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1. Introduction

ABSTRACT

Objective: The respiratory movements of fetal amniotic fluid areconsidered by certains cleft surgery
teams to contribute to the growth of the nasal cavities (NC). To assess this functional hypothesis, we
considered a group of patients with unilateral choanal atresia (CA) as a model of unilateral absence of
amniotic fluid flux in the NC, and compared their NCs shape to age-matched controls.
Material and methods: Three-dimensional reconstructions of NC were performed using Avizo 9.7
(Thermo Fisher Scientific, MA, USA), based on CT-scans of 32 patients with unilateral CA and 96 age- and
gender-matched controls. Landmarks were placed on anatomical structures of NC. Procrustes
superimpositions and principal component analysis were performed. Anatomically relevant Euclidean
distances were computed using the coordinates of selected landmarks - maxillary length, piriform
orifice width, choanal width - and tested using multivariate analysis. Growth rates between patients and
controls for these distances were screened for correlations.
Results: The atretic NC was significantly deformed when compared to the control cases: Procrustes
distance was 0.28 (P < 0.0001). The maxillary length and width of the atretic choana were significantly
decreased compared to controls (—2.95 mm and —1.35 mm respectively, P < 0.001). There were no
differences in growth rates between CA and controls, except for the choanal width on the atretic side.
Conclusion: NCs in CA were significantly different from controls. More precisely, the maxillary length was
significantly reduced in the CA group. There was no other major shape difference between the NC in CA
and controls. NC seems to develop despite abnormal fetal ventilation.

© 2020 Published by Elsevier Masson SAS.

end of the 18th century and was initially described by Johann
Roederer in 1755; Carl Emmert reported the first surgical repair of

1.1. Choanal atresia and nasal cavity formation

Choanal atresia (CA) is a complete congenital absence of
communication between the posterior nasal cavity (NC) and the
nasopharynx. Choanal stenosis is a narrowing of the posterior
choana without complete obstruction. In clinical practice, both
anomalies are referred to as CA. The incidence of CA varies between
1/5000 and 1/9000 births. CA is a characterized condition since the
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CA in 1851, based on the perforation of the atretic plate [1].

CA has no sexual predominance but right-sided CA may be more
prevalent, even though this point is not consensual [2-4]. Three
types of CA are reported in the literature:

e membranous CA;
e bony CA;
e combined forms (membranous + bony).

In the beginning of the 20th century, it was believed that 90% of
CA were bony and that 10% were membranous[2-4]. Nevertheless,
with the development of diagnoses based on CT-scans, more recent
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studies report 70% of combined CA vs. 30% of bony CA [2-4].
Unilateral CAs are more frequently isolated than bilateral CAs,
which can be associated with a wide range of syndromes — mostly
CHARGE association and syndromic craniosynostosis syndromes
such as Crouzon, but also less common conditions such as
Pfeiffer, Antley-Bixler, Marshall-Smith, Schinzel-Giedon and Trea-
cher Collins syndromes [4-6]. Interestingly, craniosynostoses are
associated with choanal stenosis rather than with atresia [6]. As a
whole, about 51% of CAs are associated with other malformations.

Four diversely convincing theories have been proposed in the
literature to account for the occurrence of CA, without much
support from developmental biology [7,8]:

e Persistence of the bucco-nasal membrane of Hochstetter,
formed by the olfactive plate - inside the nasal pit mesoderm
- and the oral cavity epithelium [9]; the normal dehiscence of
this membrane results in the formation of the primary choana;

e Persistence of the bucco-pharyngeal membrane, which is the
superior limit of the primary gut, spontaneously rupturing
in normal conditions between the 3rd and the 4th week of
gestation [10];

e Adherences formed by an abnormal persistence of mesodermal
tissue [8];

e Migration anomalies of neural crest cells [8].

Toxic factors such as thioamides have also been implicated in
the origin of CA [2-4,7]. In fact, CA is generally considered as a
component of carbimazole embryopathy: for instance, in a study
reporting 20 newborns exposed to carbimazole, 11 presented with
CA [11]. Furthermore, increased uni- and/or bilateral CA have been
reported in embryos exposed to methymazole between the 3rd
and 7th weeks of embryologic development [12,13].

Several genes are involved in CA, such as Raldh3 in mice and
CHD7 in humans. Inactivation of Raldh3 causes bilateral CA in
mouse models; interestingly, the Raldh3 protein is expressed in
the posterior and central mesoderm of the nasal cavity and nostrils
and is part of the retinoic acid signaling pathway. Raldh3 knock-out
mice did not develop CA when mothers were treated with non-
teratogenic doses of retinoic acid [14,15]. Seven to 29% of CA cases
reported in the literature are part of a CHARGE association, and
35 to 65% CHARGE association cases have CA. The most frequent
genetic anomaly in CHARGE association is the CHD7 mutation, and
this gene is currently the only human candidate for causing
CA [16]. The mechanism linking CA and CHD7 mutations is not
currently understood.

1.2. Nasal cavity growth

Beyond morphogenesis issues, several authors have investigat-
ed the role of external mechanical factors on the growth of the
nasal cavities. For instance, the flux of amniotic fluid during fetal
respiration has been proposed to be a major contributor to prenatal
maxillary growth [17]. In patients with cleft lip and palate,
different pressures in the nasal cavities on both sides of the
septum, during fetal amniotic respiration, have been incriminated
in the deformation of the septum and alae nasi [18]. In this context,
CA is an interesting model to assess these mechanical theories: CA
should theoretically induce a collapse of the nasal cavity, as the
atretic side is not subjected to amniotic liquid dynamics in atresia,
and to abnormal flux in stenosis.

The reference for the diagnosis of CA is 2D CT-scan: atretic
cavities have a narrower nasal floor and mid-orbital axis when
compared to the contralateral side; the vomer is similarly wider on
the atretic side [19,20]. Various methods have been described to
quantify the shape of the nasal cavities, based on segmentation of
CT-scan data and 3D landmarking [6], or on statistical shape

modeling [21]. Here we assessed the shape of the nasal cavities in
CA using 3D geometric morphometrics, and discussed our results
in the light of the current theories relating external mechanical
factors and centro-facial growth.

2. Material and methods
2.1. Population

We included all patients admitted for unilateral CA surgery
between 2007 and 2018, with available good quality pre-operative
CT-scans. Patient charts were retrospectively reviewed and
the following clinical parameters were collected: sex, age at CT-
scan, CA side, type of CA, associated conditions or craniofacial
malformations. Patients with craniofacial malformations were
excluded (cleft lip and palate, Crouzon syndrome).

Age-matched normal CT-scans performed for minor trauma
were used as controls. This study was assessed by the Necker-
Enfants Malades Ethics Committee and complied with the local
ethical regulations (CNEM 2020-12).

2.2. Landmarking

Landmarking was performed using Avizo 9.7 (Thermo Fisher
Scientific, MA, USA) based on 3D reconstructions segmented based
on a single threshold comprised between 140 and 290 Hounsfield
units. Twenty bony landmarks were placed by a single observer
(SF, Table 1, Fig. 1) and the 3D coordinates of the landmarks were
exported. Left CA coordinates were transformed into right CAs in
order to obtain a uniform CA group for Procrustes superimposition
(see below).

We assessed intra- and inter-observer reproducibility based on
a dataset of 10 normal CT-scans. Two operators (SF and RHK)
landmarked these 10 scans three consecutive times. The concor-
dance correlation coefficient (CCC) agreement of Lin [22] was
computed for each operator and landmark. An overall concordance
correlation coefficient (OCCC) was also computed [23].

2.3. Morphometric analyses

Procrustes superimposition based on the 3D coordinates of the
20 landmarks was performed using Morpho] [24]. Left and right CA
were grouped together after coordinate transformation of left
forms into right forms.

Five Euclidean linear distances were computed:

e distances between landmarks 2-3 and 2-4 (respectively right
and left piriform aperture width);

o distances between landmarks 12-13 and 12-14 (respectively left
and right choanal width);

o distance between landmarks 2-12 (maxillary length).

2.4. Statistical analysis

Principal component analysis (PCA) based on the covariance
matrix of the Procrustes shape coordinates was performed. The
Procrustes distances between ‘controls’, ‘right CA’, ‘left CA
transformed into right CA’ and ‘right CA +left CA transformed
into right CA’ were computed. P-values were computed from
permutation tests (10,000 permutation rounds) for Procrustes
distances among groups. PCA defined a morphospace into which
groups were separated by a distance referred to as Procrustes
distance (d). For large enough Procrustes distances (determined by
permutation tests), groups will be considered significantly
different in shape.
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Table 1
Anatomical description of the landmarks used for modeling the nasal cavities. Mid.: midline; Bilat.: bilateral.

Landmark  Structure = Name Description

1 Mid. Nasion Intersection of nasal and frontal bones

2 Mid. Anterior nasal spine Triangular bony protrusion extending from the maxillary incisor crest

3 Bilat. Infero-lateral angle of right piriform aperture  Lateral angles of piriform apertures

4 Bilat. Infero-lateral angle of left piriform aperture

5 Bilat. Right lachrymal duct, superior opening Antero-superior angle of lachrymal ducts, superior opening

6 Bilat. Left lachrymal duct, superior opening

7 Bilat. Right inferior turbinate head Inferior turbinate, most anterior part, on its medial side

8 Bilat. Left inferior turbinate head

9 Bilat. Right medium turbinate head Medium turbinate, most anterior part, on its medial inferior angle

10 Bilat. Left medium turbinate head

11 Mid. Vomer insertion on sphenoid bone

12 Mid. Posterior nasal spine Bony protrusion formed by posterior ends of internal sides of palatine plates.

13 Bilat. Postero-lateral angle of left palatine plate On a posterior view, external angle of palatine plates, at the junction with the pterygoids

14 Bilat. Postero-lateral angle of right palatine plate

15 Bilat. Superior angle of left choanal arch At the center of choanal arch, superior concavity

16 bilat. Superior angle of right choanal arch

17 bilat. Left inferior turbinate rear Inferior turbinate, most posterior part, on its medial side

18 Bilat. Right inferior turbinate rear

19 Bilat. Left medium turbinate rear Medium turbinate, most posterior part, on its medial inferior angle

20 Bilat. Right medium turbinate rear

A multivariate analysis based on a linear model adapted for

3. Results

each distance was used to compare the Euclidean distances

between CA patients and controls. The analysis was adjusted on
the following variables: distance value (in mm), CA vs. control, and
age. Growth rate correlations were estimated for each of these

distances.

Thirty-two children with CA were included into the study; sex
ratio was 11 males for 21 females; age at CT was 1 day to 7 years of
age (451.4 £ 647.9 days): 12/32 patients were less than 3 months
of age; 23/32 were less than 24 months of age, 3/32 were between

Fig. 1. Landmarks used for modeling the nasal cavities. (a, b) anterior view; (c) posterior view, control patient; (d) posterior view, combined choanal atresia; black asterix:

atretic plate.
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Table 2
Description of the population. Sd: standard deviation.

Total population (n=128)

Choanal atresia (right) (n=32) Control (n=96)

Mean Sd Mean Sd Mean Sd
Age at CT (days) 4514 647.9 439.1 673.1 455.5 639.5
Maxillary length (mm) 34.9 5.2 32.7 4.6 35.7 5.1
Right piriform aperture width (mm) 103 1.9 10.0 2.1 104 1.8
Left piriform aperture width (mm) 104 21 10.7 29 10.3 1.7
Left choanal width (mm) 8.2 1.7 8.3 2.5 8.2 14
Right choanal width (mm) 7.3 1.6 6.2 1.5 7.6 1.5

Table 3
Multivariate analyses taking into account the age: maxillary length (—2.95, P<0.001) and right choanal width (— 1.35, P<0.001) were different between CA and controls.
Estimate Sd T P
Macxillary length Atresia -2.95 0.55 -5.33 <0.001
Age 0.006 0.0003 17.55 <0.001
Right piriform aperture width Atresia —0.32 0.26 -1.23 0.22
Age 0.002 0.0002 12.2 <0.001
Left piriform aperture width Atresia 0.43 0.35 1.24 0.22
Age 0.002 0.0002 8.13 <0.001
Left choanal width Atresia 0.19 0.27 0.69 0.49
Age 0.002 0.0002 8.79 <0.001
Right choanal width Atresia -1.35 0.25 -5.32 <0.001
Age 0.001 0.0002 7.36 <0.001

24-36 months of age and 6/32 were over 36 months of age. 20/32
(62.5%) had right CA, 12/32 had left CA; 18/32 (56.25%) had combined
forms, 12/32 (37.5%) had bony CA and 6/32 (6.25%) had membranous
CA. Ninety-six control CT-scans were also included. CA and control
groups were similar in terms of age: mean 439.1 + 673.1 days in CA
group, 455.5 + 639.5 days in control group (P > 0.05). The sex-ratio in
the control group was 0.5.

Maxillary length (mm)

Left anterior pyriform width (mm)

The CCC measured for each landmark and the OCCC were all
above 0.99, indicating good intra- and inter-operator reproduc-
ibility, and thus reliable landmarking.

The Procrustes distance between the left and right CA groups was
not significant (d = 0.273, P = 0.02). The Procrustes distances between
‘left CA and controls’, and ‘right CA and controls’ were both significant
(d=0.352, P < 0.0001; d =0.260, P < 0.0001 respectively). We thus

Right anterior pyriform width (mm)

1000 2600 3
Age at CT-scan (days)

Left posterior choana width (mm)

1000
Age at CT-scan (days)

000
Age at CT-scan (days)

%0 3 60
Age at CT-scan (days)

Right posterior choana width (mm)

] T 2000

%0
Age at CT-scan (days)

Fig. 2. Age-dependence of Euclidian distances. (a) maxillary length; (b) right piriform aperture width; (c) left piriform aperture width; (d) left choanal width; (e) right choanal
width. Dots: distribution for each patient. Red curves: choanal atresia group; blue curves: control group.
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Table 4
Growth dynamics were similar in atretric and control patients. P: interaction test
between slopes from control and atretic patients.

Macxillary length 0.23
Right piriform aperture width 0.35
Left piriform aperture width 0.37
Left choanal width 0.14
Right choanal width 0.023

clustered left and right CAs within the same group after transforming
left CAs into right forms. The global shape difference between CA and
control patients was significant (d = 0.280, P < 0.0001).

Multivariate analysis on selected Euclidian distances (Table 2),
with age taken into account, showed that the mean maxillary
length and mean right choanal width were statistically shorter in
the CA group when compared to controls (P < 0.001). Mean left
choanal width, mean right and left piriform apertures were similar
in CA and controls (Table 3).

Logistic regressions were conducted in order to study the
growth dynamics of each of the five distances in both groups
(Fig. 2). Qualitatively, growth was different for the maxillary length
and the right choanal width. Left choanal width, right and left
piriform aperture widths were similar regarding ontogenetic
trajectories in both groups. More precisely, right choanal width
only (that is the affected side in all patients after mirroring left CA)
showed lower growth rates (Table 4).

4. Discussion

Our sample had a wider age range (0-7 years) and was larger
(32 patients) than previous studies who had included 9 [19] and 11
[20] patients under 3 years of age [19,20,25]. In spite of a relatively
less balanced sex ratio (10/22 vs. 1), our sample was similar to the
literature data in terms of CA type (bony, membranous or
combined) and right prevalence (63%).

The nasal cavities in CA were significantly different from
controls. More precisely, the maxillary length (or septal length)
was significantly reduced in the CA group. Nevertheless, there was
no other major shape difference between the nasal cavities in CA
and controls, and specifically, no anterior collapse - the piriform
aperture dimensions were similar in both groups. In the literature,
studies based on 2D distance computations had shown increased
bony septal width [19,20,26] and diminished nasopharyngeal
length [19].

We considered CA as a model for assessing the theories
implicating fetal respiration in the formation of nasal cavities, and
could not find support for the mechanical role of pre-natal fluid
flux in this process [19]. Ontogenetic trajectories furthermore
indicated that all distances in the CA group had dynamics similar to
the control group except for the choanal width on the affected side,
which had significantly slower growth rates. These results
indicated that nasal cavity growth in CA was not de-correlated
to the growth of the rest of the craniofacial skeleton. This dynamic
result further supported the most probably limited involvement of
fetal respiration in pre-natal maxillary growth.

Previous studies had described the speed of choanal aperture
growth in normal patients through 2D CT-scans and demonstrated
a linear correlation between age and choanal width: the mean
choanal aperture (mm) responded to the following equation:
(0.2 4 0.09) x (age) +(6.78 - 0.67) (25), or: 4.85+(0.04) x (age in
weeks)[25]. Interestingly, our 3D measurements did not follow linear
growth patterns, and further investigations focused on normal
patients are required, with larger cohorts, in order to confirm the
non-linearity of choanal aperture growth.

5. Conclusion

The atretic nasal cavity was significantly different from controls
but was not collapsed. The maxillary length and the choanal width
were decreased in atretic patients when compared to control cases.
There were no significant differences in terms of piriform aperture
width on the atretic side when compared to controls. Growth
speeds of atretic and control patients were correlated, except for
the choanal width on the affected side. Significant nasal cavity
growth thus occurred despite absent or abnormal prenatal
amniotic flux.

A similar controlled approach could be applied to assess NC
growth after CA surgery, and to other types of NC malformations
such as piriform aperture stenosis, in order to further investigate
the potential role of fluid flux in maxillary growth.
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