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Due à la mutation de gènes impliqués dans la voie  de signalisation de l’Ectodysplasine (EDA-NFκB)
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(1) Faculté de Chirurgie Dentaire, Université de Strasbourg, France; (2) Département de Médecine Buccale et Chirurgie Buccale, Service de Soins Bucco-dentaires, Hôpitaux Universitaires, Strasbourg, France; (3) Département d’Odontologie Pédiatrique, Service de Soins

Bucco-dentaires, Hôpitaux Universitaires, Strasbourg, France ; (4) Département de Radiologie, Service de Soins Bucco-dentaires, Hôpitaux Universitaires, Strasbourg, France; (5) Centre National de Référence pour les Maladies Rares à Manifestations Odontologiques, Hôpitaux

Universitaires, Strasbourg, France; (6) équipe de recherche UMR INSERM 977, Faculté de Chirurgie Dentaire, Université de Strasbourg, France.
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 Patients DEH : 16 sélectionnés (âgés de 7 à 51 ans) / 68

 Patients contrôles : 351
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groupe contrôle (Déviation)
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Introduction 
 

Extracting measurements or values from acquired medical images is highly desirable and nowadays a common goal. However for morphology, it is very challenging as studies in this field are essentially 

qualitative. Up to now, morphological quantitative analysis is mainly based on landmarks approachs which require the unbiased recognition of some singular points common in model and control 

individuals. A main drawback relies on the limited number of points used, reducing the accuracy of the form description. 2D Elliptical Fourier analysis (EFA) applied on outlines is another way to quantify 

differences in organs form (1) and had the advantage of working on the shape in a global manner. 

We present here an example of EFA application on µCT images of mouse heads to characterize mandibular dysmorphoses in Tabbys’mice, an animal model of the X-linked hypohidrotic ectodermal 

dysplasia (XLHED) (2,3). 

Materials and Methods 

 

Results 

Conclusion 
 

2D EFA enables the characterization of the shape as a whole, unlike other morphometric approaches based on anatomical landmarks and their associated measurements. 2D EFA is especially pertinent 

for planar objects. Micro-CT imaging is useful for studies involving mineralized tissues but as long as organs of interest can be segmented, results from other imaging modalities could also benefit from 

this technique. We show that 2D EFA is a very sensible biomedical imaging process for comparison between different phenotypes based on shape’s quantification and adequate statistical analysis. This 

method could also be extended to the third dimension (4).  

•74 adults mice: 15 hemizygous males (EdaTa/Y), 24 heterozygous females EdaTa/+), 

and 35 control WT (19 males, 16 females). 

• Ex vivo micro-CT (eXplore CT 120, GE Healthcare, Waukesha, USA) imaging of full 

head: 360 views on 360°, 100 kV, 50 mA, exposition time of 20 ms . 

• Segmentation of hemimandibles and 3D isosurface rendering (MicroView®, GE 

Healthcare, Waukesha, USA). 

• Extraction of 2D outlines from lateral view of each hemimandible (Visilog 5.4®, 

Noesis, Gif sur Yvette, France). 

• EFA was performed to obtain a quantitative description of the mandibular outline 

based on the three main elliptical Fourier 

•descriptors (EFD: major and minor axis length, elliptical orientation)*. 

• Statistical discriminant analysis was applied on EFD for each group on the first 10 

harmonics in order to highlight distinction among mouse strains (Statistica 7.1 

software package, Statsoft Inc., Tulsa, USA). 

Discriminant 

analysis 
WT Males 

WT Females 

EdaTa/y Males 

EdaTa/+ Females 

-6 

-4 

-4 -2 0 2 

-2 

0 

4 6 

2 

4 

D
F

 2
 (

2
5

,8
%

) 

DF 1 (65,8%) 

(1) Schmittbuhl, M., Allenbach, B., Le Minor, J. M., and Schaaf, A. Elliptical descriptors: some simplified morphometric parameters for the quantification of complex outlines. (2003). Math. Geol. 35, 853-872. 

(2) Clauss, F., Maniere, M. C., Obry, F., Waltmann, E., Hadj-Rabia, S., Bodemer, C., Alembik, Y., Lesot, H., and Schmittbuhl, M. Dento-craniofacial phenotypes and underlying molecular mechanisms in hypohidrotic ectodermal dysplasia (HED): a review. (2008) J. Dent. Res. 87, 1089-

1099. 

(3) Bornert F, Choquet P, Gros C-I, Aubertin G, Perrin-Schmitt F, Clauss F, Lesot H, Constantinesco A, Schmittbuhl M. Subtle morphological changes in the mandible of Tabby mice revealed by micro-CT imaging and elliptical Fourier quantification. (2011). Front. Physiol.  20,  2-15. 

(4) Godefroy JE, Bornert F, Gros CI, Constantinesco A. Elliptical Fourier descriptors for contours in three dimensions: A new tool for morphometrical analysis in biology. (2012). C. R. Biol. 335, 205-13. 

Wild-Type Tabby 

males females males females 

Fourier 

harmonics 
Elliptical descriptors Mean S.D. Mean S.D. Mean S.D. Mean S.D. 

1 Major axis length 8,44 0,15 8.50 0.09 8,71 0,19 8,57 0,16 

  Minor axis length 3,98 0,08 3,98 0,06 3,91 0,11 3,95 0,08 

  Elliptic Orientation 167,83 1,62 168,50 0,95 167,47 0,96 168,06 2,54 

2 Major axis length 1,44 0,13 1.50 0,09 1,62 0,08 1,50 0,10 

  Minor axis length 0,62 0,06 0.67 0,06 0,64 0,11 0,63 0,06 

  Elliptic Orientation 213,33 4,01 208.33 3,10 210,83 4,72 210,39 4,22 

3 Major axis length 0,56 0,04 0.48 0,04 0,58 0,10 0,55 0,08 

  Minor axis length 0,33 0,07 0.33 0,04 0,28 0,05 0,28 0,07 

  Elliptic Orientation 178,46 42,13 177.99 29,86 190,28 11,80 178,36 17,45 

4 Major axis length 0,81 0,04 0.82 0,03 0,90 0,05 0,83 0,04 

  Minor axis length 0,31 0,07 0.29 0,04 0,37 0,06 0,35 0,07 

  Elliptic Orientation 251,58 10,03 247.71 8,11 252,70 6,31 250,13 8,60 

5 Major axis length 0,61 0,06 0.65 0,04 0,67 0,05 0,66 0,04 

  Minor axis length 0,04 0,03 0.05 0,04 0,08 0,05 0,07 0,05 

  Elliptic Orientation 182,83 3,44 178,81 3,66 179,82 4,08 180,44 4,22 

6 Major axis length 0,43 0,03 0,45 0,04 0,49 0,03 0,44 0,04 

  Minor axis length 0,05 0,03 0,04 0,02 0,02 0,01 0,04 0,03 

  Elliptic Orientation 149,16 8,85 149,42 4,32 146,25 5,72 147,43 4,97 

7 Major axis length 0,39 0,02 0,37 0,02 0,40 0,03 0,39 0,03 

  Minor axis length 0,22 0,05 0,25 0,03 0,20 0,05 0,20 0,07 

  Elliptic Orientation 254,48 8,18 257,19 10,48 254,98 14,08 249,78 5,53 

8 Major axis length 0,17 0,05 0,19 0,05 0,18 0,05 0,18 0,04 

  Minor axis length 0,02 0,01 0,02 0,01 0,02 0,01 0,02 0,02 

  Elliptic Orientation 250,64 24,65 262,81 9,38 271,71 11,88 274,13 12,57 

9 Major axis length 0,16 0,03 0,19 0,03 0,20 0,02 0,20 0,03 

  Minor axis length 0,07 0,04 0,09 0,04 0,09 0,02 0,10 0,03 

  Elliptic Orientation 185,41 12,46 200,92 11,74 186,67 8,90 198,43 18,28 

10 Major axis length 0,14 0,02 0,16 0,02 0,15 0,02 0,15 0,02 

  Minor axis length 0,03 0,02 0,05 0,01 0,05 0,02 0,04 0,02 

  Elliptic Orientation 291,45 13,36 288,01 8,51 284,43 10,31 278,35 14,95 

Morphology quantification:  

Elliptical 2D Fourier analysis for craniofacial phenotyping in mouse based on µCT acquisitions
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Introduc>on'

Tabby'(Ta)'mouse'is'an'animal'model'of'the'X0linked'hypohidro>c'ectodermal'dysplasia'(XLHED)'which'is'a'polymalforma>ve'syndrome'mainly'characterized'

by'abnormal'development'of'ectodermal'structures'with'typical'phenotypic'signs:'hypotrichosis,'hypohidrosis,'craniofacial'and'dental'abnormali>es'(1).'Few'

data'were'available'about'the'mandibular'growth'at'the'human'pa>ents'and'even'less'at'the'mouse'(2).'

Materials'and'Methods%
%

Conclusion'

The'study'showed'significant'differences'between'the'Ta'males'and'WT'males'groups'(p<0,05)'at'early'stages'of'development.'The'Ta'males'group'presents'

globally'a'mandibular'hypodevelopment'(2).'This'study'suggests'that'the'Ta'gene'and'more'widely'the'NF0kappa'B'pathway'could'play'an'important'role'in'

cranio0facial'morphogenesis.'Measurements'before'1'month'would'be'of'interest'but'difficult'due'to'prac>cal'limita>ons:'small'size'of'structures'implies'high'

resolu>on'protocols'eg'more'irradia>on.'The'impact'of'radia>on'in'very'young'mice'should'be'then'considered.'

�  Follow'up'of'23'mice'during'six'month:'4'hemizygous'males'(EdaTa/Y),)6)heterozygous)females)(EdaTa/+),)and)12)control)WT)(7)

males,)6)females).'Individuals'dead'during'the'experiment'>me:'two'EdaTa/Y)and'one'male'WT.)

�  Each'mouse'was'weighted'and'imaged'weekly'using'μCT'from'1'to'4'months0old,'and'then'bi0monthly'(Micro0CT'system:'

eXplore'CT'120,'GE'Healthcare,'Waukesha,'USA).'

�  Protocol'acquisi>on:'360 views'over'360°,'at'80'kV,'32'mA,'and'exposure'>me'of'16'ms'with'a'total'scan'>me'of'

approximately'3'to'5'minutes'according'to'the'size'of'the'mouse.'

� Quan>fica>ons'analyses'were'performed'using'MicroView©'(GE'Healthcare,'Waukesha,'USA).'Each'>me,'length,'height'and'

lateral'surface'area'projec>on'of'the'right'hemimandible'were'measured'on'a'3D'virtual'reconstructed'image.'

� A'sta>s>cal'Wilcoxon0Mann0Whitney'test'was'made'between'the'mean'of'each'strain'at'each'measure'(Sta>s>ca'7.1'

sokware'package,'Statsok'Inc.,'Tulsa,'USA).'

(1)%Clauss,%F.,%Maniere,%M.%C.,%Obry,%F.,%Waltmann,%E.,%HadjBRabia,%S.,%Bodemer,%C.,%Alembik,%Y.,%Lesot,%H.,%and%SchmiJbuhl,%M.%DentoBcraniofacial%phenotypes%and%underlying%molecular%mechanisms%in%hypohidroMc%ectodermal%dysplasia%(HED):%a%review.%(2008)%J.%Dent.%Res.%87,%1089B1099.%
(2)%Bornert%F,%Choquet%P,%Gros%CBI,%AuberMn%G,%PerrinBSchmiJ%F,%Clauss%F, Lesot%H,%ConstanMnesco%A,%SchmiJbuhl%M.%Subtle%morphological%changes%in%the%mandible%of%Tabby%mice%revealed%by%microBCT%imaging%and%ellipMcal%Fourier%quanMficaMon.%(2011).%Front.%Physiol.%%20,%%2B15.%

������������������������������������� �����
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Quantification of taurodontism: interests in the early
diagnosis of hypohidrotic ectodermal dysplasia
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OBJECTIVE: The aim of this study was to provide a

quantification of taurodontism in Hypohidrotic Ectoder-

mal Dysplasia (HED) and to report its occurrence in a

cohort of HED patients to assess phenotypic–genotypic

correlations.

PATIENTS AND METHODS: Of 68 HED patients ret-

rospectively reviewed, 16 patients aged 7–51 years were

selected and compared with a control sample (n = 351).

The pulp surface index of the first lower permanent

molar was calculated from the panoramic radiograph of

each individual, and statistical comparisons between the

HED patients and the control sample were performed.

RESULTS: Whatever the genetic disorder, 81.25% of the

HED patients exhibited a relative enlargement (‡1 s.d.)

of the pulp. Major deviations (>5 s.d.) were respectively

related to men affected by large deletion of the EDA gene

or missense mutation. The autosomal recessive form

was linked to a relative moderate pulp enlargement

(3.44 s.d.). In NEMO forms, the increase of pulp size in

men appeared to be less marked than in EDA mutations.

CONCLUSION: This study provides for the first time an

objective assessment of pulp enlargement in HED

patients, and the various degrees of taurodontism

depicted could be interesting dental phenotypic markers

of HED forms.

Oral Diseases (2010) 16, 292–298

Keywords: taurodontism; hypohidrotic ectodermal dysplasia;

EDA; EDAR; NEMO

Introduction

Hypohidrotic ectodermal dysplasia belongs to a large
and heterogeneous nosological group of polymalforma-
tive syndromes characterized by abnormal development
of ectodermal structures, including teeth, nails, hairs
and eccrine glands (Pinheiro and Freire-Maia, 1994;
Mikkola and Thesleff, 2003). This syndrome is caused
by mutations of the genes involved in the Ectodysplasin
(EDA)-NF-jB pathway. X-linked hypohidrotic ecto-
dermal dysplasia (XLHED) corresponds to mutations of
the EDA gene encoding for the functional EDA-A1
isoform interacting with EDA Receptor (EDAR) (Kere
et al, 1996; Schneider et al, 2001; RamaDevi et al,
2008). The autosomal forms (recessive and dominant)
involve mutations of both EDA Receptor and EDA
Receptor-associated Death-domain genes (EDAR and
EDARADD) (Chassaing et al, 2006; Bal et al, 2007; Van
der Hout et al, 2008). Syndromic HED with immuno-
deficiency (HED-ID) is caused by mutations in NF-jB
Essential Modulator gene (NEMO) (Zonana et al, 2000;
Smahi et al, 2002).

Phenotypic signs consist of hypotrichosis, hypohidro-
sis and craniofacial and dental abnormalities (Monto-
nen et al, 1998; Ruhin et al, 2001; Johnson et al, 2002;
Lamartine, 2003; Clauss et al, 2008). Dental phenotype
consists of various degrees of oligodontia with other
dental abnormalities (microdontia, cone-shaped teeth).
These abnormalities could correspond to interesting tell-
tale signs in the early diagnosis of this syndrome and for
the genetic counselling of female carriers.

Taurodontism is one of the dental abnormalities
frequently encountered in HED syndrome, as reported
in the literature (Jorgenson, 1982; Crawford et al, 1991;
Glavina et al, 2001; Lexner et al, 2007). This abnormal-
ity is characterized by a vertical elongation of the pulp
chamber associated with an apical displacement of the
root bifurcation or trifurcation (Keith, 1913; Jaspers
and Witkop, 1980; Jafarzadeh et al, 2008). Diagnosis of
taurodontism is usually based on a subjective evaluation
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of the radiographic apical displacement of the pulp
chamber floor (Shaw, 1928). Some attempts for quan-
tification of taurodontism have, however, been proposed
(Keene, 1966; Blumberg et al, 1971; Shifman and
Chanannel, 1978), but these approaches remain rela-
tively confidential and surprisingly, they do not account
for a well-known biological phenomenon, i.e. the age-
related reduction of the pulp chamber size (Ketterl,
1983; Morse, 1991).

In HED patients, taurodontism seems to affect
preferentially primary molars and permanent molars
with a relatively high prevalence (Crawford et al, 1991;
Lexner et al, 2007). To date, no attempt of taurodon-
tism quantification has been proposed in the context of
this syndrome (Jafarzadeh et al, 2008).

The aim of the study was (i) to characterize the
taurodontism by calculating the pulp surface index from
digital panoramic radiographs, (ii) to report the occur-
rence of this abnormality in the present cohort of HED
patients. Furthermore, the precise quantification of the
degree of taurodontism could provide the opportunity
to assess phenotypic–genotypic correspondence, and
could therefore lead to an interesting clinical predictor
of HED variants.

Patients and methods

The patients with clinically diagnosed HED were
recruited from the National French Reference Center
for Dental Manifestations of Rare Diseases (Oral and
Dental Care Unit, University Hospital, Strasbourg,
France) and the National French Reference Center
for Genodermatosis (Department of Dermatology,
Necker-Enfants Malades Hospital, AP-HP, Paris). A
total of 68 patients were retrospectively reviewed
and 42 of them presented mutations identified either
in EDA, EDAR and NEMO genes. The genotyping
was performed by the Department of Medical Genet-
ics (Purpan University Hospital, Toulouse, France)
and the Laboratory of Genetics (Necker-Enfants
Malades Hospital, AP-HP, Paris) using previously
published protocols (Vincent et al, 2001; Chassaing
et al, 2006; Bal et al, 2007). A control sample of
351 individuals (205 men and 146 women) was also
included in the study. The age of the subjects
ranged from 5 to 76 years, with an average age of
37.33 years.

For this retrospective study, the majority of pano-
ramic radiographs were collected from patients who
were referred to the Department of Radiology (Oral
Health Care Department, University Hospital, Stras-
bourg, France) between 2007 and 2008. All the imaging
examinations were performed by the same operator
using a ProMax Digital Panoramic device (Planmeca,
Helsinki, Finland). For some HED patients, radio-
graphs were provided by their dentist. The panoramic
radiograph of each individual was examined. The
selection criteria for inclusion of panoramic radiographs
in the study were: equality of the mandibular ramus
width, upper concavity of the occlusion plane and
minimal tooth proximal superimpositions.

Only the first permanent mandibular molars were
retained for the purpose of this study. Patients with
carious lesions, apical infectious pathologies, endodon-
tic treatments and crown restorations were excluded
from the study. The dental maturity of the selected teeth
corresponded at least to Dermirjian F stage (Demirjian
and Levesque, 1980). As no significant differences
between controlateral teeth of the same type exist
(Solheim, 1992; Kvaal et al, 1995; Bosmans et al,
2005), left and right teeth were pooled for the analysis.

After filtering out HED patients according to the
previous selection criteria, only 16 patients aged 7–
51 years were selected. Among these patients, 11
presented mutations identified in EDA, EDAR or
NEMO genes.

Pulp size and crown size were estimated using an
original procedure of image processing and analysis.
Outlines of the first molar and of the pulp were obtained
using the Adobe IllustratorÒ CS3 software (Adobe, San
Jose, CA, USA) by fitting a Bezier curve to the
corresponding margins of the tooth and the pulp from
each panoramic radiograph. The pulp crown surface
was defined as the part of the pulp located above a
parallel line to the cement–enamel junction and tangent
to the highest point of the pulp floor (Figure 1). The
crown surface corresponded to the tooth portion located
above this line. Quantification of the pulp and of the
crown areas was automatically performed using a
routine developed with Visilog 5.4Ò image analysis
software (Noesis, France).

The Pulp Surface Index, corresponding to the ratio
between the pulp crown surface (PCS) and the crown
surface (CS), was calculated for each first molar as
follows:

Figure 1 Pulp surface index (PSI) corresponding to the ratio between
the pulp crown surface (hatched area) and the crown surface (area
located above the dashed line)
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PSI ¼
PCS

CS
Â 100

Statistical analyses were performed using Statistica
7.0Ò software (Statsoft, Tulsa, OK, USA). To test the
inter-observer variation of the PSI, a random subset of
18 radiographs, selected from the control sample, were
reassessed by a second examiner. Differences between
the measurements of the two examiners were analysed
using a t-test. A Pearson correlation coefficient was
calculated between the PSI values of the two examiners
to evaluate inter-observer variation.

Descriptive statistics (mean, standard deviation) of
the PSI were calculated according to age first in the
gender-pooled control sample and then in each gender
group. Non-parametric Mann–Whitney tests were used
to examine gender differences of PSI values in each age
group. The relationship between age and PSI was
evaluated by calculating the corresponding correlation
coefficients.

For the HED group of patients, the deviation (D) of
PSI from the control sample was determined as follows:

D ¼
PSIi:DEH À PSIage:gender

s.d.age:gender
ð1Þ

with PSIi.DEH corresponding to the PSI value of the
DEH patient studied; PSIage.gender corresponding to the
PSI mean value of the age-matched and gender control
group, and s.d.age.gender corresponding to the standard
deviation of the corresponding age and gender control
group.

Results

No significant inter-observer differences of PSI values
were observed as indicated by the t-test comparison
between the two examiners (t = 0.83, P = 0.42). Fur-
thermore, a high inter-observer concordance in PSI was
demonstrated as suggested by the high value of the

correlation coefficient between the measurements of the
two observers (r = 0.95, P = 0.01).

Data from the control sample demonstrated a phys-
iological age-related reduction of the pulp surface, as
indicated by the descriptive statistics of the PSI in the
combined sample and in each gender group (Table 1,
Figure 2). Furthermore, the existence of significant
negative correlations between pulp size and chronolog-
ical age confirmed this biological trend (combined
sample: r = )0.597; men: r = )0.613; women:
r = )0.626) (Figure 2).

In the HED group, molecular data were available for
11 individuals (Table 2); the X-linked mode of inheri-
tance was encountered in 10 patients and an autosomal
recessive form was detected in one patient. EDA gene
mutations were identified in seven patients and NEMO
gene mutations were found in three individuals. EDA
gene defects corresponded principally to missense muta-
tions involving respectively exon 2, exon 6 and exon 8,
and for two patients (one mother P4 and her son P5),
mutations were large deletions encompassing exons 3–8
(Table 2). The EDAR gene mutation corresponded to a
missense mutation located in exon 12 encoding the
death domain of the receptor protein.

In the HED group, 81.25% of patients exhibited a
relative enlargement of the pulp, as suggested by the
deviations of PSI values equal or superior to 1 s.d.
(Table 2). Deviations of the pulp size were more marked
in men affected with X-linked HED than that in
heterozygous female carriers of the mutation. Major
deviations (>5 s.d.) were respectively related to a large
deletion encompassing exons 3–8 (P4) and a missense
mutation of exon 8 (P1; Table 2, Figure 2). Interest-
ingly, their mothers, carriers of the same mutations (P5,
P7), exhibited normal or moderate enlargement of pulp
size. Minor deviations (<2.5 s.d.) were observed in
women respectively affected by missense mutation of
EDA gene exon 8 or by NEMO gene defect. The
autosomal recessive form was linked to a relative
moderate pulp enlargement, as suggested by the devia-
tion slightly >3 s.d. (Table 2, Figure 2).

Figure 2 Variations of the pulp size in HED
patients compared with those of the control
sample. Cohort of HED patients: round
symbols (d) denote women, diamond sym-
bols (¤), men; EDA, EDA gene mutation;
NEMO, NEMO gene mutation; EDAR,
EDAR gene mutation; ex, exon; ?, unknown
molecular diagnosis. For the control sample,
PSI variations according to chronological age
are given; for each age group, boxes corre-
spond to the mean ± 1 s.d.; white boxes,
men; grey boxes, women
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In NEMO mutations, the increase of pulp size in men
appeared to be less marked than that in EDA mutations
as suggested by the corresponding deviations (Table 2).
In women, pulp size is comparable with that linked with
EDA mutations (Figure 2).

Discussion

This study provides, for the first time, an objective
assessment of pulp enlargement in HED patients.
Various approaches for pulp size description have been
proposed, essentially in the context of forensic age
estimation (Kvaal and Solheim, 1994; Drusini et al,
1997; Paewinsky, 2005; Cameriere et al, 2007), but no
surface characterization in syndromes, especially in
HED, seems to be reported in the literature.

The diagnosis of taurodontism corresponds generally
to a subjective estimation of pulp enlargement in molars.
From these examinations, the varying degrees of
expression of this abnormality were classified in increas-

ing order of severity as hypotaurodontism, mesotaur-
odontism and hypertaurodontism (Shaw, 1928; Keene,
1966; Shifman and Chanannel, 1978). According to
Seow and Lai (1989), a crown (C) and body height (B)
to root length (R) ratio (CB:R) of slightly <1 is
considered to be the normal limit for the diagnosis of
taurodontism. In our study, the definition of taurodont
tooth relies on statistical distribution parameters,
i.e. a PSI value larger than 1 standard deviation;
moreover, age-related physiological reduction of
pulp size chamber and gender differences are taking
into account for pulp enlargement estimation as indi-
cated by the mode of calculation of PSI deviation (1).
Thus, the present quantitative approach avoids the
inherent bias resulting from observer subjectivity,
improves reliability and allows statistical determination
of taurodontism.

Dental pulp reduction, which corresponds to a
continuous deposition of dentin throughout life after
crown formation, has been extensively studied (Ketterl,

Table 1 Pulp surface index (PSI): descriptive statistics (mean, standard deviation) in the gender-pooled control sample and in each gender group;
results of the between-gender comparisons (Mann–Whitney test)

Age group

Male + Female Male Female

M–Wn Mean s.d. n Mean s.d. n Mean s.d.

5–10 34 11.58 1.93 20 12.32 1.80 14 10.53 1.63 **
11–20 36 9.90 1.90 18 10.14 1.96 18 9.67 1.87 n.s.
21–30 59 8.44 1.96 30 8.99 1.88 29 7.88 1.92 *
31–40 71 7.67 1.89 43 8.04 1.93 28 7.08 1.72 *
41–50 55 6.91 1.97 32 7.00 1.99 23 6.80 1.98 n.s.
51–60 60 7.17 1.87 37 7.38 1.99 23 6.84 1.64 n.s.
61–70 27 6.02 1.49 19 6.47 1.40 8 4.97 1.16 *
71–80 9 6.12 1.17 6 6.75 0.75 3 4.88 0.74 *
Age group combined 351 8.04 2.41 205 8.31 2.48 146 7.65 2.27 *

n, sample size; s.d., standard deviation; Min, minimum; Max, maximum; M–W, Mann–Whitney test; n.s., non-significant.
**P < 0.01; *P < 0.05.

Table 2 Deviation of pulp size in HED patients vs control sample

Patient Age Gender
Gene

involved
Gene

location
Mode of
inheritance

PSI
value

Deviation of
HED vs Control*

P6 8 M EDA Exon 6 X-linked 18.62 +3.50
P9 8 M EDA Exon 2 X-linked 20.27 +4.42
P4 9 M EDA Exons 3–8 X-linked 22.25 +5.52
P1 14 M EDA Exon 8 X-linked 21.89 +5.99
P2 51 M EDA Exon 6 X-linked 14.38 +3.53
P5 40 F EDA Exons 3–8a X-linked 11.27 +2.44
P7 41 F EDA Exon 8b X-linked 6.49 )0.16
P12 25 F EDAR Exon 12 AR (htz.) 14.40 +3.44
P3 11 M NEMO n.d. X-linked 16.88 +3.44
P14 7 F NEMO n.d. X-linked 14.07 +2.17
P15 18 F NEMO n.d. X-linked 10.61 +0.50
P10 17 M n.d. n.d. n.d. 9.30 )0.43
P8 24 M n.d. n.d. n.d. 8.06 )0.50
P16 22 F n.d. n.d. n.d. 10.24 +1.23
P11 31 F n.d. n.d. n.d. 10.43 +1.95
P13 39 F n.d. n.d. n.d. 10.56 +2.53

M, male; F, female; AR (htz.), heterozygous autosomal recessive form in a heterozygous female patient; n.d., mutation not defined.
*For each HED patient, deviation of the PSI value from mean PSI value of the corresponding age and gender control group is given.
Superscript alphabets indicate mothers of patients P4 and P1.
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1983; Morse, 1991) and this feature is mainly used for
age estimation (Solheim, 1992; Paewinsky et al, 2005;
Meinl et al, 2007). In the context of syndromes, the
physiological pulp reduction was sometimes taken into
consideration to characterize taurodontism (Chaussain-
Miller et al, 2003), but never in HED. Sexual dimor-
phism is another biological aspect that might be
considered in pulp size quantification. Although con-
flicting results have been demonstrated in the literature
(Demirjian and Levesque, 1980; Drusini et al, 1997;
Chandler et al, 2003; Cameriere et al, 2007), some
significant gender differences are outlined in our study.
Thus, these differences need to be considered and led us
to include gender as a factor in the determination of the
PSI deviation (1).

Area assessment of the pulp size seems to be a more
sensitive approach than conventional measurements for
depiction of pulp enlargement. Indeed, area corresponds
to a square function maximizing much more subtle size
deviations than a linear measurement ratio would
characterize. This aspect may be of interest in the
detection of pulp changes in HED syndromes.

Panoramic radiographs were used in our approach for
estimating pulp enlargement. This examination provides
a large view in which all the teeth are recorded in a single
image. The assessment of the first permanent mandib-
ular molars was preferred as these teeth were better
defined than the permanent maxillary molars, and their
pulp chambers were fully visible. According to Seow and
Lai (1989), orthopantomograms may be associated with
distortions, but the authors demonstrated that there
were no statistically significant differences between
measurements from periapical radiographs and mea-
surements from panoramic radiographs for the evalua-
tion of taurodontism in the first mandibular molar. In
addition, the methodology used in this study seems to be
reliable for the investigations of large samples as
panoramic view is the exploration of choice for initial
examination of patients (FDA, 1987;White andPharoah,
2009).

The majority of the identified mutations corre-
sponded to EDA mutations (7 ⁄ 11). The other genetic
defects were identified as one EDAR and three NEMO
mutations. Ectodermal dysplasia caused by NEMO
gene mutations remains scarce; the incidence of
NEMO mutations resulting in HED-ID is <1 in
250 000 live male births (Orange et al, 2004). Surpris-
ingly, our cohort of HED patients includes an
exceptional number of individuals affected by NEMO
mutations. This may be as a result of the inclusion
protocol of the National French Reference Center for
Genodermatosis (Department of Dermatology, Neck-
er-Enfants Malades Hospital, AP-HP, Paris) that
gathers information on patients with this type of
syndrome from all over the French territory.

Of the EDA mutations identified, the majority of
them were missense mutations (5 ⁄ 7). These results
parallel the corresponding frequencies reported in the
literature, underlying the high frequency of missense
mutations among EDA gene defects (Pääkkönen et al,
2001; Vincent et al, 2001; Conte et al, 2008).

The large deletion affecting exons 3–8 is unique.
Generally, most of the corresponding mutations encom-
pass between 1 and 3 exons, as indicated in earlier
reports (Kere et al, 1996; Bayés et al, 1998; Conte et al,
2008). Vincent et al (2001) described also a large
deletion but involving all the EDA gene exons. Large
EDA gene deletions are associated with severe molecular
consequences (Vincent et al, 2001; Conte et al, 2008).
However, these genetic defects remain rare, as suggested
by the corresponding low prevalencies, i.e. 5.5% and
5.9% as respectively described by Conte et al (2008) and
Vincent et al (2001).

Compared with the reported prevalence of pulp
enlargement in normal populations, ranging from
0.1% to 48.0% (Pindborg, 1970; Sarr et al, 2000), a
higher frequency seems to characterize our cohort of
HED patients irrespective of the molecular defects.
Indeed, 81.25% of the patients exhibited PSI values
equal or superior to 1 s.d. (Table 2). Moreover, the
prevalence of pulp enlargement is higher in our HED
sample than the 66.15% and 70.21% reported respec-
tively by Crawford et al (1991) and Lexner et al (2007).
As these previous approaches relied generally on a
subjective evaluation, it might be hypothesized that the
degree of taurodontism might have been slightly under-
estimated by these authors.

The pulp enlargement in men affected by EDA
mutations corresponds to a marked taurodontism, as
underlined by the large deviations of PSI values
(Table 2, Figure 2). This clinical sign may provide an
interesting dental phenotypic marker of XLHED.
Moreover, the degree of taurodontism in patients
bearing EDA gene abnormalities seems to be more
severe than that detected in NEMO mutation (Figure 2).
Even if further phenotypic analyses with larger HED
samples need to be conducted, our observation gives for
the first time a distinctive characterization of pulp
enlargement between XLHED and HED-ID forms,
which might be useful for their respective diagnosis.

The most important pulp enlargement seems to be
associated with the large deletion encompassing exons
3–8 (patient P4). In this genetic disorder, exon 4
encoding the (Gly-X-Y)19 domain is affected, leading
to severe anomalies of the extracellular trimerization,
EDA–EDAR binding and EDA-A1 functions (Visinoni
et al, 2003) likely to induce dental developmental
alterations and thus pulp disorders. Marked pulp
enlargement is also associated with missense mutations
in exons 2 and 8, encoding respectively for proteolytic
cleavage site for a furin protease (Pääkkönen et al, 2001;
Schneider et al, 2001) and for the extracellular TNF
homology sub-domain necessary for receptor binding
(Tariq et al, 2007; RamaDevi et al, 2008). Moreover,
the resulting severe molecular anomalies seem to be
associated with marked dental phenotypic manifesta-
tions (Clauss et al, 2008), emphasizing thus the major
role of these different coding regions in odontogenesis.

Moderate pulp enlargements are encountered in
patients (P2, P6) affected by exon 6 mutations (Fig-
ure 2); this exon being involved in the encoding of the
TNF homology sub-domain necessary for receptor
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binding. In these patients, the moderate pulp enlarge-
ment is associated with a relatively mild-to-moderate
dental phenotype resulting in oligodontia and non-
systematic dental dysmorphologies (Clauss et al, 2008).
Such a moderate phenotype suggests the existence of a
more conservative mutation on the EDA-A1 quaternary
molecular structure, allowing for the partial EDA–
EDAR binding.

Mild pulp enlargement or normal pulp sizes (Table 2,
Figure 2) are found in heterozygous female carriers of
EDA mutation (exons 3–8 large deletion and exon 8
missense mutation observed respectively in patients P5
and P7) or NEMO mutations (patients P14 and P15).
For female carriers of EDA gene mutations, our cohort
included their sons. The subnormal pulp size encoun-
tered in women affected by EDA, compared with the
marked pulp enlargement in the affected sons, empha-
sizes thus the existence of lyonization phenomenon
consisting in the accidental inactivation of an X-chro-
mosome in HED syndromes (Lyon, 1961; Glavina et al,
2001). This phenomenon is probably responsible for the
reduced pulp enlargement in NEMO women.

Interestingly, the change in the EDAR gene involving
exon 12 (patient P12), which encodes the Receptor death
domain, seems to be linked to a relatively marked pulp
enlargement (+3.44 s.d.). Besides, the patient exhibited
a mild dental phenotype: the agenesis of the two
maxillary permanent lateral incisors (data not shown).
Therefore, these observations suggest that the size of the
pulp could provide a tell-tale sign in the diagnosis of
autosomal recessive forms. This is all the more interest-
ing as phenotypic differences between the autosomal
recessive and dominant forms remain difficult to inter-
pret (Chassaing et al, 2006).

In conclusion, this study provides, for the first time,
an objective assessment of the pulp enlargement in HED
patients. Neither surface characterization of the pulp
nor any physiological pulp reduction in HED patients
seem to have been reported to date in the literature. As
area assessments seem to be more sensitive than
conventional measurements to quantify pulp enlarge-
ment, the approach employed in this study could be of
interest to detect subtle size changes in HED. Irrespec-
tive of the genetic disorder, the prevalence of pulp
enlargement seems to be higher in our sample than that
in normal population. The higher prevalence, compared
with those reported in other HED studies, suggests a
possible underestimation of the degree of taurodontism
in previous attempts of pulp size characterization. Even
if further phenotypic analyses with larger HED samples
need to be conducted, the different degrees of pulp
enlargement seem to provide interesting dental pheno-
typic markers of the HED forms. The degree of
taurodontism associated with EDA defects seems to be
more severe than that detected in NEMO mutations,
leading for the first time to a distinctive characterization
of pulp enlargement between XLHED and HED-ID
forms. Moreover, the relatively marked pulp enlarge-
ment associated with mild dental phenotypes, as
encountered in EDAR mutations, may suggest that the

pulp size could be of interest in the depiction of
autosomal recessive forms.
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XLHED and consist in reduced and retrognathic maxilla, frontal 

prominence, cranial base modifications, reduced facial convexity 

and facial height with deficiencies in sagittal and transverse skel-

etal growth (Johnson et al., 2002; Arslan et al., 2007; Clauss et al., 

2008). Global reduction of facial growth, especially in the middle 

third of the facial skeleton, and mandibular growth retardation 

are integrated in HED craniofacial phenotype (Dellavia et al., 

2010). Bone structural modifications have also been described in 

patients affected by XLHED and correspond to local increases of 

alveolar and basal bone densities and hypercorticalization (Lesot 

et al., 2009). Heterozygous female carriers of XLHED exhibit mod-

erate phenotypic manifestations consisting in hypodontia, mild 

dental morphological defects, distribution of abnormal skin along 

Blaschko lines, and some craniofacial changes as midface hypoplasia 

and abnormal cranial base length (Cambiaghi et al., 2000).

Tabby (Ta) mutant mouse mimicking human XLHED, results 

from a Ta gene mutation sharing a 97% sequence homology with 

EDA human gene (Srivastava et al., 1997). Phenotypically, this 

mouse model displays the same ectodermal defects with alopecia, 

eccrine glands hypoplasia, dental ageneses, microdontia or dental 

crown, and root morphological alterations (Tucker et al., 2000; 

INTRODUCTION

Hypohidrotic ectodermal dysplasias (HED) are a large and heter-

ogenous group of heritable genodermatoses, encompassing more 

than 200 distinct syndromes and characterized by structural abnor-

malities of ectodermal appendages (DiGiovanna et al., 2009; Itin, 

2009). Ectodermal dysplasias are not considered as pure one-layer 

syndromes. Indeed, mesodermal abnormalities are also found given 

the close reciprocal interactions observed between the ectoder-

mal and mesodermal layers (Itin, 2009). The most prevalent HED 

is X-linked hypohidrotic ectodermal dysplasia (XLHED) and is 

due to a mutation in EDA gene (Vincent et al., 2001). EDA gene 

undergoes alternative splicing and encodes a morphogenetic fac-

tor called Ectodysplasin-A1 isoform with tumor necrosis factor 

(TNF) and collagen domains involved in cell interaction regulation, 

epithelial morphogenesis, and ectodermal development (Monreal 

et al., 1998).

The clinical phenotype of individuals affected by HED is com-

plex and includes hypotrichosis, dental agenesis and morphological 

defects, onychodysplasia and eccrine glands aplasia, or hypopla-

sia, being the main features (Pinheiro and Freire-Maia, 1994). 

Craniofacial and anthropometric changes are also described in 
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Kristenova et al., 2002; Charles et al., 2009). Dental abnormalities 

in Ta mice were characterized by a marked phenotypic variability 

(Kristenova et al., 2002; Peterkova et al., 2002). A skeletal pheno-

type in Ta mice was also described, consisting of spontaneous tail 

vertebral fractures linked to epiphyseal and subepiphyseal dyspla-

sia as well as bone microstructural defects with increased tibial 

trabecular interconnectivity (Hill et al., 2002). Interestingly, there 

are few observations about craniofacial morphology in Ta mice 

and no quantitative data describing the mandibular aspects in this 

syndrome seem to be available in literature.

Given its relatively low prevalence (Pinheiro and Freire-Maia, 

1994), studies of humans may never provide enough data to docu-

ment the extent of phenotypic variation in HED. Furthermore, the 

underlying assumption is that the mandibular shape phenotype 

will reflect main and direct morphological effects of the EDA gene 

mutation associated to HED. Consequently, the study of the cor-

responding mutant mouse model provides a pertinent compara-

tive framework that is likely to highlight the genotype–phenotype 

correlation in HED, offering further information on the role of 

EDA gene in the etiology of mandibular dysmorphology in HED.

In the current study, we document the morphological changes 

in the mandible of Ta mice in order to complete the general phe-

notypic picture of HED syndrome. To accomplish it, 2D elliptical 

Fourier analysis (Kuhl and Giardana, 1982; Schmittbuhl et al., 2003) 

of the whole mandibular outline precisely recorded from micro-

CT 3D reconstruction of the left mandible was carried out. Using 

such detailed characterization of the mandible, our objectives are 

to (1) quantitatively evaluate morphological variation among and 

within the different mice groups under study, (2) depict the shape 

differences resulting from the phenogenetic processes associated 

with XLHED, and (3) provide a comparative framework that could 

be pertinent in interpreting the genotype–phenotype correlation 

in HED.

MATERIALS AND METHODS

TABBY MOUSE MODEL

Tabby mice harbored the EdaTa null allele of the Eda gene, carried 

by the X-chromosome. The Ta mutation results from a 2 kb dele-

tion which includes the exon 1 coding region. EdaTa mice were 

generated from the inbred Ta strain B6CBACa Aw-J/A-EdaTa/J-XO 

(Jackson Laboratory, USA). The phenotype was identified accord-

ing to external morphological criteria: bald patches behind ears and 

deformities in the distal portion of the tail for hemizygous males 

(EdaTa/Y), striping of the coat for heterozygous females (EdaTa/+). 

WT mice were generated by inbreeding wild-type animals derived 

from the B6129PF2/J strain considered as control for strains desig-

nated by B6. WT mice and Ta heterozygous females and hemizygous 

males were genotyped according to previously published protocols 

(Bourgeois et al., 1998) through PCR amplification using specific 

forward and reverse oligonucleotides (3F-7R, 6F-8R, and 5F-6R), 

derived from −3 to +1.9 kb murine genomic sequence surround-

ing exon 1 of the WT Eda gene. The presence of a deletion in Eda

gene exon 1 was observed in Ta specimens, as the 6F-8R prim-

ers allowed for amplification only in Ta heterozygous females 

and WT. The expected genotype of each Ta mice was confirmed 

by the absence of the 5F-6R primed fragments in Ta males. Mice 

 population sample included 74 specimens, 15 hemizygous males 

(EdaTa/Y), 24 heterozygous females (EdaTa/+), and 35 control WT 

mice (19 males, 16 females). The Ta sample overlapped the sample 

studied by Kristenova et al. (2002). All the specimens studied were 

adults (3-month-old mice). Mice were killed by intraperitoneal 

lethal injection of pentobarbital. The experimental protocol was 

designed in compliance with recommendations of the EEC (86/609/

CEE) for the care and use of laboratory animals. The animals were 

fixed in 1:10 37% formol, 3:4 100% ethanol, and 3:20 distilled water 

solution for 15 days.

MICRO-CT SCANNING

Ex vivo imaging of full heads was performed using a micro-CT 

system (eXplore CT 120, GE Healthcare, Waukesha, WI, USA). The 

protocol used acquired 360 views on 360°, at 100 kV, 50.0 mA, with 

an exposure time of 20 ms (Figure 1A). The duration of one acquisi-

tion was less than 4 min. A Feldkamp algorithm of  backprojection 

led to the reconstruction of a volume made of cubic voxels of 

50 µm × 50 µm × 50 µm.

IMAGE PROCESSING

The first steps of the image analysis procedure were performed 

using MicroView® (GE Healthcare, Waukesha, WI, USA). The left 

hemimandibles were segmented by using region of interest (ROI) 

and volume of interest (VOI) functions. A 3D virtual reconstruc-

A

B

C

D

E

F

FIGURE 1 | Micro-CT scanning and image processing of the mouse 

mandible. Transverse micro-CT slice of the craniofacial skeleton (A). Three-

dimensional reconstruction of the whole mandible (B). The left hemimandible 

appeared as a relatively plane structure and was aligned parallel with the sagittal 

plane (C). Horizontal orientation of the mandibular plane (dashed white line) 

(D). Binarized image and segmentation of the mandibular bone (E). Extraction of 

the mandibular outline (F); the starting point of the outline (red cross) 

corresponded to the anterodorsal tip of the incisor alveolar bone.
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on Tukey’s test was then computed to determine which mouse 

strains were statistically different from the others. All the analyses 

were performed using Statistica 7.1 software package (Statsoft Inc., 

Tulsa, OK, USA) and PAST 1.92 (Hammer et al., 2001).

tion of each left mandible was then computed using the isosurface 

volume rendering module with a threshold value set at 600 HU 

(Figure 1B). The hemimandible was aligned parallel with the sag-

ittal plane (Figure 1C) and the mandibular plane was oriented 

horizontally (Figure 1D). The mandibular images were then proc-

essed using the software package Visilog 5.4® (Noesis, Gif sur Yvette, 

France). As each hemimandible could be considered as a relatively 

plane bony structure (Figure 1C), the 2D mandibular outline was 

extracted from the binarized image of each hemimandible lateral 

view as a series of 512 points expressed by its 2D Cartesian coor-

dinates (Figure 1E). The standardized starting point of the outline 

corresponded to the anterodorsal tip of the incisor alveolar bone 

(Figure 1F).

ELLIPTICAL FOURIER ANALYSIS

Elliptical Fourier analysis was used to describe the mandibular 

outline following our previous work (Schmittbuhl et al., 2003). 

The size normalization procedure consisted in a recalculation of 

the mandibular outline using the same value of the enclosed area 

for all mandibles. Step-by-step reconstructions of the mandibular 

outlines were performed using an increasing number of harmonics 

(Figure 2). A fit index, obtained from the sum of squared distances 

between the reconstructed points and the corresponding points on 

the original outline, was calculated for each step of the reconstruc-

tion (Schmittbuhl et al., 2003). Reconstructions were made point 

by point and corresponded to a summation of vectors, each vec-

tor having its origin on the center of the corresponding harmonic 

ellipse and its extremity on the contour of the considered ellipse 

(Video S1 in Supplementary Material).

MANDIBULAR SIZE VARIATION ANALYSIS

Size variation was evaluated on the mandibular area corresponding 

to the enclosed area of the mandible in lateral projection.

STATISTICAL ANALYSES

Each harmonic corresponded to an ellipse summarized by three 

elliptical descriptors (Figure 3): major axis length, minor axis 

length, and orientation of the major axis of the ellipse. The sum-

mary statistics (mean, SD) of the elliptical Fourier descriptors 

were derived for each mouse strains and each sex (WT males, WT 

females, EdaTa/Y, EdaTa/+). The quality of fit with the normal dis-

tribution was estimated by using the Kolmogorov–Smirnov test. 

The degree of distinction among mouse strains was assessed and 

displayed graphically using a discriminant analysis. Correlations 

between elliptical descriptors and discriminant axes were calcu-

lated. The unbiased Mahalanobis D2 distances – e.g., corrected for 

unequal sample sizes – between the centroids of each group were 

calculated to express inter-mouse strains variability. A classification 

procedure of the specimens was also performed from the derived 

discriminant scores, and a cross-validation (Jackknifed classifica-

tion) was applied to estimate the correct classification rate of the 

discriminant functions (Everitt and Rabe-Hesketh, 2001). Next, 

mandibular size comparisons between mouse strains were per-

formed using an analysis of variance (ANOVA). The homogene-

ity of variance was assessed using Levene’s Test. In the presence 

of unequal variance, a Welch F test was used to detect significant 

between-group differences. A post hoc pairwise comparison based 

original
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FIGURE 2 | Morphological analysis of the step-by-step elliptical Fourier 

reconstructions. Example of a lateral mandibular outline reconstruction in 

hemizygous EdaTa/Y mice using the 24 first Fourier harmonics. The ramus and 

the body of the mandible (r.m. and b.m. respectively) started to be described 

with the second and third harmonics. The coronoid process (c.p.), the 

mandibular condyle (m.c.), and the angular process (a.p.) appeared with the 

fifth harmonic. The mandibular notch and the concavity of the posterior border 

of the ramus were reconstructed together with the previous anatomical 

structures. Coronoid process, mandibular condyle, and angular process were 

correctly outlined with the summation of the 9th harmonic, and subtle 

features of these three parts of the mandible were characterized from the 

16th harmonic. The height of the body of the mandible was defined around 

fourth and fifth harmonics. The incisor alveolar bone (i.a.) appeared with the 

fourth harmonic and a correct description was acquired using the first ninth 

harmonics.
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MA

mA

MAo

FIGURE 3 | Each harmonic corresponded to an ellipse summarized by 

three elliptical descriptors: major axis length (MA), minor axis length 

(mA), and orientation of the major axis of the ellipse (MAO). The 

orientation of the ellipse corresponds to the angle formed by the major axis 

and the horizontal reference axis.

Table 1 | Elliptical Fourier analysis of the lateral outline of the mandible in WT, EdaTa/Y, and EdaTa/+ mice. Summary statistics of the elliptical descriptors of 

the first 10 harmonics.

Fourier Elliptical Mouse strains

harmonics descriptors WT males WT females Hemizygous EdaTa/Y Heterozygous 

     males EdaTa/+ females

  Mean SD Mean SD Mean SD Mean SD

1 Major axis length 8.44 0.15 8.50 0.09 8.71 0.19 8.58 0.16

 Minor axis length 3.98 0.08 3.98 0.06 3.91 0.11 3.94 0.08

 Elliptic orientation 167.8 1.62 168.5 0.95 167.5 0.96 167.6 1.05

2 Major axis length 1.44 0.13 1.50 0.09 1.62 0.08 1.50 0.10

 Minor axis length 0.62 0.06 0.67 0.06 0.64 0.11 0.62 0.06

 Elliptic orientation 213.3 4.01 208,3 3.10 210.8 4.72 210.3 4.09

3 Major axis length 0.56 0.04 0.48 0.04 0.58 0.10 0.57 0.08

 Minor axis length 0.33 0.07 0.33 0.04 0.28 0.05 0.28 0.07

 Elliptic orientation 178.5 42.13 178.0 29.86 190.3 11.80 175.7 16.12

4 Major axis length 0.81 0.04 0.82 0.03 0.90 0.05 0.84 0.04

 Minor axis length 0.31 0.07 0.29 0.04 0.37 0.06 0.37 0.07

 Elliptic orientation 251.6 10.03 247.7 8.11 252.7 6.31 249.1 8.25

5 Major axis length 0.61 0.06 0.65 0.04 0.67 0.05 0.66 0.05

 Minor axis length 0.04 0.03 0.05 0.04 0.08 0.05 0.08 0.05

 Elliptic orientation 182.8 3.44 178.8 3.66 179.8 4.08 179.6 3.30

6 Major axis length 0.43 0.03 0.45 0.04 0.49 0.03 0.43 0.04

 Minor axis length 0.05 0.03 0.04 0.02 0.02 0.01 0.04 0.03

 Elliptic orientation 149.2 8.85 149.4 4.32 146.2 5.72 146.9 4.70

7 Major axis length 0.39 0.02 0.37 0.02 0.40 0.03 0.40 0.04

 Minor axis length 0.22 0.05 0.25 0.03 0.20 0.05 0.18 0.07

 Elliptic orientation 254.5 8.18 257.2 10.48 255.0 14.08 249.0 5.35

8 Major axis length 0.17 0.05 0.19 0.05 0.18 0.05 0.19 0.04

 Minor axis length 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.02

 Elliptic orientation 250.6 24.65 262.8 9.38 271.7 11.88 275.4 12.98

9 Major axis length 0.16 0.03 0.19 0.03 0.20 0.02 0.19 0.03

 Minor axis length 0.07 0.04 0.09 0.04 0.09 0.02 0.09 0.03

 Elliptic orientation 185.4 12.46 200.9 11.74 186.7 8.90 196.5 18.30

10 Major axis length 0.14 0.02 0.16 0.02 0.15 0.02 0.15 0.02

 Minor axis length 0.03 0.02 0,05 0.01 0.05 0.02 0.04 0.02

 Elliptic orientation 291.4 13.36 288,0 8.51 284.4 10.31 275.7 13.78

Elliptic orientation is given in degree and corresponds to the angle between the major axis of the ellipse and the horizontal axis of reference. SD, standard deviation.

RESULTS

Statistics for the elliptical Fourier descriptors (major axis length, 

minor axis length, elliptical orientation) of the mandibular out-

line for each mouse strain are reported in Table 1. An example of 

step-by-step reconstruction of the lateral mandibular outline is 

illustrated for the 24 first Fourier harmonics in Figure 2.

For each individual, stepwise summation of the first 24 ellip-

tical Fourier harmonics led to a high fit index, always greater 

than 99.5%, when the original outline was compared to the 

corresponding outline of the reconstructed sum of harmon-

ics. However, the major anatomical parts of the mandible were 

described by the 10 first harmonics (Figure 2; Table 1). Likewise 

the discriminant analysis of the elliptical descriptors was per-

formed for the first 10 harmonics because the multivariate analy-

sis was no more significant after these harmonics (Wilks’ Lambda 

values p > 0.05).

Bornert et al. Morphological changes in Tabby mandible

Frontiers in Physiology | Craniofacial Biology  April 2011 | Volume 2 | Article 15 | 4

���



of hemizygous Ta specimens from the WT males sample along DF1 

were the major axis length of the first, second, fourth, and ninth 

harmonics (Table 3). DF2, accounting for the distinction between 

hemizygous EdaTa/Y and heterozygous EdaTa/+ mice, was best cor-

related with the major axis length of the fourth Fourier ellipse and 

the orientation of the ninth ellipse (Table 3).

A noticeable overlap occurred between heterozygous EdaTa/+ 

females and WT females (Figure 4). The corresponding between-

group distance was not significant and the group classification was 

also less accurate (Table 2). This overlap indicated a common pat-

tern of mandibular morphology within the two mouse strains.

In terms of mandibular shape variations, the morphological 

differentiation between hemizygous Ta males and the WT males 

consisted of geometrical differences in the first, second, fourth, 

and ninth Fourier ellipses mainly (Table 3). The more elongated 

first ellipse in hemizygous Ta males reflected a shorter mandibular 

Subtle but significant mandibular shape differences were dem-

onstrated between hemizygous EdaTa/Y specimens, WT males, and 

a group formed by heterozygous EdaTa/+ females and WT females 

(Figure 4). However, the discriminant analysis did not reveal sig-

nificant differences between EdaTa/+ females and WT females. The 

first two discriminant functions (DF1, DF2) described 94.6% of the 

total variance, the first accounting for 60.6% of the total variance, 

the second DF for the remaining 34.0%.

Hemizygous Ta males clearly departed from the other mouse 

groups as shown by the significant distances separating the EdaTa/Y 

specimens from the other mice groups (Figure 4) and by the 

accuracy of the classification (see Table 2). The greatest difference 

occurred between hemizygous Ta males and WT males, and the 

lower distinction between Ta males and heterozygous Ta females, 

as demonstrated by the corresponding inter-group distances 

(Figure 4). The variables that were most effective in the distinction 
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6
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EdaTa/Y males

Heterozygous 

EdaTa/+ females

FIGURE 4 | Results of the discriminant analysis of the mandibular elliptical 

Fourier descriptors. Scatterplots of the Wild-type (males: red squares; females: 

red circles), hemizygous EdaTa/Y (green triangles), and heterozygous EdaTa/+ 

(green diamonds) specimens along the first and second canonical discriminant 

axes (DF1, DF2). The unbiased Mahalanobis D2 distances between the centroids 

of each mouse strain group are reported.

Table 2 | Results of the classification procedure and cross-validation procedure.

Mouse strains Proportions of specimens (%) classified as

 WT females WT males Heterozygous EdaTa/+ females Hemizygous EdaTa/Y males

WT females 87.5/62.5 0.0/6.2 12.5/31.3 0.0/0.0

WT males 0.0/5.3 100.0/89.5 0.0/5.2 0.0/0.0

Heterozygous EdaTa/+ females 12.5/33.3 0.0/4.2 87.5/50.0 0.0/12.5

Hemizygous EdaTa/Y males 0.0/0.0 0.0/0.0 0.0/0.0 100.0/100.0

Correct classification of specimens within their own group is indicated in bold.
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To our  knowledge no quantitative analysis of the mandibular phe-

notype has been undertaken although the skull and facial bones 

are dysmorphic in the Ta mutant and in human embryos with 

XLHED (Montonen et al., 1998). Elliptical Fourier analysis of the 

mandibular profile provides for the first time quantitative evidence 

of significant mandibular differences between mice carrying the 

Eda/Ta gene mutation and their non-mutant littermates.

The mandibular profile alone enables a clear distinction between 

EdaTa/Y group and the other mouse groups. Indeed, our results do 

not reveal any significant mandibular size differences between 

hemizygous Ta males and their corresponding WT specimens 

(Figure 7). Hence, the mandible is another key feature for iden-

tifying the effects of Eda/Ta mutations, and the distinctiveness of 

hemizygous Ta mice suggests that Eda/Ta defects lead mainly to 

shape abnormalities rather than size discrepancies of the mandible. 

Even if a relationship between sex and mandibular shape within the 

mouse strains exists (see the differences between males and females 

in WT sample, Figure 3), the marked departure of EdaTa/Y speci-

mens from WT males compared to the lower distinction between 

hemizygous EdaTa/Y males and heterozygous EdaTa/+ females pro-

vides evidence for a predominant effect of the Ta mutation on the 

mandibular morphology.

The marked morphological distinction of the mandibular fea-

tures in hemizygous EdaTa/Y mice integrated the well-known severe 

phenotypic expression observed in mutant Ta males (Sofaer, 1969; 

Blecher, 1986). Such result parallels previously well-established 

skeletal abnormalities such as abnormal tail vertebra (Hill et al., 

2002). Even though these bones develop from mesenchymal con-

densation (Dixon, 1997), the osseous dysmorphologies found in 

hemizygous Ta mice emphasize the role of EDA-A in the recipro-

cal epithelial–mesenchymal interactions that are of critical impor-

tance in the normal formation of the skeleton (Hall, 1980; Hall 

and Coffin-Collins, 1990; Dixon, 1997), and suggest that EDA-A 

expression in osteoblast may be a functional important factor in 

bone development (Hill et al., 2002).

ramus, and the greater major axis length of the second and fourth 

ellipses characterized a lower mandibular corpus (Figure 2). The 

aspect of the coronoid process in hemizygous Ta males seemed 

also to be different; the greater horizontal elongation of the ninth 

harmonic reflected a marked backward projection of this struc-

ture (Figure 5). The contributions of the Fourier ellipse from 

the sixth harmonic could be characterized by a slightly narrower 

neck of the mandibular condyle in Ta males compared to WT 

males (Figure 6).

Besides, hemizygous Ta males departed from the heterozygous 

Ta females–WT females cluster in having, on average, a lower man-

dibular corpus as demonstrated by the greater major axis length of 

the fourth ellipse in EdaTa/Y specimens (Tables 1 and 3). Nevertheless 

some heterozygous Ta females seemed to present a relative mor-

phological proximity with hemizygous Ta males; along DF2, some 

specimens falling near the Ta males group (Figure 4).

The overall size of the mandible differed between males and 

females in both WT and Ta mice (Figure 7). Welch F test showed 

significant differences between mouse groups (F = 19.25, p < 0.001). 

In the WT sample, females presented larger mandibles than males. 

Ta mice also evidenced significant size differences, and the mag-

nitude of the size differences paralleled those observed within the 

WT mouse sample. No statistical differences were observed between 

EdaTa/Y specimens and WT males. However, Ta mice evidenced a 

higher mandibular size variability with EdaTa/Y exhibiting the great-

est range of variation.

DISCUSSION

Elliptical Fourier analysis treats the shape of the mandible as a 

whole (Kuhl and Giardana, 1982; Schmittbuhl et al., 2003) con-

trary to other morphometric approaches based on anatomical 

landmarks and their associated measurements (Richtsmeier et al., 

2002). The few studies that investigated the mandibular change in 

Ta/eda mice provide only general descriptions, based on a visual 

estimation of the mandibular abnormalities (Grüneberg, 1971). 

Table 3 | Discriminant analysis of the elliptical Fourier descriptors in WT, EdaTa/Y, and EdaTa/+ mice: correlations between the elliptical Fourier 

descriptors and the first two discriminant functions.

Fourier First discriminant axis Second discriminant axis

harmonics r r

 Major axis Minor axis Elliptic Major axis Minor axis Elliptic 

 length length orientation length length orientation

1 −0.24* 0.09 0.02 −0.11 0.06 0.09

2 −0.22* −0.04 0.10 −0.12 0.05 −0.13

3 −0.02 0.11 −0.03 −0.14 0.01 −0.07

4 −0.28* −0.13 0.01 −0.22* −0.07 −0.10

5 −0.17 −0.10 0.12 0.02 −0.02 −0.10

6 −0.13 0.14 0.06 −0.15 0.07 0.03

7 −0.05 0.04 0.02 −0.11 0.03 −0.04

8 −0.04 −0.01 −0.19 0.08 −0.07 0.06

9 −0.20* −0.10 −0.05 0.01 0.03 0.20*

10 −0.04 −0.18 0.11 0.09 0.03 −0.09

r, Coefficient of correlation; * indicates correlation coefficient ≥0.20.
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to precise whether these changes correspond to compensations for 

other craniofacial dysmorphologies – e.g., the reduced and retrog-

natic maxilla – observed in XLHED patients (Bondarets et al., 2002; 

Johnson et al., 2002; Dellavia et al., 2006) but not yet demonstrated 

in mutant Ta mice or are caused directly by the mutation itself. 

However, the noticeable mandibular changes parallel the marked 

abnormalities of the lower tooth row (Kristenova et al., 2002; 

Peterkova et al., 2002). Hemizygous Ta specimens, in exhibiting 

Abnormalities of mandible in hemizygous Ta mice mainly con-

sisted in a restrained development of that bone along dorsoventral 

axis, the height of the mandibular corpus being particularly affected. 

Subtle shape changes also occur, corresponding to a marked back-

ward projection of the coronoid process and to a narrowing of the 

mandibular condylar neck (Figures 5 and 6). The mechanisms 

responsible for these subtle morphological changes remain unclear. 

Our results have to be supported by further investigations in order 

1 to 8

1 to 9

1 to 8

1 to 9

WT  

specimen

Hemizygous Tabby 

specimen

FIGURE 5 | Subtle shape differences between WT and hemizygous Tabby specimens highlighted by the contribution of the ninth Fourier ellipse. The greater 

elongation of the ninth ellipse (blue) reflects a more backward projection of the coronoid process in the hemizygous Tabby specimen.

A B

FIGURE 6 | Morphological comparison of the mandibular morphology between WT (A) and hemizygous Tabby (B) specimens. The 3D reconstructions illustrate 

the marked backward projection of the coronoid process, the narrower neck of the condyle, and the lower corpus of the mandible in the hemizygous Tabby specimen.
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very distinct pattern of dental and mandibular differentiation from 

WT specimens, provide thus further evidence that the mandibular 

dysmorphologies in EdaTa/Y mice are strongly correlated with Eda/Ta 

gene defects.

Heterozygous Ta mice seem to be less affected regarding man-

dibular shape, as suggested by the important overlap occurring 

with WT females (Figure 3). Nevertheless, shape variation seems 

to be higher in heterozygous females than in hemizygous males, 

some specimens presenting a relative morphological proximity with 

hemizygous Ta mice (Figure 3). This pattern of variation is congru-

ent with the marked degree of tooth row polymorphism observed 

in heterozygous EdaTa/+ females (Sofaer, 1969; Kristenova et al., 

2002; Peterkova et al., 2002; Charles et al., 2009). The higher vari-

ability of tooth and mandibular morphology might be consistent 

with a probable X-inactivation effect in females (Lyon, 1961; Plath 

et al., 2002). This molecular mechanism leads, in heterozygous Ta 

females, to a mosaic of cells with expression of a wild-type or a null 
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FIGURE 7 | Size variation of the mandible in wild-type, hemizygous 

EdaTa/y and heterozygous EdaTa/y mice. Comparable magnitude of size 

differences were depicted between WT males-WT females and between 

hemizygous Tabby males–heterozygous Tabby females. Results of the post 

hoc pairwise between-group comparisons (Tukey’s test) are reported. Box 

indicates mean (square) ±1 SD; outliers correspond to minimum and 

maximum mandibular areas.
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A B S T R A C T

Elliptical Fourier descriptor analysis is a method for the morphometric study of curves. It

has been used in the two-dimensional plane for closed contours, but rarely for lines in the

three-dimensional space. The method consists of an expansion of a contour as a sum of

ellipses. In this article, we study three-dimensional contours, i.e. lines embedded in the

three-dimensional space. We compute for the first time the relations between the Fourier

coefficients and its geometric parameters. We then use these relations for normalization

and reorientation of three-dimensional contours. Such an algorithm can be used to

perform inter-individual comparisons between contours, regardless of differences in

viewpoint or global size. Human and small animal illustrative examples using biomedical

X-ray CT imaging data of open bone structures demonstrate the interest and potential of

the method for morphological analysis.

ß 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

Les descripteurs elliptiques de Fourier permettent l’analyse morphométrique des courbes.

Ils ont été essentiellement employés en biologie pour l’analyse de lignes fermées dans

l’espace à deux dimensions mais rarement pour des lignes inscrites dans l’espace à trois

dimensions. La méthode consiste en la décomposition d’un contour en somme d’ellipses,

appelées « harmoniques elliptiques ». Dans cet article, nous étudions des contours inscrits

dans l’espace à trois dimensions et déterminons, pour la première fois, les relations

existant entre les coefficients elliptiques de Fourier et les paramètres géométriques

correspondant. Ces relations sont alors utilisées pour la normalisation et la réorientation

des contours tri-dimensionnels. L’algorithme est ainsi adapté à la comparaison inter-

individu du contour d’une même structure, indépendamment des différences de

dimensions ou de point de vue. Des exemples biologiques illustrant le potentiel de la

méthode pour l’analyse morphométrique sont exposés à partir de données clinique et

préclinique d’imagerie tomodensitométrique de structures osseuses ouvertes.

ß 2011 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Elliptic Fourier descriptor analysis is a methodfor contour

description. A closed curve is a continuous periodic function

of a parameter, so it can be alternatively representedas a sum

of cosine and sine functions of growing frequencies, affected

by coefficients referred to as ‘Fourier descriptors’ (FDs). The

sum of these cosine and sine functions converges towards

the initial contour, as the number of harmonics increases.

Each harmonic is actually an ellipse, completely defined by

its period and its FDs.

Elliptical Fourier descriptors were first described in the

two-dimensional space [1–4] with some variety regarding

the variable used for parametrization (arc length, angle,

etc.). A plane, closed contour is expressed as a sum of two-

dimensional ellipses of decreasing areas. The FDs can be

used as morphometric variables in multivariate analysis,

allowing for the distinction of groups within a set of shapes.

Most applications in two dimensions are related to

biological issues [5], for anthropology [6–8], anatomy [9],

evaluation of the response to orthodontics treatment [10],

etc. Hand-written character recognition [2,11,12] or aircraft

recognition algorithms [3,13] are other areas of use. The FDs

allow for the computation of invariants of the contour,

independent under translation, rotation or change in the

starting point on the contour [2,4]. In addition to providing

interesting information compression, FDs can be used for

smoothing contours, by keeping only the first harmonics.

In three dimensions, two different problems may be

addressed. One is the study of bounding surfaces [14–19]

where shapes are described as sum of ellipsoids. The other is

the study of closed lines embedded in the three-dimensional

space. Few papers have been published on the subject.

Numerical invariants of three-dimensional contours are

computed in reference [20] to study the influence of noise

and distortion for shape recognition purposes. In reference

[21], lines are simplified as ‘chaincodes’, reducing the

complexity of the initial contour. FDs are computed using

this formalism, and normalized to make them independent

of scale change and orientation of the global contour. In

reference [22], the author makes the FDs independent of the

starting point and uses them in the cardiology field to

identify supraventricular beats by analyzing the 3D curves

formed by the electrocardiogram vector (QRS loop). In

reference [23], the authors used 3D FDs to optimize the

fitting of protection harnesses to body shape. Some works

make use of the results in two dimensions for studying

surfaces, either by ‘slicing’ the initial 3D surface [24–26], by

combining projections [27] or using invariants [28]. None of

these papers give an explicit correspondance between FDs

and their geometric parameters.

In this article, we study lines embedded in three-

dimensional space. Real world objects, more particularly,

anatomical structures, tend to be three-dimensional rather

than two-dimensional. Tomographic imaging such as

scanner and MRI, followed by appropriate image processing,

may be used to create three-dimensional objects. We

focused on lines rather than surfaces for several reasons.

First, mathematical simplicity: Lines may be parametrized

by one-variable functions while surfaces require the

handling of multiple variable functions. Secondly, many

anatomical structures (such as skull or heart) are not closed

surfaces, making irrelevant the use of global surface

descriptors in the vicinity of the boundary. Unlike reference

[21], we did not restrict ourselves to chaincodes, but rather

dealt with arbitrary 3D lines.

We start from two 3D lines. Each line represents a

contour and has a set of coordinates (sampling) describing

it. The aim of this article is to address the following

question: how can we compare the two contours? When

the sampling of the points on the contours is done in two

different Cartesian coordinate systems, we cannot com-

pare directly the lines but we need a transformation step.

Our approach is to use the decomposition as elliptical

Fourier descriptors to find, for each object, an intrinsic

Cartesian coordinate system to perform this transforma-

tion. This system will be specific to each contour. As stated

earlier, each harmonic of the decomposition of a contour is

an ellipse defined by its period and FDs. The first harmonic

is an ellipse roughly approximating the contour. We use it

as the reference plane of the new Cartesian coordinate

system, its symmetry axes being the two axis lines X, Y. We

also use the area of this first harmonic to account for the

potential scale difference in the two coordinate systems.

Making ue of these results, we compute an algorithm for

rescaling and reorientation of 3D objects, by normalizing

their FDs or their coordinates on the first harmonic.

An ellipse can be described in two ways: either by

giving the coefficients of its parametric equation (six

numbers in three dimensions), or by giving the geometrical

parameters: semi-axis lengths, angles for the orientation

(three numbers in three dimensions), starting point on the

contour and direction of motion when the parameter

increases. In order to perform the normalization-reorien-

tation steps described above, we must know the equations

linking the geometrical parameters of a given ellipse (here,

the first elliptical descriptor) to the coefficients of its

parametric equation (the FDs of the first harmonic). This

has been addressed by reference [3] in two dimensions, but

not in three dimensions. This is the subject of the Section 2.

To introduce the formalism later used in this article, let us

consider a closed curve M(t) of coordinates (x(t), y(t), z(t)). It

can be described as a sum of ellipses using the Fourier series

expansion of its coordinates:

xðtÞ ¼ x0 þ
X

1

n¼1

xnðtÞ

with

x0 ¼
1

T

Z T

0
xðtÞdt

where T is the period of x(t),and

xnðtÞ ¼ xcncos ð2npt=TÞ þ xsnsin ð2npt=TÞ; n 2 N
Ã

with

xcn ¼
2

T

Z T

0
xðtÞcos ð

2npt

T
Þdt

xsn ¼
2

T

Z T

0
xðtÞsin ð

2npt

T
Þdt
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xcn ; xsn are the Fourier coefficients of the n-th ellipse. The

same relations hold true for y and z. For the experimental

work, x(t) will typically be obtained by sampling a contour

by p points xm, m = 1,. . ., p. The direction of motion when

the parameter t increases is the direction of sampling on

the contour. The FD’s computed here will depend on the

point chosen to be x1 and the direction of sampling on the

contour.

So

OM tð Þ
!

¼ OC
!

þ CM
!

¼ OC
!

þ
X

1

n¼1

CMn tð Þ
!

where C (x0,y0, z0) and CMn tð Þ
!

(xn(t), yn(t), zn(t)). Mn(t)

describes an ellipse En centered at C. Let a, b be the lengths

of its semi-axis, a, b, g three angles that define its three-

dimensional orientation, and w the phase shift for t = 0. The

purpose of the next section is to find the equations relating

xcn ; xsn ; ycn ; ysn ; zcn ; zsn and a, b, a, b, g, and w.

2. Relations between Fourier coefficients and

geometrical parameters for ellipses in the

three-dimensional space

To determine the relations between the coefficients
(xc, xs, yc, zc, zs) and the geometrical parameters a, b, a, b, g,

w, we start from an ellipse in the two-dimensional plane,

defined by its axes O; i
!

� �
and O; j

!
� �

, its period T, a phase

shift w (corresponding to the position of M at t = 0).

Its parametric equation is given by:

xðtÞ
yðtÞ
zðtÞ

0

@

1

A ¼
a cos ð2pt=T þ ’Þ
b sin ð2pt=T þ ’Þ

0

0

@

1

A

Let us define now the rotation of this ellipse in the

three-dimensional space for any given orientation. For this

purpose, we use Euler angles a, b, g, illustrated in Fig. 1.

Any orientation can be achieved by composing three

elemental rotations ra, rb, rg.

Here, ra is a rotation of angle a about the ðO; ~kÞ axis,

whose matrix Ra is written in the basis ð~i;~j; ~kÞ; rb is a

rotation of angle b about the ðO;~iaÞ axis, with ~ia ¼ rað~iÞ,

whose matrix is Rb; rg is a rotation of angle g about the

ðO; ~kbÞ axis, with ~kb ¼ rbð
~kÞ, whose matrix is Rg.

The matrix V of this transformation v, written in the

basis ð~i;~j; ~kÞ, is:

The (Vij)i, j = 1,. . ., 3 satisfy:

V11V12 þ V21V22 þ V31V32 ¼ 0 (1)

V
2
11 þ V

2
21 þ V

2
31 ¼ 1 (2)

V
2
12 þ V

2
22 þ V

2
32 ¼ 1 (3)

So any ellipse whose parametric equation is (X(t), Y(t),

Z(t)), can be written as

XðtÞ
YðtÞ
ZðtÞ

0

@

1

A ¼ V
xðtÞ
yðtÞ
zðtÞ

0

@

1

A ¼
xccosð2pt=TÞ þ xssinð2pt=TÞ
yccosð2pt=TÞ þ yssinð2pt=TÞ
zccosð2pt=TÞ þ zssinð2pt=TÞ

0

@

1

A

The problem is equivalent to finding a, b, a, b, g, w, given

xc, xs, yc, ys, zc, zs, bound by the following equations:

Sx
xc ¼ aV11cos’ þ bV12sin’
xs ¼ ÀaV11sin’ þ bV12cos’

&

;

and the same for Sy and Sz by replacing V1i by V2i and V3i,

respectively.

Using Sx, Sy and Sz in Eqs. (1) to (3), we get:

tan2’ ¼ 2
xcxs þ ycys þ zczs

x2s þ y2s þ z2s À x2c À y2c À z2c
(4)

a2 ¼ ðx2c þ y2c þ z2c Þcos
2’ þ ðx2s þ y2s þ z2s Þsin

2’

À ðxcxs þ ycys þ zczsÞsin2’ (5)

b2 ¼ ðx2c þ y2c þ z2c Þsin
2’ þ ðx2s þ y2s þ z2s Þcos

2’

þ ðxcxs þ ycys þ zczsÞsin2’ (6)

Eq. (4) has four solutions w1,. . .,w4:

’n ¼ ’0 þ
np

2
; n 2 0; 1; 2; 3f g with

’0 ¼ ð1=2Þarctan
2ðxcxs þ ycys þ zczsÞ

x2s þ y2s þ z2s À x2c À y2c À z2c

Figure 1. Illustration of the Euler angles used in this study.

V ¼ RgRbRa

¼
cos a cos g À sin a cos b sin g Àcos a sin g À sin a cos b cos g sin a sin b
sin a cos g þ cos a cos b sin g Àsin a sin g À cos a cos b cos g Àcos a sin b
sin b sin g sin b cos g cos b

0

@

1

A
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Each wi gives two different solutions for a and b, one

positive and one negative.

From the definition of V,

À
V11V31 þ V12V32

V21V32 À V22V31

¼ cosb (7)

V21V31 þ V22V32

V11V32 À V12V31

¼ cosb (8)

V21V32 þ V22V31

V11V32 À V12V31

¼ tana (9)

V
2
31 þ V

2
32

V11V32 À V12V31

¼
sinb

cosa
(10)

V31 ¼ sinbsing (11)

V31 ¼ sinbsing (12)

Using Eqs. (1) to (3), Eqs. (7) and (8) are redundant. Sx,

Sy and Sz give Vij as functions of w, a, b. So:

tana ¼
yczs À yszc
xczs À xszc

cosb ¼ wðV21V31 þ V22V32Þ

sinb

cosa
¼ wðV

2
31 þ V

2
32Þ

with

V11V32 À V12V31 ¼
xczs À xszc

ab
¼
de f

1=w

Let us define:

aÃ ¼ arctan
yczs À yszc
xczs À xszc

b
Ã
¼ arccos wðV21V31 þ V22V32Þ

À Á

� If w > 0, the solutions for (a, b) are:

(a*, b*)

and (a* + p, Àb*)

� If w < 0, solutions are:

ðaÃ þ p; b
Ã
Þ

and ðaÃ; Àb
Ã
Þ

Eqs. (11) and (12) unambiguously define g, knowing a,

b, w, a, b.

Any given value for w gives two possible values for a and

for b. Any given value of the triplet (w, a, b) gives two

possible values for the triplet (a, b, g). The set of solutions

has then 32 elements, which reflects the symmetry of the

problem. For computer programming purposes, one can

impose conditions to get a unique solution:

1. w 2] À p/4, p/4[

2. a; bf g 2 ðRþÞ
2

3. b 2 0; p½ �
which gives:

’ ¼ ð1=2Þarctan
2ðxcxs þ ycys þ zczsÞ

x2s þ y2s þ z2s À x2c À y2c À z2c

a ¼ arctan
yczs À yszc
xczs À xszc

ðresp:arctan
yczs À yszc
xczs À xszc

þ pÞ

if xczs À xszc > 0ðresp: < 0Þ

b ¼ arccos wðV21V31 þ V22V32Þ
À Á

g ¼ arccos
V32

sinb
ðresp: À arccos

V32

sinb
Þ if V31 > 0 ðresp: < 0Þ

with

w ¼
ab

xczs À xszc

V21 ¼
yccos’ À yssin’

a
; V31 ¼

zccos’ À zssin’

a

V22 ¼
ycsin’ þ yscos’

b
; V32 ¼

zcsin’ þ zscos’

b

3. Normalization of Fourier descriptors and coordinates

In order to address our initial problem of contour

comparison, we make use of the preceding results. For two

contours, we can compare either their Fourier descriptors,

or their coordinates. In either case, we want to transform

these numbers, to write them in a new system of

coordinates, intrinsic to the contour. As stated earlier, this

is achieved by using the first harmonic. This lets us create a

rescaling – reorientation algorithm, a required step before

contour comparison.

3.1. Normalization of Fourier descriptors

The equations stated earlier give the necessary tools to

transform the Fourier coefficients of the k-th harmonic

xck ; xsk ; yck ; ysk ; zck ; zsk , (or equally a, b, g, wk, ak, bk, ak, bk, gk)

to make them independent of the global size of the contour

(normalization), of the orientation (reorientation), of the

starting point on the contour (phase shift correction) and

a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2c þ y2c þ z2c Þcos

2’ þ ðx2s þ y2s þ z2s Þsin
2’ À ðxcxs þ ycys þ zczsÞsin2’

q

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2c þ y2c þ z2c Þsin

2’ þ ðx2s þ y2s þ z2s Þcos
2’ þ ðxcxs þ ycys þ zczsÞsin2’

q
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of the direction of motion on it. We use the first harmonic,

in a similar approach to [21].

3.1.1. Rescaling

We normalize the coefficients so that the area of the

first harmonic will be equal to 1. The area of the first
harmonic is given by:

A1 ¼ pa1b1

so our normalization process consists in changing all

xck ; xsk ; yck ; ysk ; zck ; zsk by xck=
ffiffiffiffiffiffi
A1

p

; . . ., which implies a

switch from (wk, ak, bk, ak, bk, gk) to

’k; ak=
ffiffiffiffiffiffi
A1

p

; bk=
ffiffiffiffiffiffi
A1

p

; ak; bk; gk; 8 k 2 N
Ã

3.1.2. Reorientation

We change the orientation of the contour so that the axes

of the first harmonic be aligned with X and Y. It can be easily

achieved through inverting the transformation v described

inSection2.For thefirstharmonic, theanglesa1,b1,g1define
v1. Letx0ck ; x0sk ; y0ck ; y0sk ; z0ck ; z0sk bethe Fouriercoefficients ofthe

k-th ellipse, after the reorientation step. We have:

x0ck x0sk
y0ck y0sk
z0ck z0sk

0

B

@

1

C

A
¼ V

À1
1

xck xsk
yck ysk
zck zsk

0

@

1

A:

3.1.3. Phase shift correction

The departure point on the ellipse has no morphologic

relevance. What operation needs to be done to the first
harmonic to have a zero phase shift at t = 0? Let

MÃðxÃ1ðtÞ; yÃ1ðtÞ; zÃ1ðtÞÞ be the mobile point describing the

first harmonic after correction of the phase shift.

xÃ1ðtÞ
yÃ1ðtÞ
zÃ1ðtÞ

0

@

1

A ¼ V1

a1cost
b1sint

0

0

@

1

A ¼

xÃc1cost þ xÃs1sint
yÃc1cost þ yÃs1sint
zÃc1cost þ zÃs1sint

0

@

1

A

so

xÃc1 xÃs1
yÃc1 yÃs1
zÃc1 zÃs1

0

@

1

A ¼
xc1 xs1
yc1 ys1
zc1 zc1

0

@

1

A

cos’1 sin’1

Àsin’1 cos’1

� �

The same transformation will hold true for each

harmonic, 8 k 2 N
Ã:

xÃck xÃsk
yÃck yÃsk
zÃck zÃsk

0

@

1

A ¼
xck xsk
yck ysk
zck zck

0

@

1

A

cos’1 sin’1

Àsin’1 cos’1

� �
:

3.1.4. Direction of motion

Fourier coefficients of two similar ellipses with opposite

direction of motion of the point M (t) across time will be

bound by the following equations:

xc ¼ xcÀ
xs ¼ ÀxsÀ
yc ¼ ycÀ
ys ¼ ÀysÀ
zc ¼ zcÀ
zs ¼ ÀzsÀ

We must impose the same change in the direction of

motion to all harmonics. For instance, one can test the sign

of y0s1 (which is the coefficient after reorientation); if

negative, replace all the xck ; xsk ; yck ; ysk ; zck ; zsk by

xckÀ ; xskÀ ; yckÀ ; yskÀ ; zckÀ ; zskÀ . Imposing y0s1 > 0 is equivalent

to a direct sense of motion of the first harmonic (after the

reorientation step described above).

Combining all the preceding steps, we obtain a global

formula for the new Fourier coefficients Xck
; Xsk

; Yck
;

Ysk
; Zck

; Zsk
:

Xck Xsk
Yck Ysk
Zck Zsk

0

@

1

A ¼
1ffiffiffiffiffiffi
A1

p V
À1
1

xck xsk
yck ysk
zck zsk

0

@

1

A

cos’1 sin’1

Àsin’1 cos’1

� �

If Ys1 is negative, the new coefficients will be:

Xck ÀXsk
Yck ÀYsk
Zck ÀZsk

0

@

1

A:

3.2. Rescaling and reorientation of the initial coordinates

For comparison purposes, the only relevant steps are

normalization and/or reorientation. We also subtract the

coordinates of M0, the center of gravity, to correct the

translation of the origin of the Cartesian coordinate

system. Neither the shift of the starting point nor the

direction in which the points are sampled are of interest.

Let (xp, yp, zp) be the coordinates of the p-th point on the

initial contour. After normalization, reorientation and

translation to the origin of the system, the final coordinates

ðx f
p; y f

p; z f
pÞ will be:

x f
p

y f
p

z f
p

0

B

@

1

C

A
¼

1ffiffiffiffiffiffi
A1

p V
À1
1

xp À x0
y p À y0
zp À z0

0

@

1

A: (13)

4. Application examples

4.1. An overview of the use of the proposed algorithm for

re-orientation and re-scaling applied to a patient X-ray CT

Fig. 2 shows an example of how our algorithm can be

used for a three-dimensional re-scaling and re-orientation

of two CT imaging exams obtained in different size and

position. Such a technique could be used for precise and

automated comparison, for a given patient, of images

between several investigations (e.g., assessment of tumor

size response to treatment). A patient abdominal CT scan

was performed (Toshiba 64 slices, American Medical

System, Tustin, CA, USA) and the axial slices were

processed using a volume rendering software to display

the pelvic bone structures (workstation ADW, GE Health-

care, Waukesha, USA). The three-dimensional line of the

pelvic outlet contour was manually sampled leading to 43

points which coordinates were given by the imaging

software (Figs. 2a, c). We then simulated a different

position and a size reduction of the patient pelvis by
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mathematically changing the coordinates of the initial

points by a rotation and scale matrix (Fig. 2b) of which a

new set of coordinates of the pelvic outlet was obtained as

illustrated in Fig. 2d. We then applied our algorithm to

normalize and reorient the two different pelvic outlets,

their corresponding first harmonic being the reference

(X, Y) plane. Re-orientation and normalization steps of the

algorithm give the same contour illustrated in Fig. 2e,

whatever set of coordinates is used as an input. We then

represented the new pelvic outlet within the initial bone

structure (Fig. 2f). This example shows how the algorithm

presented here can be used to reorient and normalize

three-dimensional contours from different CT imaging

acquisitions to perform a comparison between them.

4.2. Morphometrical analysis of the foramen magnum

contour in a murine model of X-linked hypohidrotic

ectodermal dysplasia

X-linked hypohidrotic ectodermal dysplasia (XLHED) is

a genetic disorder due to a mutation of Eda gene [29]. The

clinical phenotype of individuals affected by HED is

complex and associates hypotrichosis, dental agenesis

and morphological defects, onychodysplasia and eccrine

glands aplasia or hypoplasia, being the main cardinal

features [30]. Craniofacial and anthropometric changes are

also described in XLHED and consist in reduced and

retrognatic maxilla, frontal prominence, cranial base

modifications, reduced facial convexity and facial height

with deficiencies in skeletal sagittal and transversal

growth [31–33]. Although the tooth abnormalities in

Tabby mutant mice (the murine model of XLHED) have

been extensively studied, the characterization of the

craniofacial complex has received less attention. Therefore

from 3D microCT reconstructions of the skull, the contour

of the foramen magnum (a 3D line) was quantified using 3D

Elliptical Fourier analysis, allowing quantitative compari-

sons between Tabby specimens and their wild type

controls.

EdaTa mice were generated from the inbred Ta strain

B6CBACa Aw-J/A-EdaTa/J-XO (Jackson Laboratory, USA).

Mice phenotype was identified according to external

morphological criteria: bald patches behind ears and

deformities in the distal portion of the tail for hemizygous

males (EdaTa/Y), striping of the coat for heterozygous

females (EdaTa/ + ). WT mice were generated by inbreeding

wild-type animals derived from the B6129PF2/J strain

considered as control for strains designated by B6. WT

mice and Tabby heterozygous females and homozygous

males were genotyped according to previously published

protocols [34] through PCR amplification using specific
forward and reverse oligonucleotides (3F-7R, 6F-8R and

5F-6R), derived from À3 kb to +1.9 kb murine genomic

sequence surrounding exon 1 of the WT Eda gene. The

presence of a deletion in Eda gene exon 1 was observed in

Ta specimens, as the 6F-8R primers allowed for amplifica-
tion only in Ta heterozygous females and WT. The expected

genotype of each Ta mice was confirmed by the absence of

the 5F-6R primed fragments in Ta males. Mice population

sample included 24 specimens, seven hemizygous males

Figure 2. Overview of the algorithm. (a) and (b) show two CT scan bone volume rendering on which the pelvic outlet has been outlined (black line). (b) is a

mathematically rotated and rescaled image of (a). Corresponding pelvic outlets alone and first elliptical Fourier descriptor are shown respectively in (c) and (d).

Notice that orientation and area of these ellipses are different for the two images. The normalization-reorientation steps of the algorithm are then performed on

the two contours, by making the first harmonic the reference plane of the contour and by normalizing the distances in order to set the area of the first harmonic

equal to 1. The same contour, illustrated in (e), is obtained after the normalization-reorientation steps of the algorithm, whether starting from the (c) or (d)

contours. Finally, the new pelvic outlet is represented in (f) superimposed to the initial bone structures.
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(EdaTa/Y), six heterozygous females (EdaTa/ + ), six control

WT females and five control WT males. All the specimens

studied were adults (3-month-old mice). Mice were killed

by intraperitoneal lethal injection of pentobarbital. The

experimental protocol was designed in compliance with

recommendations of the EEC (86/609/CEE) for the care and

use of laboratory animals. The animals were fixed in 1:10

37% formol, 3:4 100% ethanol, and 3:20 distilled water

solution for 15 days. Imaging of full heads was performed

using a microCT system (eXplore CT 120, GE Healthcare,

Waukesha, WI, USA). The protocol used acquired 360 views

on 3608, at 100 kV, 50.0 mA, with an exposure time of

20 ms. The duration of one acquisition was less than 4 min.

A Feldkamp algorithm of backprojection led to the

reconstruction of a volume made of cubic voxels of

50 mm Â 50 mm Â 50 mm. Steps of the image analysis

procedure were performed using MicroWiew (GE Health-

care, Waukesha, WI, USA). A 3D virtual reconstruction of

the skull was computed using the isosurface volume

rendering module with a threshold value set at 600 HU

(Fig. 3). Each foramen magnum outline was then manually

recorded as a series of 20 sampling points represented by

their 3D Cartesian coordinates (Fig. 3). The degree of

distinction among mouse strains was then assessed and

displayed graphically using discriminant analysis per-

formed with Statistica 7.1 software package (Statsoft Inc.,

Tulsa, OK, USA). Correlations between 3D elliptical Fourier

descriptors and discriminant axes were calculated. The

unbiased Mahalanobis D2 distances, corrected for unequal

sample sizes between the centroids of each group were

also calculated to express inter-mouse strains variability.

The discriminant analysis of the elliptical descriptors was

limited to the first four harmonics because the multivariate

analysis was no more significant after these harmonics

(WilksLamda values p ! 0.05). The first two discriminant

functions (DF1, DF2) described 86.3% of the total variance,

the first accounting for 80.9% of the total variance, the

second DF for the remaining 5.4%. Illustrated in Fig. 3,

hemizygous Ta males and heterozygous Ta females clearly

departed from the corresponding WT groups as shown

by the significant distances separating the EdaTa/Y and

EdaTa/+ specimens from the other mice groups (Table 1).

The greatest difference occurred between WT males and

females illustrating the sexual dysmorphism. The lower

Figure 3. Isosurface 3D microCT reconstructions of wild type and Tabby mice skull. (a) posterior view and (b) postero-lateral view showing also the

sampling points of the three-dimensional contour of the foramen magnum outlined in red. (c) discriminant analysis of the 4 first elliptical descriptors of the

foramen magnum of the four mice groups (M-WT: wild type males, F-WT: wild type females, M-Ta: Tabby hemizygous males, F-Ta: Tabby heterozygous

females).
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difference occured between Ta females and corresponding

WT as demonstrated by the inter-group distances illus-

trated in Fig. 3 and Table 1.

5. Discussion

The algorithm presented in this article makes use of the

elliptical Fourier descriptors to reorient, rescale and

compare three-dimensional curves. It makes use of the

first harmonic to define an intrinsic Cartesian coordinate

system in which Fourier descriptors, or alternatively

coordinates, are computed. Potential applications of this

algorithm are numerous but we focus the discussion to

biological and medical examples. Our first application

example demonstrates how the algorithm can be used to

reorient and normalize 3D lines of the same pelvic bone

anatomical structures after simulation of two different

patient size and position from an X-ray CT exam. In

biomedical imaging, comparison of sequential three-

dimensional contours across time for the follow-up of a

particular patient needs such steps of normalization and

reorientation. In clinical practice, the algorithm can also be

used to rescale, reorient, and compare two exams acquired

in two different conditions, such as stress vs. rest in

myocardial perfusion single photon emission computed

tomography (compared to clinical existing nuclear medi-

cine softwares where this step of reorientation is obtained

manually). Alternatively, one may want to describe 3D

anatomical lines to assess the feasibility of a certain

procedure. For instance, in obstetrics, pelvimetry evaluates

the size of pelvic inlet and outlet to know if a vaginal

delivery is possible, or if a cesarean section is required.

Once clinical, this assessment is now helped with CT-

measurements but does not take into account the whole

3D contour information. It is well-known that these

measurements have poor predictive value (see for example

[35]). Extraction of the 3D line and its subsequent analysis

with our algorighm may lead to precious information

regarding the possiblity of vaginal delivery. More broadly,

compared to manual anatomical landmarks and distances

analysis, elliptical Fourier descriptors of bi-dimensional

contours of anatomical structures (obtained for instance

by X-ray planar projection) have demonstrated a great

potential for shape comparison purposes [5–9]. However,

elliptical Fourier descriptors of three-dimensional con-

tours are more anatomically relevant, since most anatom-

ical structures are three-dimensional. It can be used to sort

animals for taxonomic purposes, or to study gene influence
on phenotype as shown in our second example about

cranial dysmorphoses in a murine model of XLHED. In this

case, the 3D elliptical Fourier descriptors algorithm was

applied to a particular 3D line of an open bone structure of

the skull (the foramen magnum), allowing for a clear

distinction between homozygous and heterozygous Ta

mice and their WT controls. This particular example

illustrates the interest of the proposed method for open

anatomical structures like the foramen magnum whose

three-dimensional morphology are generally difficult to

analyze. Elliptical Fourier descriptors analysis applied to

three-dimensional contours treats the shape as a single

entity and allows retrieval of the entire anatomical profile.
For better data reproducibility, automated three-dimen-

sional contour detection from biomedical isotropic tomo-

graphic images should be preferred to manual extraction.

Entire outlines of biological objects contours can be

obtained from sets of non invasive digital isotropic

tomographic images sources (CT or MRI images for

instance). Based on differences in contrasts, many filtering
and tresholding data processing softwares are able to trace

automatically the 3D boundaries of particular anatomical

structures. It avoids the difficulties of localizing specific
landmarks, especially for open structures [36,37]. A whole

automated and efficient shape analysis procedure could be

then achieved starting with an extraction of 3D surface by

volume rendering image processing software followed by a

selection of singular aligned points on the surface as an

input to the algorithm presented in this paper. This

procedure could be of particular interest for automated

screening in large scale mouse phenotyping programs.

Finally, computational time is not a major concern given

the speed of the algorithm.

6. Conclusion

The algorithm presented in this article computes, for

the first time, the relations between the Fourier coeffi-
cients of a contour embedded in the three-dimensional

space as a sum of ellipses and its corresponding geometric

parameters. These relations are then used to create an

algorithm for the rescaling and reorientation of 3D objects,

and contour comparison. The usefulness of this algorithm

is demonstrated for morphometrical comparison purposes

using 3D anatomical profiles obtained from biomedical

clinical and preclinical X-ray computed tomography.
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