scholl Ul, Stowasser M, Williams TA. 2021. Diagnosis and
treatment of primary aldosteronism. Lancet Diabetes Endocrinol. 9: 876-892.

Reynolds RM, Browning GGP, Nawroz I, Campbell IW. 2003. Von Recklinghausen’s
neurofibromatosis: neurofibromatosis type 1. The Lancet 361: 1552—1554.

Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, Barengo NC, Beaton
AZ, Benjamin EJ, Benziger CP, Bonny A, Brauer M, Brodmann M, Cahill TJ, Carapetis J,
Catapano AL, Chugh SS, Cooper LT, Coresh J, Criqui M, DeCleene N, Eagle KA, Emmons-Bell
S, Feigin VL, Fernandez-Sola J, Fowkes G, Gakidou E, Grundy SM, He FJ, Howard G, Hu F,
Inker L, Karthikeyan G, Kassebaum N, Koroshetz W, Lavie C, Lloyd-Jones D, Lu HS, Mirijello
A, Temesgen AM, Mokdad A, Moran AE, Muntner P, Narula J, Neal B, Ntsekhe M, Moraes de
Oliveira G, Otto C, Owolabi M, Pratt M, Rajagopalan S, Reitsma M, Ribeiro ALP, Rigotti N,
Rodgers A, Sable C, Shakil S, Sliwa-Hahnle K, Stark B, Sundstrom J, Timpel P, Tleyjeh IM,
Valgimigli M, Vos T, Whelton PK, Yacoub M, Zuhlke L, Murray C, Fuster V, GBD-NHLBI-
JACC Global Burden of Cardiovascular Diseases Writing Group. 2020. Global Burden of
Cardiovascular Diseases and Risk Factors, 1990-2019: Update From the GBD 2019 Study. J. Am.
Coll. Cardiol. 76: 2982-3021.

Ruggieri M, Pratico AD, Caltabiano R, Polizzi A. 2018. Early history of the different forms of
neurofibromatosis from ancient Egypt to the British Empire and beyond: First descriptions,

58



References

medical curiosities, misconceptions, landmarks, and the persons behind the syndromes. Am. J.
Med. Genet. A 176: 515-550.

Sagris M, Antonopoulos AS, Theofilis P, Oikonomou E, Siasos G, Tsalamandris S, Antoniades C,
Brilakis ES, Kaski JC, Tousoulis D. 2022. Risk factors profile of young and older patients with
myocardial infarction. Cardiovasc. Res. 118: 2281-2292.

Salvi PF, Lorenzon L, Caterino S, Antolino L, Antonelli MS, Balducci G. 2013. Gastrointestinal
stromal tumors associated with neurofibromatosis 1: a single centre experience and systematic
review of the literature including 252 cases. Int. J. Surg. Oncol. 2013: 398570.

Sarnak MJ, Amann K, Bangalore S, Cavalcante JL, Charytan DM, Craig JC, Gill JS, Hlatky MA,
Jardine AG, Landmesser U, Newby LK, Herzog CA, Cheung M, Wheeler DC, Winkelmayer WC,
Marwick TH, Banerjee D, Briguori C, Chang TI, Chen CL, deFilippi CR, Ding X, Ferro CJ, Gill
J, Gossl M, Isbel NM, Ishii H, Jardine MJ, Kalra PA, Laufer G, Lentine KL, Lobdell K, Lok CE,
London GM, Matyszko J, Mark PB, Marwan M, Nie Y, Parfrey PS, Pecoits-Filho R, Pilmore H,
Qunibi WY, Raggi P, Rattazzi M, Rossignol P, Ruturi J, Sabanayagam C, Shanahan CM, Shroff
GR, Shroff R, Webster AC, Weiner DE, Winther S, Wiseman AC, Yip A, Zarbock A. 2019.
Chronic Kidney Disease and Coronary Artery Disease: JACC State-of-the-Art Review. J. Am.
Coll. Cardiol. 74: 1823-1838.

Schaefer I-M, DeMatteo RP, Serrano C. 2022. The GIST of Advances in Treatment of Advanced
Gastrointestinal Stromal Tumor. Am. Soc. Clin. Oncol. Educ. Book 42: 1-15.

Scott RM, Smith ER. 2009. Moyamoya disease and moyamoya syndrome. N. Engl. J. Med. 360: 1226—
1237.

Seidelmann SB, Lighthouse JK, Greif DM. 2014. Development and pathologies of the arterial wall.
Cell. Mol. Life Sci. 71: 1977-1999.

Sellmer L, Farschtschi S, Marangoni M, Heran MKS, Birch P, Wenzel R, Mautner V-F, Friedman JM.
2018. Serial MRIs provide novel insight into natural history of optic pathway gliomas in patients
with neurofibromatosis 1. Orphanet J. Rare Dis. 13: 62.

Seminog OO, Goldacre MJ. 2013. Risk of benign tumours of nervous system, and of malignant
neoplasms, in people with neurofibromatosis: population-based record-linkage study. Br. J. Cancer
108: 193—198.

Sert Kuniyoshi FH, Garcia-Touchard A, Gami AS, Romero-Corral A, van der Walt C, Pusalavidyasagar
S, Kara T, Caples SM, Pressman GS, Vasquez EC, Lopez-Jimenez F, Somers VK. 2008. Day—
Night Variation of Acute Myocardial Infarction in Obstructive Sleep Apnea. J. Am. Coll. Cardiol.
52: 343-346.

Sharif S, Ferner R, Birch JM, Gillespie JE, Gattamaneni HR, Baser ME, Evans DGR. 2006. Second
primary tumors in neurofibromatosis 1 patients treated for optic glioma: substantial risks after
radiotherapy. J. Clin. Oncol. 24: 2570-5.

Shofty B, Ben Sira L, Constantini S. 2020. Neurofibromatosis 1-associated optic pathway gliomas.
Childs Nerv. Syst. 36: 2351-2361.

Sereide K, Sandvik OM, Sereide JA, Giljaca V, Jureckova A, Bulusu VR. 2016. Global epidemiology
of gastrointestinal stromal tumours (GIST): A systematic review of population-based cohort
studies. Cancer Epidemiol. 40: 39—46.

Sorour MA, Kassem MI, Ghazal AE-HA, El-Riwini MT, Abu Nasr A. 2014. Gastrointestinal stromal
tumors (GIST) related emergencies. Int. J. Surg. 12: 269-280.

Stewart DR, Sloan JL, Yao L, Mannes AJ, Moshyedi A, Lee CCR, Sciot R, De Smet L, Mautner VF,
Legius E. 2010. Diagnosis, management, and complications of glomus tumors of the digits in
neurofibromatosis type 1. J. Med. Genet. 47: 525.

Stewart DR, Korf BR, Nathanson KL, Stevenson DA, Yohay K. 2018. Care of adults with
neurofibromatosis type 1: a clinical practice resource of the American College of Medical Genetics
and Genomics (ACMG). Genet. Med. 20: 671-682.

Stiller CA, Chessells JM, Fitchett M. 1994. Neurofibromatosis and childhood leukaemia/lymphoma: a
population-based UKCCSG study. Br. J. Cancer 70: 969.

59



Niina Loponen

Sund R. 2012. Quality of the Finnish Hospital Discharge Register: a systematic review. Scand. J. Public
Health 40: 505-515.

Tasks - Syoparekisteri.

Tasouli-Drakou V, Ogurek I, Shaikh T, Ringor M, DiCaro M V, Lei K. 2025. Atherosclerosis: A
Comprehensive Review of Molecular Factors and Mechanisms. Int. J. Mol. Sci. 26: 1364.

The Cancer Genome Atlas Research Network. 2014. Comprehensive molecular profiling of lung
adenocarcinoma. Nature 511: 543-550.

Todman D. 2008. Warts and the kings of Parthia: an ancient representation of hereditary
Neurofibromatosis depicted in coins. J. Hist. Neurosci. 17: 141-146.

Tolonen H, Salomaa V, Torppa J, Sivenius J, Immonen-Rédiha P, Lehtonen A. 2007. The validation of
the Finnish Hospital Discharge Register and Causes of Death Register data on stroke diagnoses.
Eur. J. Cardiovasc. Prev. Rehabil. 14: 380-385.

Toro G, Santoro C, Ambrosio D, Landi G, Scilipoti M, Moretti A, Paoletta M, Liguori S, Schiavone
Panni A, Picariello S, Iolascon G. 2021. Natural History of Scoliosis in Children with NF1: An
Observation Study. Healthcare (Basel) 9: 881.

Uusitalo E, Leppavirta J, Koffert A, Suominen S, Vahtera J, Vahlberg T, Péyhonen M, Peltonen J,
Peltonen S. 2015. Incidence and mortality of neurofibromatosis: a total population study in
Finland. J. Invest. Dermatol. 135: 904-906.

Uusitalo E, Rantanen M, Kallionpdd RA, Pyhonen M, Leppévirta J, Y1d-Outinen H, Riccardi VM,
Pukkala E, Pitkdniemi J, Peltonen S, Peltonen J. 2016. Distinctive Cancer Associations in Patients
With Neurofibromatosis Type 1. J. Clin. Oncol. 34: 1978-86.

Uusitalo E, Kallionpdd RA, Kurki S, Rantanen M, Pitkdniemi J, Kronqvist P, Harkénen P, Huovinen
R, Carpen O, Péyhonen M, Peltonen S, Peltonen J. 2017. Breast cancer in neurofibromatosis type
1: overrepresentation of unfavourable prognostic factors. Br. J. Cancer 116: 211-217.

Vihitalo J, Holmstrom L, Pakanen L, Kaikkonen K, Perkiéméki J, Huikuri H, Junttila J. 2021.
Coronary Artery Disease as the Cause of Sudden Cardiac Death Among Victims < 50 Years of
Age. Am. J. Cardiol. 147: 33-38.

Vogel AC, Gutmann DH, Morris SM. 2017. Neurodevelopmental disorders in children with
neurofibromatosis type 1. Dev. Med. Child Neurol. 59: 1112-1116.

Wada R, Arai H, Kure S, Peng WX, Naito Z. 2016. “Wild type” GIST: Clinicopathological features
and clinical practice. Pathol. Int. 66: 431-437.

Walker L, Thompson D, Easton D, Ponder B, Ponder M, Frayling I, Baralle D. 2006. A prospective
study of neurofibromatosis type 1 cancer incidence in the UK. Br. J. Cancer 95: 233-238.

Wallace MR, Marchuk DA, Andersen LB, Letcher R, Odeh HM, Saulino AM, Fountain JW, Brereton
A, Nicholson J, Mitchell AL. 1990. Type 1 neurofibromatosis gene: identification of a large
transcript disrupted in three NF1 patients. Science 249: 181-186.

Warbey VS, Ferner RE, Dunn JT, Calonje E, O’Doherty MJ. 2009. [18F]FDG PET/CT in the diagnosis
of malignant peripheral nerve sheath tumours in neurofibromatosis type-1. Eur. J. Nucl. Med. Mol.
Imaging 36: 751-757.

Well L, Jaeger A, Kehrer-Sawatzki H, Farschtschi S, Avanesov M, Sauer M, de Sousa MT, Bannas P,
Derlin T, Adam G, Mautner VF, Salamon JM. 2020. The effect of pregnancy on growth-dynamics
of neurofibromas in Neurofibromatosis type 1. PLoS One 15: €0232031.

West RB, Corless CL, Chen X, Rubin BP, Subramanian S, Montgomery K, Zhu S, Ball CA, Nielsen
TO, Patel R, Goldblum JR, Brown PO, Heinrich MC, van de Rijn M. 2004. The novel marker,
DOG]I, is expressed ubiquitously in gastrointestinal stromal tumors irrespective of KIT or
PDGFRA mutation status. Am. J. Pathol. 165: 107-113.

Wu CE, Tzen CY, Wang SY, Yeh CN. 2019. Clinical Diagnosis of Gastrointestinal Stromal Tumor
(GIST): From the Molecular Genetic Point of View. Cancers (Basel). 11: 679.

Xiao Q, Heiss G, Kucharska-Newton A, Bey G, Love S-AM, Whitsel EA. 2022. Life-Course
Neighborhood Socioeconomic Status and Cardiovascular Events in Black and White Adults in the
Atherosclerosis Risk in Communities Study. Am. J. Epidemiol. 191: 1470-1484.

60



References

Xu G, O’Connell P, Viskochil D, Cawthon R, Robertson M, Culver M, Dunn D, Stevens J, Gesteland
R, White R, Weiss R. 1990. The neurofibromatosis type 1 gene encodes a protein related to GAP.
Cell 62: 599-608.

Xu J, Ismat FA, Wang T, Yang J, Epstein JA. 2007. NF1 regulates a Ras-dependent vascular smooth
muscle proliferative injury response. Circulation 116: 2148-2156.

Yoshimi A, Kojima S, Hirano N. 2010. Juvenile myelomonocytic leukemia: Epidemiology,
etiopathogenesis, diagnosis, and management considerations. Pediatric Drugs 12: 11-21.

Zinnamosca L, Petramala L, Cotesta D, Marinelli C, Schina M, Cianci R, Giustini S, Sciomer S,
Anastasi E, Calvieri S, De Toma G, Letizia C. 2011. Neurofibromatosis type 1 (NF1) and
pheochromocytoma: prevalence, clinical and cardiovascular aspects. Arch. Dermatol. Res. 303:
317-325.

Zoller M, Rembeck B, Akesson HO, Angervall L. 1995. Life expectancy, mortality and prognostic
factors in neurofibromatosis type 1. A twelve-year follow-up of an epidemiological study in
Goteborg, Sweden. Acta Derm. Venereol. 75: 136-140.

Zodller MET, Rembeck B, Odén A, Samuelsson M, Angervall L. 1997. Malignant and benign tumors in
patients with neurofibromatosis type 1 in a defined Swedish population. Cancer 79: 2125-2131.

61



List of Figures and Tables

Figures

Figure 1.
Figure 2.

Tables

Table 1.
Table 2.
Table 3.
Table 4.

62

Typical clinical findings of NF1........ccooiiiiiiiii, 14
Age group-specific relative risk for death in NF1

compared to general population in two Nordic cohorts........ 20
Diagnostic criteria for neurofibromatosis type 1 (NF1). ....... 15
Studies reporting cancer risk in neurofibromatosis type 1.....24
Data sources and outcomes of interest....................coooe. 33
Statistical analyses. .............uuuiiiiiiiiiiiiiiis 36






N
=¢/lll'§=

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

ISBN 978-952-02-0639-0 (PRINT)
ISBN 978-952-02-0640-6 (PDF)
ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)

S
%

£
5
]
w
o
£
T
o




	Abstract
	Tiivistelmä
	Table of Contents
	Abbreviations
	List of Original Publications
	1 Introduction
	2 Review of the Literature
	2.1 Neurofibromatosis type 1 (NF1)
	2.1.1 History of NF1
	2.1.2 Diagnostic features of NF1
	2.1.3 Findings associated with NF1
	2.1.4 Heredity and molecular background of NF1
	2.1.5 Incidence and prevalence of NF1
	2.1.6 Mortality in NF1

	2.2 Cancer and NF1
	2.2.1 Cancer risk in NF1
	2.2.2 Gastrointestinal tumors

	2.3 Cardiovascular diseases and NF1
	2.3.1 Cardiovascular diseases
	2.3.2 Hypertension
	2.3.3 Myocardial infarction

	2.4 Registers and data sources

	3 Aims
	4 Materials and Methods
	4.1 Ethical considerations
	4.2 Study populations
	4.2.1 The Finnish NF1 cohort
	4.2.2 Control cohort

	4.3 Data sources and outcomes of interest
	4.4 Statistical analyses

	5 Results
	5.1 Gastrointestinal tumors in NF1 (I)
	5.1.1 Incidence and anatomical distribution of gastrointestinal tumors in NF1 (I)
	5.1.2 Fatal GISTs in NF1: death certificate series (I)

	5.2 Cardiovascular comorbidities in NF1 (II, III)
	5.2.1 Hypertension in NF1 (II)
	5.2.2 Myocardial infarction in NF1 (III)


	6 Discussion
	6.1 Gastrointestinal tract tumors in NF1: anatomical distribution, lethality, and diagnostic gaps
	6.2 Hypertension in NF1: essential hypertension predominates, secondary hypertension is important in differential diagnosis at young age
	6.3 Myocardial infarction in NF1: higher risk and worse survival after MI
	6.4 Molecular context
	6.5 Register-based analyses
	6.6 Strengths and limitations across studies (I-III)
	6.7 Clinical recommendations
	6.8 Future directions

	7 Conclusions
	Acknowledgements
	References
	List of Figures and Tables
	Figures
	Tables



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.087 x 10.000 inches / 180.0 x 254.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260416152258
      

        
     Shift
     -4
            
       D:20260415100250
       720.0000
       Blank
       510.2362
          

     Tall
     1
     0
     No
     1581
     967
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.3137
     -0.2268
            
                
         Both
         205
         AllDoc
         226
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     64
     95
     94
     95
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: same as current
      

        
     D:20260424092438
      

        
     Blanks
     Always
     2
     1
            
       D:20260304091710
       595.2756
       Blank
       11.3386
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     BeforeCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     0
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20260424092526
      

        
     Blanks
     Always
     1
     1
            
       D:20260304091710
       595.2756
       Blank
       11.3386
          

     1
     Tall
     1561
     636
     0
     1
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     97
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20260424092540
      

        
     Shift
     -4
            
       D:20231003151711
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1581
     967
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     3.7939
     -0.2268
            
                
         Both
         205
         AllDoc
         226
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3k
     Quite Imposing Plus 5
     1
      

        
     97
     98
     97
     98
      

   1
  

 HistoryList_V1
 qi2base





