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ABSTRACT

Neurofibromatosis 1 (NF1) is an inherited disease that can be accompanied by oral health problems such as caries, periodontitis,
and tumors affecting the oral cavity. Also, different maxillary and mandibular malformations are associated with NF1. In this
retrospective register-based study, we evaluated hospital visits related to dentofacial malocclusion in 1349 individuals with NF1,
13,870 matched controls and 1894 non-NF1 siblings followed up over 1998-2014 using the Finnish Care Register for Health Care
that covers information on inpatient care and specialist outpatient care. Hazard ratios (HRs) and their 95% confidence intervals
(CI) were estimated with the Cox proportional hazards model. Individuals with NF1 had a higher hazard for hospital visits
related to embedded and impacted teeth (HR 2.1, 95% CI 1.2-3.5), disorders of tooth development and eruption (HR 3.7, 95% CI
1.9-7.1), and dentofacial anomalies (HR 2.7, 95% CI 1.9-3.8) such as anomalies in dental arch relationship (HR 4.8, 95% CI 2.9-7.9)
and anomalies of jaw-cranial base relationship (HR 2.2, 95% CI 1.1-4.3) compared with controls. Plexiform neurofibromas did
not markedly affect the estimates. Early detection of jaw and dental alterations, which may be linked to previously identified
cephalometric features of NF1, is important for preventing occlusal defects, maintaining oral hygiene, and preserving quality of
life.

1 | Introduction manifestations (Friedrich et al. 2003; Visnapuu et al. 2018).
NF1 is caused by pathogenic variants in the NFI tumor sup-
Individuals with the heritable multiorgan syndrome neurofi- pressor gene, located at 17q11.2 (Wallace et al. 1990; Gutmann

bromatosis type 1 (NF1) may display a variety of craniofacial et al. 2017). NF1 has a birth incidence of 1:3000-1:2000 and a

Vivian Reinhold and Mikko Valtanen contributed equally.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2025 The Author(s). American Journal of Medical Genetics Part A published by Wiley Periodicals LLC.

American Journal of Medical Genetics Part A, 2025; 0:e64110 10of 10
https://doi.org/10.1002/ajmg.a.64110


https://doi.org/10.1002/ajmg.a.64110
https://doi.org/10.1002/ajmg.a.64110
https://orcid.org/0000-0003-2313-8099
https://orcid.org/0000-0003-0738-5698
https://orcid.org/0000-0003-0990-1430
https://orcid.org/0000-0002-5732-4167
mailto:
https://orcid.org/0000-0002-7512-2980
mailto:roope.kallionpaa@utu.fi
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fajmg.a.64110&domain=pdf&date_stamp=2025-05-13

prevalence of 1:4000-1:2000 (Uusitalo et al. 2015; Kallionpda
et al. 2018; Evans et al. 2010; Lee et al. 2023). The diagnosis
of NF1 is based on criteria outlined by the National Institutes
of Health Consensus Development Conference in 1987 and
recently revised (National Institutes of Health Consensus
Development Conference 1988; Legius et al. 2021). Cutaneous
neurofibromas and café au lait spots are the typical skin find-
ings related to NF1 (Gutmann et al. 2017; Huson et al. 1989).
NF1 is associated with a predisposition to both malig-
nant and benign tumors (Uusitalo et al. 2016; Seminog and
Goldacre 2013; Landry et al. 2021). Tumors pathognomonic to
NF1, plexiform neurofibromas, may also occur in the craniofa-
cial region, and they may undergo malignant transformation.

Oral soft and hard tissue manifestations have been reported to
occur in a significant proportion of children and adults with
NF1 (Friedrich et al. 2003; Visnapuu et al. 2018, 2011; Freedus
and Doyle 1975; Shapiro et al. 1984; D'’Ambrosio et al. 1988;
Hall 2002). Dentofacial malocclusion is a dental condition
characterized by a misalignment or incorrect relation between
the teeth of the upper and lower dental arches, or between
the jaws and the face, affecting the overall appearance and
function of the teeth, jaw, and facial structures. Few data exist
on the frequency of health care visits related to dentofacial
malocclusion in patients with NF1. Bardellini et al. suggested
that occlusal traits in children with NF1 highlight a signifi-
cantly higher percentage of class III molar relationship and
reverse overjet compared with healthy children (Bardellini
et al. 2011, 2016). Class III dental malocclusion represents a
growth-related dentofacial deformity with mandibular prog-
nathism in relation to the maxilla and/or cranial base. Several
conditions such as environmental or genetic factors may cause
the development of class IIT malocclusion. Others and we have
previously reported that adult patients with NF1 have a short
mandible, maxilla, and cranial base compared with controls,
which often causes mesial occlusion (Heervi et al. 2011; Luna
et al. 2018; Cung et al. 2015). The length of the mandible,
the maxilla, and the cranial base correlate with the height
of NF1 patients among adolescents but not in adults (Heervi
et al. 2011).

Using the Finnish NF1 cohort (Uusitalo et al. 2015), we have
previously reported increased hazards for various oral infec-
tions such as dental caries, gingivitis, and periodontal diseases
in NF1 (Reinhold et al. 2025). The aim of the present study was
to further expand our understanding of oral health in NF1 by
examining dentofacial malocclusion and related diagnoses in
the same cohort. We analyzed outpatient and inpatient hospital
visits for diagnoses related to the disorders of tooth development
and eruption, embedded and impacted teeth, and dentofacial
anomalies. Individuals with NF1 were compared with their
non-NF1 siblings as well as with matched controls.

2 | Patients and Methods

The study was approved by the Ethics Committee of the
Hospital District of Southwest Finland, and it adhered to
the principles of the Declaration of Helsinki. Research per-
missions were secured from the Finnish Institute for Health
and Welfare, Finnish Population Register Centre, Statistics

Finland, and all participating hospitals. The study was
register-based and therefore exempt from obtaining informed
consent from the participants.

2.1 | Participants and Data Sources

The NF1 cohort of 1410 individuals was previously established
based on the records of NF1-related hospital visits in the five
University and 15 Central Hospitals of mainland Finland
during 1987-2011 (Uusitalo et al. 2015). The NF1 diagnoses
were confirmed by reviewing the medical records of all the
individuals in the NF1 cohort. An individually matched con-
trol cohort was obtained from the Finnish Population Register
Centre by sampling a maximum of 10 controls for each NF1
individual matched for age, sex, and area of residence, result-
ing in a total of 14,017 controls. The first-degree relatives of
the individuals with NF1 were considered ineligible for the
control cohort. In addition, a second control cohort consisted
of 1949 non-NF1 siblings of the NF1 individuals, aimed to
match unobserved family-related factors such as parental so-
cioeconomic status and genetic background. The cohorts have
previously been used to analyze oral infections in individuals
with NF1 (Reinhold et al. 2025).

Hospital visits for all individuals were searched from the Care
Register for Health Care, maintained by the Finnish Institute for
Health and Welfare. The register covers specialized outpatient
care since 1998. The endpoint events were defined as hospital vis-
its with diagnoses for disorders of tooth development and erup-
tion (K00), embedded and impacted teeth (K01), and dentofacial
anomalies including malocclusion (K07), as classified in the
International Classification of Diseases, 10th Edition (ICD-10).
In addition, hospital visits related to relevant ICD-10 subcodes of
these diagnoses were analyzed. The dates of death and emigra-
tion were obtained from the Finnish Population Register Centre.

The start of the follow-up (cohort entry) for all individuals within
each matched group was set to either the day of the first NF1-
related hospital visit of the NF1 individual or January 1st, 1998,
whichever was later. For the non-NF1 siblings, the start of fol-
low-up was the latter of birth or the cohort entry date of the first
family member with NF1. The follow-up was terminated at the
first hospital visit with a diagnosis of interest or death, emigration,
or reaching the end date of the study, that is, December 31st, 2014.

2.2 | Statistical Analyses

The incidence of hospital visits of interest was compared be-
tween the NF1 and control cohorts using Cox proportional
hazards models similar to our previous study on oral infec-
tions in NF1 (Reinhold et al. 2025). Age was used as the time
scale. The analysis was left-truncated at the age of cohort
entry, and the events of death, emigration, or reaching the end
of the study were considered as uninformative right censor-
ing. The proportional hazards assumption of the Cox model
was assessed by visual inspection and testing for a linear de-
pendency of scaled Schoenfeld residuals on the time scale.
A frailty term was included for each stratum containing an
NF1 individual and the matched controls, or in the case of the
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sibling cohort, containing the members of the same family.
The analyses were also performed separately for age groups
<18years and > 18 years.

Three sensitivity analyses were conducted. First, individuals
with hospital visits within 30days of the cohort entry were ex-
cluded to control for the possibility of an association between the
probabilities of cohort entry and endpoint diagnoses. In the sec-
ond sensitivity analysis, diagnoses made at the Turku University
Hospital were ignored to eliminate the potential contribution
of an earlier clinical study to diagnostic sensitivity (Visnapuu
et al. 2011). The third sensitivity analysis excluded individuals
with diagnoses related to head and neck tumors such as plexi-
form neurofibromas that could affect the oral cavity (ICD-10
codes C00-C14, C30.0, C47.0, C49.0, C72.5, D00.0, D10, D11,
D21.0, D33.3, D37.0, and D43.3).

To assess differences in disease severity and diagnostic path-
ways between the NF1 cohort and the matched control cohort,
the rates of follow-up visits after the first hospital visit with each
diagnosis of interest were compared using a negative-binomial
regression model. This analysis included only those individuals
for whom a first visit was observed. The time from the first visit
to death, emigration, or the end of study was included as an off-
set term.

All analyses were conducted using the R software version 3.6.2.
The Cox models and subsequent tests for proportionality of haz-
ards were conducted using the package survival, version 3.2-7,
and the negative-binomial models using the package MASS,
version 7.3-53.

3 | Results

Over a study period of 17years, 1349 individuals with NF1,
13,870 matched controls, and 1894 non-NF1 siblings of the af-
fected individuals contributed follow-up time (Table 1). We
estimated higher hazards in the NF1 cohort compared with
controls for diagnoses related to disorders of tooth development
and eruption (ICD-10K00), embedded and impacted teeth (K01),
and dentofacial anomalies (K07). In the analyses by age group,
a clear pattern was observed: the effect of NF1 was more pro-
nounced in individuals younger than 18years, which was also

reflected as violations of the proportional hazards assumption
of the Cox model. During the initial 30 days of follow-up, we ob-
served no instances of the diagnoses of interest, rendering the
sensitivity analysis that excludes these cases unnecessary.

3.1 | Increased Hazard for Dentofacial Anomalies
Including Malocclusion in Young Individuals
With NF1

Individuals with NF1 were more prone to have a diagnosis of
dentofacial anomalies (ICD-10 K07) than those without NF1.
Individuals with NF1 had an overall HR of 2.7 (95% CI 1.9-3.8)
compared with the controls (Table 2). However, the proportional
hazards assumption was violated. In particular, when looking at
specific age groups, the effect of NF1 was significantly greater
in individuals younger than 18years than in older individuals
(Table 3). In the age group of 0-18years, the hazard was 5.0-
fold (95% CI 3.0-8.2) in the NF1 cohort compared with the con-
trol group. In contrast, for those older than 18years, the HR
was only 1.7 (95% CI 1.0-2.8). The Schoenfeld residuals implied
that the HR varied with age even within the younger age group.
Individuals with NF1 had a higher hazard for dentofacial anom-
alies, including malocclusion, also when compared with their
non-NF1 siblings, with a HR of 2.9 (95% CI 1.7-5.0; Table 2). In
the comparison with the non-NF1 siblings, the effect of NF1 did
not statistically significantly differ between age groups, yet the
estimates did show a similar pattern of an over 5-fold hazard
for the NF1 cohort in individuals younger than 18years and a
2-fold hazard in individuals older than 18years (Table 3). The
mean age at the first hospital-based diagnosis of dentofacial
anomalies was 20.9years in individuals with NF1, 30.5years in
controls, and 28.4years in siblings (NF1 vs. controls, p<0.001;
NF1 vs. siblings, p=0.046; Table 2). When comparing the rates
of follow-up visits for the diagnosis of dentofacial anomalies or
for its major subcategories, there were no significant differences
between the NF1 group and the control group (Table 4).

The estimates only slightly changed when individuals with
head and neck tumors such as plexiform neurofibromas were
excluded, or when diagnoses made at the Turku University
Hospital were ignored. Ignoring diagnoses of dentofacial anom-
alies made at the Turku University Hospital resulted in roughly
20% fewer cases and a non-significant effect estimate for

TABLE1 | Characteristics of the NF1, control, and sibling cohorts followed up over 1998-2014.

NF1 Controls Siblings
n 1349 13,870 1894
Males, n (%) 655 (48.6) 6681 (48.2) 986 (52.1)
Females, 1 (%) 694 (51.4) 7189 (51.8) 908 (47.9)

Year of birth, mean (SD) 1975.2 (21.6) 1974.4 (22.0) 1976.2 (18.5)
Age at the start of follow-up (years), mean (SD) 25.7 (20.7) 26.3 (21.0) 24.6 (17.5)
Follow-up time (person-years), mean (SD) 12.7 (4.9) 13.4(4.5) 13.4(4.4)
Follow-up time (person-years), sum 17,069.3 185,892.8 25,387.5
Age at the end of follow-up (years), mean (SD) 38.3(20.8) 39.7 (21.5) 38.0 (18.4)

3of 10

858017 SUOWIWOD BAIEa.D 3(edl|dde ayy Aq pausenob ale sajoie YO ‘8Sn JO San. 10y Afeiq18UlUO A8|IA UO (SUONIPUOD-PUE-SWBIAL0D" AB | M Aleiq) Ul UO//ShL) SUOIPUOD Pue S 1 8L} 88S *[5202/90/2T] Uo AriqiTauljuo 48] ‘P11 Suoiieal|and [eoipe i wiospond Aq OTTY9e Buwfe/z00T 0T/10p/L00 A8 1M AtIq1BUIIUO//:SCNY WOJ) pepeojumod ‘0 ‘€E8v2SST



15524833, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.64110 by Duodecim Medical Publications Ltd, Wiley Online Library on [17/06/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

2
5]
3
<
G
‘Koearad juanyed 109301d 03 papraoid Jou 91e S9JRWIISS [9POW PAJRIDOSSE Y} pue ¢ > sroquinu juarjed ‘suonjendar Aoearid ysruur 9y} Yirm d0UBPIOII. U], M
“UOIJBIAJP pIePUR)S (IS ‘UONIPH YIOT ‘SASLISI(] JO UONIRIIFISSL[D [BUONRUIAIU] :0T-( D] ‘01l pIezey :Y H {[BAIIIUL QOUIPLJUOD ;D :SUONBIAIQQY w
=
(Surpmouid) kS
— (05°01-29°27) ST'S e — 6y 1T 44 TL) 6T 4! uonisod Y100) JO SAI[RWOUY 0¢ L0 g
=
=]
— 0v'L-L07) 16'€ e e (TLn) vee <9 Tt €1 uonisod Y1001 Jo sal[ewiouy €203 m
(on1gsso10) diysuone[al m
e (09°S+-94°S) 0T°91 e e (T91) 8°1¢ 9 Ev) 111 6 [dIe [BIUIP JO SAI[BWOUY ST'LO <
(aquado) drysuornerax
e (6v'L-TT'1)C0°€C e e (s€1no0¢ce 1C (Ten) 8°LT 9 oI [eJUSP JO SATeWOUY +7°L0]
(911q1000 doop) drysuonerar
(Tr'8-1L°0) S¥'T 16°L-¥+'1) 8€°€ (90D T'¥C ¥ (T+1) 0'0¢ 44 (€070)s°Ce L UOIE [BJUIP JO SA[BWOUY €7°L0]
drysuonerax
(0¥'9T-S£'27) 129 (88'L-v6'7) T8V (0’01 0°CC S (Tv1) ¥'S¢ 1S (€D 181 €T YdIe [BJUSP JO SAA[RUIOUY T'L0]
(65°€-87°0) 10'T (S0'¥-0S°0) TH'T (9¥1) T'9¢ 9 (9°€1) ¥'0€ o€ Szt % (Te[nqrpuew) wsiyleuSoNY €T°L0
e (0S°LZ-01°€) €T°6 e e (Lon) gse L @T9) st 9 mefjo AnowwAsy 0120
drysuonerox
(05°9-58°0) S€°C 6TY-0T'T) LT'T (S¥1) 179¢€ 9 (8'¥1) S'6¢ 6t (T6)8°ST 01 aseq [erue1d-me[ jo sarewony L0
(uorsnpodorew urpniour)
(66'7-69'T) 16T r8'€-T6'T) ILT (6'cD) ¥'8T (114 (SL1) S 0¢ 091 &'¥1) 60T ot SOI[EWOUE [BIOBJOIUR( L0
(TT¥-96'0) 10°C (6v°€-€2°1)80°C (L11)6'ST 41 (601) 6'€C L8 ®L) T8t LT (1991 pajoeduwil pue pappaquiyg 103
uondnis pue
(L6'V-6L0) 66'T (90°L-68'T) 99°¢ (LrsneLe 8 (0'ST) 00T 43 Weoeer 4! Juawdo[eAap Y3003 JO SIOPIOSIA 003
(ID%S6) ¥H ‘TAN (ID %S6) YH (as) °8e ueaN u (as) s8e ueoy u (as) a8e ueoy u sisougerp 01-aodI
oYM sSur[qrs ‘sa ‘STOIIU0D "SA TAN
TAN YIIM S[enprarpuy IIm s[enpIArpuj TAN moyIim sgurqrs s[jonuo) AN
"TAN InoyIM s3ur[qrs
681 PUE S[ENPIAIPUI [0X)U0D 0LS‘ET YIM paredwiod TIN I S[ENPIAIPUT 64¢ T SUOWE SII[EUIOUE [RIOBJOIUIP PUE ‘U3ad) pajordwil pue pappaquuid ‘uondnia pue jusuido[oAsp y3oo) Jo s1opiosiq | ¢ ATdV.L
[}
—
Gy
o
<t




15524833, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.64110 by Duodecim Medical Publications Ltd, Wiley Online Library on [17/06/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

50f 10

‘STenpIAIpUL € > 3Im sdnoiSqns SUIA[OAUT SISA[EUR 10] UMOUS JOU BIBR(,
‘uonIpg YIOT ‘SOSBAsI(T JO UOIIBIISSLD [RUONBUIU] :0T-(D] ‘01)el pIeZeY 1Y H [EAIdIUI QOUIPIFUOD i) :SUONRIAIqQY

drysuonera1
[oIe [BJuUdp
(z8s-21r1m) OUST-TT'h) JO sarjewouny
v 9¢€0°0 e 96°C e (113 L v 68°L e |4 91 L0
drysuonera1
aseq [eruBId
-meljo
(S6'2-82°0) (OL'€1-61°7) selfewouy
v 810°0 P 160 e 9¢ € e 8Y'S e ¢T L T'L0A
(uorsnpooo[ew
Surpnpour)
saljewioue
(86'€-66°0) (08-10'T) (00+1-20'7) (8T°8-€0°€) [eroejoIuaq
08L°0 €000 66T 891 ST (418! LT T¢°S 86'% < 374 €C L0
399)
(66'T-1L0) (6€°8-99'T) pajoedut pue
v 2600 e 61’1 v S9 6 Cal vL'€ e (44 8 pappaquiy 10
d‘sgurqris  d ‘sjoxyuod (12 %S6) (IO %S6) ¥H  (sSurqrs)  (s[onu0d)  (TAN) (1D %S6) (ID %S6) ¥H  (sSurqrs)  (sonuod)  (TAN) sisougerp
*SA TAN ‘SA TAN dH ‘TAN ‘S[0IIUO0D *SA u u u dH ‘TAN ‘S[0IIU0D "SA u u u 0T-dDI
‘sdnox8 a8e  ‘sdnoaS oSe mnoyIm TAN ynm moyrm TAN YIm
LEEVINET] LEEVINET] sSurqrs ‘sa spenpIArpuy sSurqrs ‘sa spenprarpuy
AOURIJIA AOURIJIA TAN Ym TAN yim
srenprarpuy S[enprarpuj
sIeaA 8T <98y SICIAQT S a8y

“TAN InoyIIm s3urqIs pue ‘s[onuod ‘TAN YIIm S[enprarpul Suoure sasougerp ure)rad 10y sprezey oY) Jo uosiredwod payjiiens-a8y | € AT4V.L




TABLE 4 | The numbers of follow-up visits per year of follow-up after an initial hospital visit with each diagnosis.

NF1, mean
ICD-10 diagnosis

(10% percentile-90% percentile) (10% percentile-90% percentile)

Individuals with NF1 vs.
controls, RR (95% CI)

Controls, mean

K00 Disorders of tooth development 0.19 (0.00-0.66)

and eruption

K01 Embedded and impacted teeth 0.48 (0.00-1.20)

K07 Dentofacial anomalies (including 1.20 (0.00-2.40)

malocclusion)

K07.1 Anomalies of jaw-cranial base 1.70 (0.20-2.80)

relationship

K07.2 Anomalies of dental arch
relationship

1.10 (0.00-2.60)

K07.3 Anomalies of tooth position 0.64 (0.00-1.90)

0.88 (0.00-1.60) 0.23(0.06-0.95)

0.34(0.00-0.33) 1.71 (0.56-5.21)

1.40 (0.00-4.10) 0.89 (0.50-1.58)

1.40 (0.00-4.00) 1.26 (0.39-4.11)
1.30 (0.00-3.20) 0.79 (0.36-1.76)

1.60 (0.00-6.40) 0.42 (0.10-1.78)

Note: The corresponding numbers of individuals with at least one hospital visit with each diagnosis of interest are shown in Table 2.
Abbreviations: CI: confidence interval; ICD-10: International Classification of Diseases, 10th Edition; RR: rate ratio.

individuals > 18 years of age (HR 1.6, 95% CI 0.87-2.8); yet other-
wise, the conclusions did not change in the sensitivity analyses.

3.1.1 | Anomalies of the Jaw-Cranial Base Relationship

For the subcategory of anomalies in the jaw-cranial base rela-
tionship (K07.1), the hazard was higher for the NF1 individu-
als with a HR of 2.2 (95% CI 1.1-4.3) compared with controls. A
similar estimate was obtained when comparing the NF1 indi-
viduals with their non-NF1 siblings, yet the confidence interval
was much wider (HR 2.4, 95% CI 0.85-6.5; Table 2). In the age-
stratified analysis (Table 3), the effect of NF1 on the hazard for
anomalies in the jaw-cranial base relationship was high for indi-
viduals under 18years of age (HR 5.5, 95% CI 2.2-14) but the dif-
ference seemed to vanish among the older individuals (HR 0.91,
95% CI 0.28-3.0). Individuals with NF1 were clearly younger
at the first hospital diagnosis of anomalies in the jaw-cranial
base relationship than the controls (p=0.001) or the siblings
(p=0.017; Table 2). Considering the subcategories of the diagno-
ses related to the anomalies of the jaw-cranial base relationship,
the hazard for visits related to asymmetry of jaw (K07.10) was
significantly higher in NF1 compared with the controls (HR 9.2,
95% CI 3.1-28), whereas there was no significant difference be-
tween the groups in the hazard for visits related to mandibular
retrognathism (Table 2).

3.1.2 | Anomalies of the Dental Arch Relationship

The most frequently observed subcategory of dentofacial
anomalies was anomalies of dental arch relationship (K07.2),
for which the overall HR for individuals with NF1 compared
with controls was 4.8 (95% CI 2.9-7.9; Table 2). The effect var-
ied significantly across age groups, with a HR of 7.9 (95% CI
4.1-15) for individuals younger than 18years and 2.6 (95% CI
1.1-5.8) for individuals older than 18years (Table 3). However,
the exclusion of diagnoses from the Turku University Hospital
resulted in a non-significant estimate for the older age group
(HR 1.9, 95% CI 0.66-5.5). There were too few individuals with

the diagnosis K07.2 in the sibling cohort for age-group-specific
analyses, yet the overall effect estimate showing a 6.2-fold (95%
CI 2.4-16) hazard for the NF1 individuals compared with their
non-NF1 siblings was consistent with the analysis comparing
NF1 to controls (Table 2). The mean age at the first hospital-
based diagnosis of anomalies of the dental arch relationship
was 18.1years in the NF1 group (Table 2), which was younger
than that among the controls (mean age 25.4years; p=0.038)
but did not significantly differ from the siblings (mean age
22.0years, p=0.489).

3.2 | Increased Hazard for Embedded
and Impacted Teeth Among NF1 Individuals

Individuals with NF1 were more prone to have a diagnosis of
embedded and impacted teeth (KO1) compared with control in-
dividuals (HR 2.1, 95% CI 1.2-3.5; Table 2). The exclusion of pa-
tients with head and neck tumors resulted in the attenuation of
the effect estimate (HR 1.6, 95% CI 0.87-2.9). The pattern of age
group specific effect was again present for the diagnoses of em-
bedded and impacted teeth, with a HR of 3.7 (95% CI 1.7-8.4) for
individuals <18years and 1.5 (95% CI 0.74-3.0) for individuals
> 18years, yet the difference between age groups was not sta-
tistically significant (Table 3). The HR estimate for the younger
age group remained similar after the exclusion of patients with
head and neck tumors, yet the estimate in the older age group
diminished to 0.91 (95% CI 0.37-2.3). Individuals with NF1 were
slightly younger at the first diagnosis of embedded and impacted
teeth compared with the controls (p =0.014) or the non-NF1 sib-
lings (p=0.059; Table 2).

3.3 | Increased Hazard Yet Lower Rate
of Follow-Up Visits for Disorders of Tooth
Development and Eruption in Individuals With NF1

Individuals with NF1 showed a higher hazard for disorders of
tooth development and eruption (K00) compared with control
individuals (HR 3.7, 95% CI 1.9-7.1). However, the comparison
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with the non-NF1 siblings showed a smaller and non-significant
HR (Table 2). An age group-specific analysis was not possible
for disorders of tooth development due to an insufficient number
of events. The average age at the first diagnosis of disorders of
tooth development and eruption was 12.2years among the NF1
patients, while the mean age was 20.0years among the controls
(p=0.007)and 27.3years among the non-NF1 siblings (p =0.030;
Table 2). Interestingly, despite a higher hazard, individuals with
NF1 appeared to have a lower rate of follow-up visits regard-
ing disorders of tooth development and eruption compared with
controls (rate ratio 0.23, 95% CI 0.057-0.95; Table 4).

4 | Discussion

Our register-based analysis suggests that hospital diagnoses
for disorders of tooth development and eruption, embedded
and impacted teeth, and dentofacial anomalies may be more
common in individuals with NF1 than in the general popu-
lation. Comparing individuals with NF1 to their non-NF1
siblings further supports the increased hazard for these disor-
ders due to NF1. For several of the disorders, the hazards did
not differ statistically significantly between individuals with
NF1 and their siblings. However, this was likely due to the
low number of siblings with the diagnoses of interest rather
than a lack of difference, since the estimates were largely
similar to those obtained in the comparisons of NF1 individ-
uals versus controls. The effect of NF1 was consistently more
pronounced in the younger age group (< 18years) than in the
older individuals.

Adults and possibly also adolescents with NF1 have been re-
ported to exhibit a short mandible, maxilla, and skull base,
which contribute to the characteristic facial features of indi-
viduals with NF1 (Heervi et al. 2011; Luna et al. 2018; Cung
et al. 2015). In addition, Bardellini and co-workers suggested
that children with NF1 display an increased rate of class IIT
molar relationship and reverse overjet compared with healthy
children (Bardellini et al. 2011, 2016). Thus, the present find-
ings describing increased hazards for dentofacial malocclusion
and embedded and impacted teeth in NF1 are concordant with
the previous literature, and they likely represent consequences
of the previously described cephalometric alterations associated
with NF1. Previous studies have also described that anomalies
in the jaw-cranial base relationship and dental arch abnormal-
ities are particularly common in individuals with NF1 under
18years of age (Bardellini et al. 2011, 2016; Heervi et al. 2011), in
agreement with the present results. An analysis of a large regis-
try with data from multiple clinics reported facial asymmetry in
3.3%-8.0% of individuals with NF1 (Friedman and Birch 1997),
and our results showed a HR of 9.2 for a diagnosis of asymmetry
of the jaw (Table 2).

Sailer and colleagues were among the first to identify unique
NF1-related maxillofacial and especially mandibular malfor-
mations, including deepening of the semilunar incisura, length-
ening and narrowing of the coronoid and articular processes,
shortening of the ramus, retained teeth, and irregularities of the
inferior mandibular margin (Sailer et al. 1988). These malfor-
mations, seen also in children, were not observed to be directly
linked to adjacent neoplasms; yet, the authors suggested that the

detection of adjacent fatty tissue may represent manifestations
of mesodermal dysplasia. Many others have described marked
contributions of NF1-related tumors to oral findings. For ex-
ample, Friedrich et al. (2021) described an 8-year-old boy with
NF1 who had a dysplastic supernumerary tooth embedded in
a nerve sheath tumor. A study of 43 NF1 patients with and 76
NF1 patients without facial plexiform neurofibromas found that
plexiform neurofibromas were associated with deformations
and misalignments of midfacial bones (Friedrich et al. 2022).
In addition, aplasia of second inferior molars is a dental find-
ing only associated with NF1 and plexiform neurofibromas, and
malformations of the facial skeleton are often linked to plexi-
form neurofibromas affecting the trigeminal nerve (Friedrich
et al. 2003). We previously reported that radiologic abnormal-
ities in the head and neck region were found in 28% of NF1
patients, and the most severe deformities of the mandible and
maxilla are associated with plexiform neurofibromas (Visnapuu
et al. 2012).

Taken together, current evidence suggests that NF1-associated
deformities of the jaws and teeth and malocclusion are more
common and severe in patients with plexiform neurofibromas
in the oral and maxillofacial region. It is therefore surprising
that in only three individuals with NF1, a diagnosis of dentofa-
cial anomalies and a relevant tumor were identified in the pres-
ent register-based analysis, and their exclusion had practically
no effect on the HR for dentofacial anomalies (HR 2.76 vs. HR
2.71). Overall, the exclusion of individuals with head and neck
tumors slightly attenuated some of the HR estimates, suggest-
ing that the NF1-related tumors can contribute but do not solely
explain the increased hazard for these diagnoses. Our hospital-
based register data may lack records of very small, undiagnosed
plexiform neurofibromas, leading to under-reporting of tumors
that could be detected in detailed imaging, yet we are confi-
dent that clinically detectable plexiform neurofibromas have
been recorded in the register used for the present study. Even
though the prior literature shows that plexiform neurofibromas
may underlie dentofacial anomalies in the context of NF1, the
present results suggest that the disorders of tooth development
and eruption and dentofacial anomalies are associated with NF1
also independently of plexiform neurofibromas. Interestingly,
the mandible is a neural crest derivative (Hinrichs 1986), and
NF1 is known to particularly affect cells derived from the neural
crest (Cichowski and Jacks 2001).

Disorders of tooth development and eruption can lead to tooth
malocclusion (Lammert et al. 2007; Chaillet et al. 2004). Our
results suggest that individuals with NF1 are more prone to dis-
orders of tooth development and eruption, as well as embedded
and impacted teeth compared with the general population. The
effect of NF1 on embedded and impacted teeth may be greater
in individuals under 18 years old, though the difference between
the age groups was not statistically significant in our analysis.
However, individuals with NF1 were diagnosed with these
conditions at a significantly younger age than the controls: the
mean age at the diagnosis of disorders of tooth development and
eruption was only 12.2years, and the age at the diagnosis of
embedded and impacted teeth was 18.1years among individu-
als with NF1 (Table 2). At these ages, tooth development is still
ongoing. The deciduous teeth start to exfoliate and the perma-
nent teeth begin to emerge between the ages of 6 and 7years.
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By the age of about 21years, the average person has 32 perma-
nent teeth, including the third molar (wisdom) teeth. However,
the dental roots of the 2nd and 3rd molars are completed only
at the ages of 12-16years and 18-25years, respectively (Ash
and Nelson 2003). In our previous study, we showed that the
timing of dental maturation is unaffected in patients with NF1
up to the age of 17years (Jddsaari et al. 2012). Correspondingly,
no differences in the development of dentition could be demon-
strated in a recent study (Friedrich and Schon 2024). It therefore
remains unclear whether the young mean ages observed in the
NF1 group reflect increased sensitivity for recording diagnoses
related to tooth development in individuals with NF1.

In the age-stratified comparisons, the hazards for embedded
and impacted teeth as well as the anomalies of jaw-cranial base
relationship were significantly increased in NF1 only in the
younger age group of <18years. In addition, the HR for anoma-
lies of dental arch relationship was significantly greater at ages
<18years than among older individuals. Individuals under 18
typically receive more detailed orthodontic screening compared
to older age groups. In Finland, patients under 18 receive free
public orthodontic treatment, which may partly explain the ob-
served greater effect size related to dentofacial malocclusion in
children with NF1 at ages under 18. In adults, only serious bite
defects are covered by public health care.

The present study setting is designed to detect associations be-
tween NF1 and the diagnoses of interest, yet the verification
of the results and identification of causal mechanisms need to
be addressed in future studies. Multiple diagnosis codes and
their subcodes were analyzed, and no correction for multiple
comparisons was applied due to the exploratory nature of the
study, the analysis of nested diagnosis codes, and the expected
correlations between the different diagnoses. While we consider
this analysis approach optimal for obtaining clinically applica-
ble estimates, the future replication of the results is particularly
important. The study is exclusively based on hospital data from
national registers, which limits our ability to study the detailed
clinical presentation of the patients with dentofacial anomalies.
However, the present approach allowed a nationwide study of
a cohort including a substantial number of individuals with
verified NF1. Most dentist's appointments occur in the pri-
mary health care, which explains the relatively low numbers of
patients with the diagnoses of interest in the present hospital-
based dataset. For example, a diagnosis of dentofacial anomalies
had been recorded for only 3.0% of individuals with NF1 and
1.2% of controls, indicating that the register data only identi-
fies a subset of all individuals with dentofacial malocclusion.
Moreover, often only the most acute or the most severe diagnosis
related to the condition treated during the visit may be recorded,
and potentially associated subsidiary diagnoses may be omit-
ted even though recording multiple codes for a single hospital
visit is technically possible. This further affects the coverage of
the dataset. The relatively low numbers of individuals with the
specific diagnoses of interest obviously introduce some uncer-
tainty in the estimates. However, the present study is focused
on the relative hazard in NF1 compared with the controls and
the patients' siblings, and the incomplete coverage of the dental
diagnoses in the register data does not compromise our findings
as long as the coverage is similar between the different cohorts.

The pediatric patients who are followed up by specialists for
their NF1 may have a higher likelihood to be referred to the
secondary oral health care, while the controls without NF1 may
be treated in primary health care, which may exaggerate the
effect of NF1 observed in hospital-based registries. However,
the rate of follow-up visits related to dentofacial anomalies did
not differ between NF1 patients and controls, suggesting that
the severity of these conditions was similar in both groups.
Irrespective of NF1, many adult patients are devoid of contact
with oral health specialists, which may cause underdiagnosis
of dental problems. In the case of dentofacial anomalies, the
exclusion of visits made at the Turku University Hospital re-
sulted in a marked reduction in the number of patients with
NF1 and a non-significant HR at ages > 18years, which sug-
gests that our previous clinical study (Visnapuu et al. 2011) in-
creased the probability of diagnosing dentofacial anomalies in
adult patients with NF1.

Anomalies in dental arch relationship and embedded or impacted
teeth can cause pain conditions in the temporomandibular joint,
headaches, and accordingly, a decrease in the quality of life (Gauer
and Semidey 2015). Malocclusion can cause sleep bruxism, which
causes pain in the masticatory muscles, tooth wear, and headaches
(Kataoka et al. 2015). The narrowing of the dentition complicates
oral hygiene, predisposing individuals to tooth decay and con-
nective tissue diseases. The consequences of dental malocclusion
have not been studied in NF1; yet, we have reported that NF1 is
associated with increased hazards for dental caries, pulpitis, and
periodontitis (Reinhold et al. 2025). All professionals treating indi-
viduals with NF1 should therefore be well-informed of the effect of
NF1 on oral health and dentofacial abnormalities. Early diagnosis
of NF1 and its head and neck manifestations is extremely import-
ant for young patients. Orthodontic treatment at an early age can
be utilized to prevent the development of severe malocclusion. The
present study setting focused on identifying associations between
NF1 and dentofacial malocclusion, and further research exploring
the underlying mechanisms of dental anomalies in individuals
with NF1 is needed.
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