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INTRODUCTION
Nasoalveolar molding (NAM) has been shown to in-

fluence positively the treatment of patients affected with 

cleft lip and palate (CLP) following its introduction by 
Grayson et al.1 Initially, a simplified narrowing of the al-
veolar gap and the cleft lip width and a significant prolon-
gation of the columella, especially in bilateral CLP cases, 
was reported.2,3 Evidence-based long-term results are still 
lacking, but a trend toward the reduction of secondary 
corrections has been correlated positively with this pre-
surgical treatment, because of less scaring and improved 
nasal symmetry.4–7 Recently, computer-aided design and 
computer-aided manufacturing techniques have been in-
troduced to the treatment algorithm of NAM therapy.8–10 
In this context, the integration shows a reduced need of 
imprint-taking with comparable clinical results, possibly 
further optimizing the patient’s and parent’s compliance, 
1 of the main difficulties associated with this treatment 
modality.11

The advantageous and disadvantageous effects of 
NAM and other presurgical orthopedics remain the sub-
ject of controversy.12–15 Although a positive effect on the 
treatment course has been reported, stress distribution 
patterns on the viscero- and neurocranium and evidence-
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based long-term effectiveness caused by the various treat-
ment modalities are still lacking. Finite element analysis 
(FEA) has been shown to be a valid and reproducible 
method for analyzing resulting stress distribution pat-
terns16 and has been applied, for example, in orthodontic, 
orthognathic surgery, and traumatological studies involv-
ing the head and face region.17–22 Nevertheless, no valid 
finite element (FE) models with the corresponding mate-
rial properties of neonate tissue (bone, cartilage, and soft 
tissue) are available. In previously reported cases of FEA 
in children by others, the mean age of the virtual skulls of 
most studies was significantly older than the age or time 
interval when neonates are treated with NAM therapy,23–25 
because treatment is performed during the first 12–16 
weeks of life.

The purpose of this study was to establish a simplified 
FE model, based on assumption described in the litera-
ture. Further, we wanted to analyze the resulting forces 
and stress distribution patterns in neonates at 3 different 
time points during the presurgical treatment interval of 
NAM therapy. The FE models were set up as worst-case 
scenarios to determine the largest influence that NAM 
therapy could provoke.

MATERIALS AND METHODS

Ethical Statement and Patient Recruitment
All investigations and procedures were conducted ac-

cording to the principles expressed in the Declaration of 
Helsinki. An exemption from the requirement of ethics 
approval was granted by the Ethical Committees of the 
Technische Universität München and of the Universität 
zu Köln because of anonymized evaluation of previously 
existing computed tomography (CT) scans and an initial 
willingness of the patients to undergo the required medi-
cal procedures (Approval No. 392/15 and 15–329). The 
enrolment criterion for the CT scan was a normal develop-
ment of the viscero- and neurocranium. The initial indica-
tions for the CT scans were exclusion of choanal atresia 
(date of birth), intracranial bleeding (at 4 weeks of life), 
and subsequent traumatic brain injury (at 3.5 months of 
life).

Construction of the Finite Element Models
A common protocol of FE model generation was 

used as previously described.26 In summary, DICOM data 
sets of 3 CT scans were segmented in MIMICS (MIMICS 
16.0, Materialise; Leuven, Belgium) to export 3-dimen-
sional (3D) models (Table 1). The available CT scans of 
3 healthy neonates were taken at 3 different time stages 
adapted to the conventional initiation and treatment du-
ration of presurgical period of NAM therapy: at date of 
birth, at 4 weeks, and at 3.5 months of age. On the basis 
of the 3D models of the healthy neonates (= original CT 
scan), 2 additional models each were virtually created, 1 
with a small (~ 4.5 mm width) and 1 with a large (~ 12 mm 
width) cleft of the alveolar crest and hard palate in the 
models at 4 weeks and 3.5 months of age. In the newborn 
model, only a small cleft was simulated. Subsequently, the 

3D models were exported to 3-MATIC (3-MATIC 8.0, Ma-
terialise; Leuven, Belgium) and smoothed, the area of ap-
plied forces was defined for each model separately and 
the applicable models were then meshed in ANSYS ICEM 
CFD (ANSYS 16.0, ANSYS Inc.; Pa.; Table 1). The virtual 
mesh of each model was again imported to MIMICS, and 
the bone density–dependent material properties were al-
located. Finally, the 3D geometries were exported to AN-
SYS APDL (ANSYS APDL 16.0, ANSYS Inc.; Pa.) for FEA 
(Fig. 1).

Material Property and Simulation Model
The material behavior of cranial bone was defined 

as an isotropic linear-elastic model with age-dependent 
material properties. For the establishment of an age-
matched corresponding elastic modulus (E-modulus) of 
the cranial bone, we inter- and extrapolated previously 
published data from McPherson and Kriwall.27 The cal-
culated E-modulus ranged from 1,337 to 3,367 MPa for 
the newborn (date of birth), from 1,737 to 3,767 MPa for 
the 4-week-old infant, and from 2,738 to 4,768 MPa for 
the 3.5-month-old infant at a Poisson ratio of 0.28, respec-
tively (Fig. 2). As previously reported, the germs of teeth 
with the partial beginning of mineralization only influ-
ence the results to an extremely limits amount. Thus, the 
teeth germs were modeled as empty space emphasizing 
the worst-case scenario, because the empty space simula-
tion resulted in slightly larger stresses than the filled teeth 
germ simulations.26 A stress of 30,000 Pa was determined 
as the critical threshold value for resulting deformation 
over time as seen in positional plagiocephaly, as previ-
ously described.26,28,29

All supporting reactions were constrained to 0 with 
Dirichlet boundary conditions at the bitemporal level of 
the virtual skull. We applied a force of 0.7 N representing 
an ulceration force derived by a spring scale with a 3 mm2 
cross-section at the vestibular region of the canines on 
both sides over an area of 40–60 mm2, representing the 
actual contact area between the NAM plate and the max-
illa. The applied force of 0.7 N represents an ulceration 
force that causes local ischemia of the oral mucosa in a 
small case series of healthy adults (data not published). 
In cases a NAM plate causes ulceration, the plate is im-
mediately adapted. Thus, the assumption of a long-term 
ulceration force in our simulation emphasizes the worst-
case character of our study. Furthermore, we did not seg-
ment the open sutures to have a direct unphysiological 
force conduction neglecting dampening effects of the 
soft tissue.

Table 1.  Resolution of CT Scans Varied between Patients

Modality Information 0 d 4 wk 3.5 mo

CT scan Layer distance (mm) 0.5 1.5 0.5
Amount of layers (-) 103 106 254
Pixel size (mm) 0.205 0.320 0.430

Mesh Element size (mm) 0.25–0.5 0.25–1.5 0.25–1.5
Nodes (-) 1,200,000 900,000 1,400,000

The element size resolution was adapted to the area for the 4 weeks and 
3.5-month-old patient (anterior skull: 0.5–0.75, posterior skull 0.75–1.5, region 
of force application 0.25–0.5).
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RESULTS
For all simulated 5 cleft situations, the increased stress-

es occurred in the same characteristic areas: at the maxilla, 
vomer, and ossis nasale, lacrimale, ethmoidale, and fron-
tale. In the model of the date of birth, the ossis parietale, 
temporale, and sphenoidale and the anterior fossa of the 
base of the skull were additionally involved. At the date 
of birth, von Mises stress distribution exceeded the pre-
viously defined threshold of 30,000 Pa, especially in the 
ipsilateral naso-orbito-ethmoidal complex, frontal sinus, 
and the anterior fossa of the base of the skull (Figs. 3, 4). 
The CT scan of the newborn showed finer osseous struc-
tures than the scans of the 4-week-old and 3.5-month-old 

neonates. The finest structures of the newborn lay within 
a single pixel diameter (0.32 mm; Fig. 3), whereas for the 
4-week-old and 3.5-month-old neonates, the scans did not 
show such small structures and thus such peak stresses. 
The force flux ran via the palate from 1 force application 
area to the opposite area in the simulations of the healthy 
skulls.

The width of the cleft gap qualitatively influenced nei-
ther the force flux nor the occurring peak stresses.

A quantitative comparison was derived within 4 planes 
in the area of the viscerocranium (planes A–D) and the 
anterior and middle fossa of the base of the skull (planes 
E–H) by calculating the arithmetic mean stress for each 

Fig. 1. Workflow for Fe model generation on the basis of preexisting Ct scans by using MiMiCS, 3-MatiC, and anSYS iCeM and anSYS 
aPDl.

Fig. 2. expected material behavior of cranial bone according to an isotropic linear-elastic elastic model with 
age-dependent material properties. For establishment of an age-matched corresponding elastic modulus (e-
modulus) of the cranial bone, previously published data by McPherson and Kriwall27 were inter- and extrapo-
lated.
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plane of each simulation (Fig. 4). The resulting stress 
values were compared with the threshold value derived 
from a plagiocephaly case to validate the simulation in 
each plane and to detect any stress patterns that might 
cause deformations. The arithmetic means for the 4-week-
old and 3.5-month-old neonates remained below the von 
Mises threshold value of 30,000 Pa and within a range of 
15,000 Pa or less for von Mises stress, whereas the von Mis-
es stress for the newborn reached 3 times the threshold 
von Mises stress value of 30,000 Pa.

The global von Mises peak stress is shown in Table 2 
by the 99.9th percentile to avoid having to consider peak 
stresses attributable to unrealistic small structures.

DISCUSSION
Several studies of the last few decades have described 

the typical facial growth and appearance of patients 
presenting with CLP, based on radiological and clinical 
 follow-up examinations.25,30,31 A standardized compari-
son of reported results is nearly impossible because of 
the wide heterogeneity of treatment algorithms and ap-
plied techniques and the lack of controlled randomized 
trials. Furthermore, and as stated earlier by Berkowitz,13 
“all clefts cannot be lumped together as a single phenom-
enon.” Various preoperative orthofacial treatments have 
been described to affect the growing alveolar crest, max-

illa, and nose positively with regard to growth, symme-
try, and function.32 In particular, NAM therapy has been 
shown to be a valuable treatment, and the first reported 
long-term analyses have revealed that it might significantly 
reduce secondary corrections.4,6 On the other hand, NAM 
has also been criticized because of its unknown effective-
ness or because of unrecognized significant clinical differ-
ences between infants with or without treatment by NAM, 
especially with regard to facial growth and symmetry, 
maxillary arch dimension, and occlusion.6,12,13,32–35 It is de-
scribed that disrupting the premaxillary-vomerine suture 
may cause severe midfacial retrusion.36 Disruption may be 
a result of operative (eg, operative premaxillary setback) 
or inappropriate presurgical procedures (Latham appara-
tus or NAM) and needs maxillary advancement in follow-
up.15,37,38 The forces and distribution of stress patterns that 
might evolve within the viscero- and neurocranium during 
NAM therapy are unknown. Interestingly, no simulations 
have been performed with regard to force distribution 
and possible impact (sutural hematoma and impairment 
of growth) on that sensitive region in case of exceeding 
forces. Only some clinical, retrospective analyses exist. 
Lee et al.39 have assessed the effects of NAM therapy with 
or without gingivoperiosteoplasty in 20 patients present-
ing with Unilateral Cleft Lip and Palate (UCLP) by ana-
lyzing lateral cephalograms at 6 years and 11.5 years of 
age. They have reported that midface growth in sagittal or 

Fig. 3. Von Mises stress distribution for the simulated skull in the caudal (upper row), coronar (middle 
row), and cranial (lower row) view of the newborn (left column), 4-week-old (middle column), and 
3.5-month-old (right column) neonates.
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vertical planes is not affected by presurgical alveolar mold-
ing. Other studies have concentrated on the analysis of 
the nasal symmetry of presurgically treated children with 
CLP.40 However, the results based on photographs and  
X-rays show no force distribution, especially in the regions 
of the naso-orbito-ethmoidal complex, frontal sinus, and 
the anterior fossa of the base of the skull.

FEA is a suitable method for simulations and for provid-
ing clinical observations and therapies with reproducible 
analyses. Nevertheless, FEA involving fetal cranial bone 
and with special regard to growth and the effect of various 
therapeutic modalities in neonates are lacking. On the 1 
hand, fetal cranial bone is a thin, curved, and inhomoge-
neous material. For this reason, its mechanical properties 
are difficult to determine. Furthermore, fetal or newborn 
cranial bone is rarely biomechanically examined, because 
of ethical reasons. The mechanical properties reported 
in the literature are therefore also heterogeneous.41–45 

We decided to use the mechanical properties reported 
by McPherson and Kriwall,27 because of their systematic 
analyses of fetal cranial bone, which seemed conclusive 
and valid. Furthermore, their results allowed us an ex-
trapolation based on the common assumption that the 
mechanical properties change according to an isotropic 
linear-elastic model. According to the literature, it is not 
clearly defined whether a linear-elastic or plastic model 
would have been the right to choose. Gačnik et al.46 de-
scribed a linear-elastic behavior of the mandibular bone 
if the strain was within 1–2%. Jiang et al.47 used also a 
linear-elastic constitutive model to simulate the skull and 
sutures in their analysis of fracture characteristics in infant 
skulls. An accurate modeling of biological tissues requires 
the experimental characterization of the inhomogenous 
structures.48 Simulations, established to describe the inho-
mogeneous facial structures, are also based on numerous 
assumptions [Roth 2010]. For that reason, our presented 
FE model and analysis represent a worst-case scenario. 
We did not segment the sutures of the viscero- and neu-
rocranium as reported by others,44 and we applied a force 
(0.7 N) that would result in mucogingival ulceration, if it 
was not corrected immediately.49 Therefore, our results 
from the stress distribution patterns are expected to be 
higher than those in vivo. In particular, in the case of 
the scan of the newborn, a lower stress distribution can 
be expected, because such small structures (0.32 mm) 
as observed in the model are in reality supported by sur-

Fig. 4. Quantitative comparison of median of von Mises stress in the viscerocranium (planes a–D) and the neurocranium (planes e–H) 
for the healthy skulls and the simulated cleft situations with variable cleft width. the resulting stress values were compared with the 
threshold value.26 the arithmetic means for the 4-week-old and 3.5-month-old neonates remained below the von Mises threshold value 
of 30,000 Pa and within a range of 15,000 Pa or less for von Mises stress, whereas the von Mises stress for the newborn reached 3 times the 
threshold von Mises stress value of 30,000 Pa.

Table 2. Global Peak von Mises stress [Pa] for the 8 Finite 
Element Models at Date of Birth, 4 Weeks, and 3.5 Months 
of Age of Model (Healthy, Small, and Large Cleft)

Model Date of Birth 4 wk 3.5 mo

Healthy 720,000 33,000 96,000
Small cleft 857,000 57,000 108,000
Large cleft — 59,000 118,000
The peak stress was determined as the 99.9th percentile.
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rounding tissue, which would partially absorb or transmit 
the incoming load state. The reason for the small struc-
tures in the scan of the newborn can also be explained by 
the resolution of the scan, which had a third of the layer 
thickness compared with the other scans. A higher layer 
resolution leads to finer osseous structures, resulting in 
increased peak stress because the occurring force needs 
to pass these fine structures.

Our results show increased von Mises values exceeding 
the previously defined threshold (30,000 Pa) along the ex-
pected force flux. Exceeding peak values were registered 
in the regions of the ipsilateral naso-orbito-ethmoidal 
complex, frontal sinus, and the anterior fossa of the base 
of the skull. This result has to be kept in mind when it 
comes to the timing and initiation of NAM therapy. For 
this reason, we have corrected the time at which we start 
our NAM therapy to the second week of life, in contrast to 
an earlier study.2 Furthermore, we now adapt the begin-
ning of NAM therapy in cases of preterm birth and apply a 
regular drinking plate until the correlated age of 1 week. 
Our results also showed that the resulting force at the age 
of 4 weeks and 3.5 months was less than the previously de-
fined threshold value; this therefore allows regular NAM 
therapy until cheiloplasty at 3 months of age.

In contrast to other active treatment modalities, such 
as the Latham method with its bony fixation and screw for 
the activated expansion of the palate,50 NAM represents a 
passive plate without active components. The main inten-
tion of NAM therapy is guided growth. Consequently, the 
resulting forces and stress distributions are expected to be 
much lower than those in active applications. On the ba-
sis of our results, no immediate adverse effects can be ex-
pected with regard to the development of the viscero- and 
neurocranium. The beneficial effect of improved alveolar 
and nasal symmetry and the potential reduction of sec-
ondary correction might outweigh possible adverse effects 
as reported by others.

As claimed earlier, long-term analyses of children 
treated with NAM and other presurgical modalities have 
to be conducted.51 In particular, the incidence of suspect-
ed unwanted effects, such as retraction of the premaxilla, 
midfacial retrusion and the increased need for LeFort I 
osteotomies,13 occlusal sequela, and the missing effective-
ness compared with untreated infants therapy need to be 
analyzed in further, standardized studies with accurate 
evaluation of facial and alveolar growth.

Limitations
FEA is only a close approximation to reality and is not 

able to analyze the in vivo situation. However, our present-
ed results are valid, because the performed convergence 
analysis shows good consistency within the model. In this 
study, we have only examined the worst-case scenario with 
a high force being applied and without segmentation of 
the sutures. The absorption of force conduction is also not 
illustrated. Thus, the actual values of the von Mises stress 
distribution are expected to be even lower. The genera-
tion of realistic FE models of skulls of neonates is, how-
ever, generally difficult, because of the limited valid data 
regarding the E-modulus and the precise age-matched 

material properties of bone, cartilage, and soft tissue of 
newborns and neonates.

CONCLUSIONS
No adverse effects of NAM therapy on the develop-

ment of the viscero- and neurocranium are to be expected 
when NAM is started later than the date of birth. In cases 
of preterm birth, initial treatment should be restricted to 
conventional feeding plates only until the corrected age.
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