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Literature overview and research objectives

1.1 LITERATURE OVERVIEW

1.1.1 Three-dimensional ultrasound in general

Ultrasound has placed itself in a strong position as an imaging technique in day to day obstetric
care. This is the result of many advantages over techniques such as MRI (magnetic resonance
imaging) and CT (computer tomography), in particular the flexibility of the technique, the
moderate costs, the possibility of real-time imaging and the use of non-ionizing radiation.’
In the Netherlands, ultrasound is used on a regular basis in all obstetric units and by most
regional midwifery services. During the last decades the image quality has strongly improved,
partially due to the development of new ultrasound techniques.

When using the technique of conventional two-dimensional ultrasound (2DUS) the ultra-
sonographer tries to form a mental three-dimensional (3D) picture of the fetal anatomy from
two-dimensional (2D) planes. This process tends to become more difficult and time-consum-
ing when the structure itself and the circumstances are more complicated, thus enhancing the
risk of misinterpretation.? This shortcoming of conventional ultrasound techniques opened
up the way for three-dimensional ultrasound (3DUS) in fetal imaging at the beginning of the
90s.>5

1.1.2 Three-dimensional ultrasound in prenatal diagnosis
Different methods in obtaining a three-dimensional ultrasound image have been developed:
the defocusing lens method, free hand scanning with or without electromagnetic sensing,
and mechanical devices to move the transducer. These devices may be external or integrated
within the probe along with a position sensor (automatic volume scanning).’

In commonly used (2D) ultrasound probes an acoustic lens is used converging the ul-
trasonic beam in the direction of the slice width. The ultrasonic beam is best kept small to
optimize the resolution of the 2D image. In the defocusing lens (3D) method, however, a lens

is used which diverges the beam and produces a thick slice width. From the returning echoes
a volume image is displayed. This allows real-time volume scanning, but as a result of the
thick slice width the resolution is poor.® Moreover, the size of the displayed volume image is
restricted to the thickness of the ultrasonic beam. This technique is therefore not commonly
used in prenatal diagnosis.

The other techniques use computer processing for 3D reconstruction. With movement of

the ultrasound probe (free hand or mechanically) a consecutive set of 2D planes is acquired
and constructed into a 3D data set by a computer. By using a position sensor or electromag-
netic sensing device the position of every pixel of the 2D images within the volume is deter-
mined and a 3D reconstruction can be built.

The 3D-ultrasound machine used in the present study (Voluson 530D; Kretztechnik AG,
Zipf, Austria), is equipped with an automatic volume scanning method. The ultrasound probe

has a built-in mechanical device to move the transducer along with a position sensor. The
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patient setting of a 3DUS examination is identical to that of a conventional two-dimensional
(2D) ultrasound examination. Before 3D acquisition can take place, orientation with real-time
2DUS and optimization of the B-mode image (the normal 2DUS mode) is necessary. The ab-
dominal as well as the vaginal 3DUS probe offers a mechanical fan-like rotating device, which
can obtain a large number of adjoining section planes. Acquisition takes place automatically
after the examiner defines a region of interest (‘'volume-box’). The digitized information of ev-
ery section plane is loaded into a computer along with the information regarding its position.
The incorporation of scaling data permits measurement. The 3D-data set is thus composed of
a set of voxels, each with a certain grey value and brightness. These values are interpolated to
the voxels in-between two section planes.'®®

After acquisition, three orthogonal planes in the direction of the three orthogonal axes
(x,y,2) are displayed on the monitor (multiplanar view) (Figure 1). These planes can be moved
and rotated freely with an automatic update of the perpendicular planes. 3D-image recon-
struction takes place after a box is set around the region of interest within the volume thus
extracting unwanted parts. A similar mechanism is used when using ‘Cartesian storing, stor-
ing the part of interest of the volume in a box-like configuration. The reconstructed image
can be further optimized with the help of an ‘electronic scalpel device’ removing obscuring
structures and adjusting the threshold control suppressing small echo signals. 3D appearance
of the image is realized by shading, which is achieved by depth cueing. The distance to the
imaginary ‘look-in window’ determines the grey value of a pixel in the image. The shorter the
distance, the brighter the pixel in the reconstructed 3D image.>¢® The 3D-volume or part of it
(Cartesian storing) can be stored for later analysis. Cartesian storing enables further process-
ing on a computer.

Different modes can be used to display the 3D-reconstructionimage. Surface-modes enable
visualization of the surface of the rendered structure surrounded by hypo-echoic structures
(fluid), whereas transparent modes can accentuate the for instance hyper- or hypo-echoic

Figure 1. Multiplanar view, three orthogonal planes in the direction of the three orthogonal axis (x,y,z) are
displayed on the monitor.
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structures and therefore visualize bony or cystic structures within the volume. For optimal 3D
effect the rendered image can be rotated and displayed from various angles.®

Three-dimensional ultrasound is essentially based on processing of the returned 2DUS
information, and therefore tissue exposition in 3DUS is equal to that in 2DUS. But if, as a result
of the computer processing in 3DUS, less time is spent to the actual scanning of the fetus and
more to post-processing of ultrasound information, fetal tissues are exposed to even a lesser
amount of ultrasound and therefore possible bioeffect.’

A number of advantages of 3DUS over conventional 2DUS has been described:'%'3

i. A possible reduction of patient examination time;

ii. The data can be permanently stored, transported and reviewed retrospectively. This al-
lows re-analysis of the stored volume and consultation at tertiary facilities;

iii. Simultaneous display of three perpendicular planes providing more accurate assessment
of anatomic details and exact identification of biometry planes. Rotation of the volume
allows assessment of planes often not available with conventional 2D ultrasound;

iv. Direct volume measurement;

v. Rendering and rotation of the reconstruction image allows evaluation of the spatial rela-
tionship of different structures within the volume;

vi. Improved recognition of reconstruction images by parents or colleagues who have
limited knowledge of ultrasound imaging. This provides a better understanding of fetal
abnormalities or reassurance in case of normality for parents who have a previous child

with anomalies.

Because the 3DUS volume is derived from 2DUS planes, some of the factors known to limit
2DUS imaging (i.e. maternal obesity, reduced amount of amniotic fluid, fetal position and
shadowing of overlying structures) also limit 3D sonography. Several specific 3DUS limitations
have been noted:'*"?

i.  Time s required to learn 3D ultrasound scanning;™

ii. Motion artifacts can appear during data acquisition;

iii. Limited size of the volume box leads to limitation in size of the collected volume data;

iv. Volume storage requires a high storage capacity;

v. After recollection of a stored volume it can be difficult to achieve orientation. Further-
more, the recognition of an artifact can be hampered when the cause of the artifact has
not been stored in the volume.

vi. For good image quality in reconstruction rendering, some contrast between the bound-
aries is necessary. Surface reconstruction, for instance, is difficult without some amount
of amniotic fluid in front of the structure that is to be displayed;

vii. Structural abnormalities in a rendered image can be mimicked with the electronic scal-
pel option, when the threshold is set too high or as a result of shadowing of overlying

15
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structures. Especially if these overlying structures are not visible in the stored volume
(Cartesian storing).

Several studies have been conducted in order to compare 3DUS with conventional 2DUS.
However none of these studies were randomized controlled trials and many of the study
populations are biased.” Furthermore, comparison of these studies is complicated by the use
of different 3DUS machines, with different resolution and application possibilities.

In the study of Merz et al (1995), Platt et al (1998), Dyson et al (2000) and Xu et al (2002),
3DUS showed to be superior to 2DUS in the general detection of fetal malformations (Table
[).11141617 Merz et al (1995) found 3DUS to be disadvantageous in only 2%, which were fetuses
with cardiac malformations.” Dyson et al (2000) performed 3DUS when a potential advantage
was suspected, which might explain the high diagnostic advantage. However, 3DUS had an
impact on clinical management in only 3 pregnancies.'® In the study of Platt et al (1998) 3DUS

Table I: Overview of literature comparing 2D- and 3D ultrasound in the detection of fetal anomalies.

Methods GA N 2D and 3D 3D+(%) 3D-(%) 2D/3D  Remarks
equipment = (%)
Merz et al Additional 13-40  204* Combison 330 127/ 4/204  73/204
(1995)" 3DUS after wks and 530 (Kretz) 204 (2) (36)
malformation (60)
detected with
2D
Platt et al Additional +12- 32% Combison 530 3/329) 0 29/32 Obstetrical
(1998)' 3DUS for 35 wks 91) and
all high risk gynaeco-
patients logical
anomalies
Dysonetal  Additional 12-38  103* Combison 530  53/103  4/103  46/103 103
(2000)' 3DUS after wks (51) (4) (45) anomalies in
malformation 63 fetuses
detected with
2D
Scharfetal  Additional 7-41 40* Dynaview SSD-  1/40 12/40  27/40
(2001)* 3DUS for low wks 1700 (Aloka), (2.5) (30) (67.5)
and high risk Voluson 530D
patients
Xuetal Additional 16-42  58* Voluson 530D 35/58 0 23/58 58 anomalies
(2002)"" 3DUS for wks (Kretz) (60) (40) in 40 fetuses
all high risk
patients

GA; gestational age, N; number, +/ -/ =; number and (percentage) of cases/ abnormalities in which 3D ultrasound proved
to be advantageous/ disadvantageous/ or was equal to 2D.*Number of pregnancies with a fetal anomaly, #Number of
anomalies seen in the fetuses 10nly the abdominal scans are taken into account
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improved or changed the diagnosis in only 9%. The authors explain the relative infrequency
of improved diagnosis on the basis of their inexperience with 3DUS.™

3D sonography can be especially helpful in the evaluation of complex abnormalities, for in-
stance skeletal dysplasia.'*'®2° In 3 out of 7 fetuses with skeletal dysplasias studied by Hull et al
(2000), 3DUS showed additional information about the face and scapula. This improved con-
fidence in prenatal diagnosis.?' Also Krakow et al found that 3D improved diagnostic accuracy
in five cases of skeletal dysplasia.?2 Ruano et al (2004) concluded that both three-dimensional
helical computer tomography (3D-HCT) and 3DUS perform better than 2DUS in the diagnosis
of skeletal abnormalities. 3D-HCT identified even more abnormalities than 3DUS, but with
both modalities it was possible to make the correct diagnosis in all six cases.”® In a case of
diastrophic dysplasia*, Sepulveda et al (2004) were able to show the facial dysmorpism and
hitch hiker thumbs that are associated with the condition, both could have easily been missed
on 2DUS.* Also Seow et al (2004) stress the usefulness of 3D ultrasound in increasing the
accuracy in diagnosing a complex malformation, such as camptomelic dyplasia*.?

The study of Nelson et al (2001) shows comparable results for both methods in the evalu-
ation of normal anatomy. The reviewers of 3D volume data were unaware of the results of
the 2DUS studies. They evaluated parameters such as measurement, completeness of organ
visualization, abnormalities that were identified and image quality. In quality of diagnosis,
sonographic measurements (difference < 5%), as well as organ visualization no real differ-
ences were found.”

Scharf et al (2001) showed comparable or worse outcome of visualization of different struc-
tures and organs of the normal fetus with 3DUS. Advantages were only seen in one case of
neural tube anomaly. The authors found the benefit of 3DUS not to lie in the visualization of
normal fetal morphology, but more in presenting complex malformations (Table ).2

Latest developments in the line of 3DUS have been ‘real-time 3DUS’ or 4D ultrasound. The
fourth, temporal dimension, allows 3D imaging of the moving fetus.?’ By using temporal track-
ing (gating) techniques, also regularly moving objects such as the heart can be rendered and
evaluated in 3 dimensions.? Especially, the possibility of magnification of a region of interest
after acquisition of the volume and the visualization of the different phases of the cardiac
cycle, image-by-image facilitates analysis of the structures.?

1.1.3 Prenatal diagnosis of craniofacial abnormalities

Craniofacial defects are among the most common of congenital anomalies.*® For instance the
incidence of facial clefting in the Netherlands is estimated to be as high as 1.75 in 1000 live
births.3' Furthermore, many congenital and inherited anomalies can affect the fetal face.® In
over 150 syndromes with clinical implications, craniofacial involvement is described.>?The

* Syndromes/sequences are identified at p 179-180.
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diagnosis of minor craniofacial anomalies can be very useful in the diagnosis of specific syn-
dromes and can aid in predicting the prognosis.®

Two-dimensional ultrasound

In prenatal diagnosis, especially in a low-risk population, the detection rate of isolated cranio-

facial anomalies and minor malformations may vary from 14 to 58% (Table I1).>#*” The sensitiv-
ity of ultrasound screening depends on the skill and experience of the ultrasonographer, the
equipment status, the gestational age at which the sonography is performed, the definition
of abnormality and the degree at which abnormalities are ascertained postnatally.® This will
largely explain the variability in detection rate of fetal face abnormalities.

In a high-risk population, Pilu et al (1986) reported a sensitivity for ultrasound diagnosis
of craniofacial anomalies as high as 78% (14 out of 18) in 223 pregnancies and specificity
of 100%. Two fetuses with micrognathia were not diagnosed as a result of unfavorable fetal
position.3®* Turner and Twining (1993) found 24 fetal facial abnormalities in 3200 examinations,
mostly micrognathia and clefting, which was isolated in only 3 fetuses. False-negative rates
are not reported by the authors.*’ In a retrospective study, Ghi et al (2002) found complete
correlation of the prenatal diagnosis of 43 craniofacial anomalies and postnatal follow-up.
However, no attempt was made to define the degree of extension of clefting into the palate.
False-negative diagnosis was also not determined. In 11 out of 12 patients 3DUS was success-
ful, but it did not provide any further diagnostic information.*'

Craniofacial anomalies are often identified after associated abnormalities in other organs
and structures are found.*'*2 Detection of isolated fetal craniofacial abnormalities, for instance

Table II: Detection rates of isolated craniofacial malformations in low-risk populations.

Authors Methods N Sensitivity ~ Specifi-  Remarks
(%) ity (%)

Craneetal  Randomized clinical trial on 15281 fetuses 30(14%in 100 3 out of 10 cleft lip/ palate

(1994)* the detection rate of routine (7685 screened,  the non- detected, examination of
ultrasonography in the USA 7596 not screened the fetal face was not part
(RADIUS-trial) screened) group) of the study protocol

Hafneretal Targeted ultrasonography of 5407 50 99.8

(1997)% the fetal face pregnancies

Clementiet  Retrospective analysis for 709027 births 14 Not Large regional variation of

al (2000)*  detection of cleft lip/ palate in (CL/P=18; known sensitivity: range: 0- 86%
12 European countries CP=7)

Cashetal Retrospective analysis of 23577 58 100 Distracted from Table 1 (p

(2001)*7 routine ultrasound for detection  pregnancies (CL/P=82; 434)%; only isolated cases
of cleft lip/ palate in specialized CL=67; are taken into account
hospital CP=0)

CL/P= cleft lip/ palate, CL= cleft lip, CP= cleft palate
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craniosynostosis, is less common.® Determining the extent of an anomaly, for example facial
clefting into lip and palate, can also be difficult. This is represented in the low detection rate
of cleft palate, which is caused by the loss of ultrasound signal due to the maxillary bone or by
shadowing of the tongue.*®#' Micrognathia can also be difficult to diagnose antenatally. Merz
et al noted that only in 70% of cases the true fetal profile, used for evaluation of the mandible,
was shown on 2DUS. This could lead to an underestimation of the growth of the fetal man-
dible.* Furthermore, fetal mandibular development lags behind on maxillary development,
which may also lead to an overestimation of micrognathia on ultrasound prenatally.> On the
other hand in a case-report of Pilu et al (1986), micrognathia was not diagnosed in a targeted
evaluation of the mandible in the second trimester, but only in the third trimester when poly-
hydramnios had developed.*®

Dysmorphic features in the fetus are often subtle and can easily been missed, even in a
post-mortem examination.* Some syndrome-specific craniofacial features only develop later
in pregnancy, as proven by a case of achondroplasia* described by Ghi et al (2002) as well as
by Turner and Twining (1993), in which the stigmata of the disease developed after 20 weeks
of gestation.***’ Measurement may be more objective in the assessment of craniofacial dys-
morphism and more subtle abnormalities (e.g. in micrognathia).”’* This stresses the necessity
of developing normal centile charts for craniofacial dimensions to facilitate prenatal diagnosis

of craniofacial abnormalities.

Three-dimensional ultrasound
Because of the curvilinear structure of the face, the advantages of 3DUS are especially appli-
cable in the detection of fetal craniofacial malformations.**° 3DUS can facilitate diagnosis of
complex syndromes with specific, often subtle, facial abnormalities. This allowed the prenatal
diagnosis of Fryns syndrome**', Pfeiffer syndrome**2, Treacher Collins syndrome*>3*4, congeni-
tal ichthyosis**>%¢, hypohidrotic ectodermal dysplasia**’, Brachmann-de Lange syndrome**8,
Larsen syndrome**°, Goldenhar syndrome*¢, Cat-eye syndrome*¢' and oculoauriculofronto-
nasal syndrome*¢2, Furthermore, 3DUS can be especially helpful in determining the extent of
malformations such as cleft lip/ palate**%3%*, otocephaly*®*, holoprocencephaly*%¢’, frontona-
sal malformation*% and in the diagnosis of craniofacial tumours %73,

Two-dimensional ultrasound and three-dimensional ultrasound have been compared in
detecting craniofacial malformations more excessively in several studies.*7+7¢

Additional information on the fetal face was found in 20- 71% of cases, whereas, 3DUS
was found to be disadvantageous in only 2-9% (Table Ill). Most of these cases are false posi-
tives and could have been caused through lack of experience. In other cases no explanation is
given. Mangione et al (2003) studied the practicability of 3DUS in diagnosing craniofacial dys-
morphology. 3DUS was performed after suggestive findings presented at 2DUS examination.

* Syndromes/sequences are identified at p 179-180.
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All 3D records were recorded and reviewed by a pediatrician-geneticist specialized in dysmor-
phology. The authors do not describe if this specialist also evaluated the 2DUS records. The
3D examination was satisfactory in 61% (25 of 41 cases). However, in none of the cases 3DUS
proved to be the decision-making factor (Table I11).7¢

Table IlI: Overview of literature comparing 2D- and 3D ultrasound in the detection of fetal craniofacial

anomalies.
Authors Methods GA N 2D and 3D 3D+ 3D-(%) 2D/3D  Remarks
(wks) equipment (%) = (%)
Merzetal Additional 9-37 25 Combison 530  5/25 0 20/ 25
(1997)# 3DUS, all high (Kretz) (20) (80)
risk patients
Chenetal  Retrospective  20-34 21 Aloka SSD-680  15/21 0 6/21 Only cleft lip/
(2001)™ analysis, (2D), Combison  (71) (29) palate
additional 530 and
3DUS after Voluson 530D
malformation (3D)
detected with
2D
Chmaitet  Additional 15-35 53 128 XP 22/53  1/53 30/53  Only cleft lip/
al (2002) 3DUS after (Acuson), HDI (42) (2) (56) palate
malformation (ATL), Elegra
detected with (Siemens),
2D Combison 530
and Voluson
530D (3D)
Mangione  Additional 22-36 41* Voluson 530D  20/34  3/34 11/34  Only craniofacial
etal 3DUS after (59) (9) (32) dysmorphology
(2003)7¢ malformation
detected with
2D

GA; gestational age, N; number, +/ -/ =; number and (percentage) of cases/ abnormalities in which 3D ultrasound proved
to be advantageous/ disadvantageous/ or was equal to 2D. *Seven cases are not included because 3DUS was not possible

1.1.4 Assessment of craniofacial development

Different methods have been developed for objective evaluation of craniofacial development
after birth to improve syndrome diagnosis. Anthropometry is a simple, non-invasive method
based on surface dimensions, measured with for instance a measuring tape or marking gauge.
In the radiographic cephalometric method, bony landmarks are assessed by use of X-ray. Other
techniques to aid evaluation and measurement of craniofacial anatomy are photogrammetry
(measurements are made with the use of a camera), 3D photogrammetry (the object is viewed
from more than one photo-station simultaneously)”, laser scanning and three-dimensional

20
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craniofacial surface imaging from CT-scans and MRI.** Quantitative analysis can also be per-
formed with the last two methods by extracting facial landmarks from the images.”

Multivariate analysis of these data allows patron profile analysis in order to evaluate the
relationship of different parts of the head and to follow development in time. Samples of
individuals are compared to normal population and expressed in Z-scores to illustrate the
deviation of ‘normality” This also allows comparison of patients with for instance parents and
groups with known diagnosis.”” Application of the anthropometric and cephalometric meth-
ods in infants and adults has been described in Down Syndrome”, various cleft palate syn-
dromes and Pierre Robin sequence*®#', chondrodysplasia*®? and fetal alcohol syndrome*s,

A detailed prenatal ultrasound scan contains different routinely performed craniofacial
measurements, such as biparietal diameter and head circumference. Other measurements are
mostly carried out when indicated, i.e. intra-ocular and extra-ocular distance. Some craniofa-
cial measurements carried out after birth, are difficult to obtain with the help of 2D ultrasound
or have simply not been applied antenatally.

The anthropometric and cephalometric methods described above have been applied in
one study using ultrasound in prenatal diagnosis. Escobar et al (1988, 1990) used conven-
tional 2DUS for obtaining normal values for different cephalometric distances.?*# The authors
also used Z-scores and pattern variability indexes in order to detect specific craniofacial ab-
normalities (fetal alcohol syndrome*, Crouzon syndrome* and thanatophoric dysplasia*). The
authors found that Z-scores as well as pattern profile analysis might have an additional value
in the diagnosis of fetuses with mild abnormalities or abnormality patterns, for instance in
fetal alcohol syndrome*.#® Note that with ultrasound both anthropometric and cepalometric
measurements can be determined, as both soft-tissue as bony landmarks can be made visible
by the technique.

Other authors have described the value of specific craniofacial measurement in the second
half of pregnancy as possible tools in the detection of fetal malformation (Table 1V).#7:87-104
Especially the length of the nasal bone has recently been of public interest as an additional
tool in the screening of Down syndrome.'® So far, different craniofacial structures have been
studied with 3DUS. The application possibilities of both quantitative and qualitative evalua-
tion are listed in Table V. Especially on the subject of cleft lip and palate several studies have
been conducted. Ulm et al (1999)'% and Lee et al (2000)'"” describe methods to evaluate the
lip and or the alveolus. Whereas, Rotten and Levaillant (2004)% and Campbell et al'® explain
how to visualize the hard palate.

In conclusion, the 3-dimensional ultrasound technique offers potential advantages
over 2DUS, especially in the evaluation of complex anatomy. These advantages seem to be
especially applicable to the fetal head and face. Isolated craniofacial anomalies and minor
malformations can be very difficult to determine in utero with conventional (2D) ultrasound.

* Syndromes/sequences are identified at p 141-143.
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Table IV: Overview of literature on 2D ultrasound measurements of fetal craniofacial structures.

Structure Measurement Authors N GA (week)

Skull base Length and width of sphenoid ridge, otic Degani et al (2002)* 386 14- 40
cartilage and angles of cranial fossa

Palpebral Palpebral fissure slant (angle between Mielke et al (1997)% 70 14-36

fissure palpebral fissure and frontal midline)

Ear Ear length Birnholz et al (1988)* 180 15-40
Ear length and width Shimizu et al (1992)* 124 18-42
Ear length Lettieri et al (1993)" 424 14- 25
Ear length Chitkara et al (2000)* 4240 15-40
Ear length Yeo et al (2003)* 447 14-41

Nose Nasal width and nostril distance Goldstein et al (1997)** 302 14- 40
Nasal width Pinette et al (1997)* 782 14-40
Nasal width Ben Ami et al (1998)% 229 15-42
Nasal bone length Guis et al (1995)* 376 14-34
Nasal bone length Bunduki et al (2003)% 1923 16-24
Nasal bone length Sonek et al (2003)* 3537 11-38
Nasal bone length Gémez et al (2004)'® 2035 19-22

Palate Alveolar ridge width Goldstein et al (1999)®! 302 14- 40
Palate length, width and area Sherer et al (2004)'% 602 15-41

Mandible Mandibular length Otto and Platt (1991)'% 134 14-39
Mandibular length Chitty et al (1993)” 184 12-27
Anteroposterior and laterolateral diameters Paladini et al (1999)'% 262 12-37

GA; gestational age, N; number

Anthropometric and cephalometric measurement and the analysis of z-scores and profile
patterns might be helpful in the diagnosis of these anomalies. Combining the advantages of
3DUS with objective assessment could aid in the evaluation of normal and abnormal cranio-
facial development.

1.2 RESEARCH OBJECTIVES

In view of the above, we formulated the following objectives for this study:

1. To develop a 3D sonographic method of establishing fetal craniofacial biometry. Mea-
surements will be distracted from literature on postnatal anthropometric and cephalo-
metric methods which have proven useful in the assessment of (ab)normal craniofacial
development;

2. Todevelop reproducibility and normal data relative to gestational age for these measure-
ments and analyze variability;
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Table V: Overview of literature of 3D assessment of fetal craniofacial structures.

Assessment of: Authors N GA (week)
Cranial sutures and fontanels Pretorius and Nelson (1994)'® 8 16-39
Fetal frontal bones and metopic suture Faro et al (2005)"° 16 9-34
Forehead length, height and area Sivan et al (1997)™ 130 16-38
Brain volume Endres and Cohen (2001)'2 85 16- 40
Chang et al (2003)""3 203 20- 40
Lips and palate Lee et al (2000)'” 7 ?
Campbell et al (2005) ' 8 20- 31
Rotten and Levaillant (2004)% 96 22-39
Tooth buds Ulm et al (1999)'% 17 18- 31
Ear Morphology, lying axis, orientation Shih et al (1998)" 125 19-38
and cranial location
Length, width, area and shape Chang et al (2000)" 122(+7 17-41
trisomies)
Maxilla, Maxillary and mandibular width, Rotten et al (2002)''¢ 245/ 371 (+38 18-28
Mandible inferior facial angle anomalies)
Diagnostic approaches for evaluation Lee et al (2002)"7 9 cases of 16-36

microgna-thia
Mandibular body length Tsai et al (2004)"® 183 cross 14-39

sectional+ 40

serial cases

GA; gestational age, N; number

3.

To apply this 3D sonographic method to prenatal diagnosis of craniofacial malformations,
such as cleft lip/ palate.
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2.1 METHODOLOGY

2.1.1 Study subjects

In a longitudinal study design a total of 126 women with a normal singleton pregnancy con-
sented to participate in the study, which was approved by the Hospital Ethics Review Board.
Another six women with a fetal anomaly known or suspected to affect craniofacial anatomy
and 15 women with a pregnancy that was complicated by fetal cleft lip/ palate consented to
participate. Pregnancy duration was determined from the last reliable menstrual period, or in
case of uncertainty, adjusted by ultrasound in the first trimester of gestation.

Population of normal pregnancies

Women were recruited from the antenatal outpatient’s and regional midwifery services.
Included were only women without maternal disease known to affect fetal growth, i.e. pre-
existent hypertension, diabetes mellitus and pregnancies that were not at risk for craniofacial
abnormality. A total of 126 women remained in the study after three (2%) women were ex-
cluded retrospectively from the analysis. The reasons for exclusion were a prenatally detected
fetal malformation (n=1; spina bifida), a congenital malformation or disease recognised after
birth (n=1; mildly hydropic child, cause unknown) or no follow-up available (n=1). These cri-
teria for exclusion were based on literature for assessment of normal biometry by Altman and
Chitty.

Pregnancy duration varied between 18 and 34 weeks (median 26 weeks). Maternal age
ranged between 19 and 40 years (median 30 years). 95% of the birth weights were situated
between the 5" and the 95" percentile, adjusted for maternal parity and fetal sex, according
to the Kloosterman tables.? Sixty-five (52%) infants were male and 61 (48%) were female.

In each pregnancy, three-dimensional (3D) sonographic examinations were performed
four times at 3- 5 week intervals. The third or last examination could not be performed in five
pregnancies and five records were not, or only partly, available for analysis, resulting in a total
of 494 complete recordings.

Standard craniofacial biometry (biparietal diameter, frontal occipital diameter, head
circumference, intra-ocular diameter and outer-ocular diameter) was also measured by two-
dimensional ultrasound for comparison with three-dimensional ultrasound.

Intraobserver variability was determined in 22 normal singleton pregnancies, six of which
also participating in the serial study. Pregnancy duration was equally distributed over the
same gestational period.

Population with a fetal anomaly

All 21 women were recruited from the Division of Obstetrics and Prenatal Medicine. Pregnancy
duration varied between 19 and 34 weeks (median 25 weeks). Maternal age ranged between
20 and 40 years (median 29 years). 3D ultrasound examinations were performed only once
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after a fetal abnormality was suspected on a detailed two-dimensional (2D) ultrasound scan.
The researcher knew the outcome of the 2D ultrasound examination at the time of the 3D

examination.

2.1.2 Recording technique

Three-dimensional sonographic assessment of the fetal head and face was performed using a
standard Voluson 530 D (Kretztechnik AG, Zipf, Austria) with a 3- 5 MHz transducer (VAW 3-5).
An internal mechanism in the transducer sliced through the images and recorded a truncated
pyramidal volume. Depth, longitudinal and transverse dimensions were adjustable. An open-
ing angle of 50 to 70 degrees and a sampling angle of 30 to 85 degrees was used, resulting
in a maximum volume of 3.2 litre. The depth range for the region of interest was set at 6-13
cm. ‘Normal’ frequency range (mid resolution/ mid penetration) was used in most patients,
but was adjusted to ‘penetration’ (lower resolution/ high penetration) in case of obesity. Fre-
quency range ‘resolution’ was used in case of thin women and/or superficial position of the
fetus. Scanning time for one recorded volume ranged between 4 and 8 seconds, depending
on fetal movement and size of the recorded volume.

The region of interest was defined containing the complete fetal head. Three different types
of acquisition of the fetal face and head were made. A sagittal scan (frontal view of the face
composed of sagittal planes); a coronal scan (side of the head composed of coronal planes);
and a transverse scan (side of the head composed of transverse planes). Acquisition of the
sagittal scan of the face started at the mid-sagittal plane with the fetus facing the transducer. A
coronal scan was made starting acquisition just in front of the ear. A transverse scan was made
by using the regular plane for measurement of the biparietal diameter?® starting the acquisi-
tion. Multiple volume recordings were made of each fetus (normal group: range 2-11, median
5; group with fetal abnormalities: range 4- 9, median 7) to obtain one good volume for every
type of acquisition. The best volume data were then collected on a transportable magnetic
disk for later analysis (lomega Corp., Roy, UT, USA). Total time for the 3DUS-examination was
15- 60 minutes (median 30) for the normal group, which included normal growth assessment
with 2DUS, and 15- 50 (median 20) for the group with fetal anomalies.

A total set of 41 craniofacial measurements, proven useful in the assessment of postnatal
(ab)normal craniofacial development, were extracted from literature on anthropometric and
cephalometric measurements.*'" These measurements were selected on the basis of applica-
bility with 3D ultrasound and covering the various aspects of fetal facial anatomy.

Measurements were made using the 3D view program (Kretztechnik AG, version 4.0) on a
personal computer with an lomega Jaz Drive. This took 20- 30 minutes. The methodology of
these measurements is described hereafter (chapter 2.1.3).

One observer (NR) performed all 3D ultrasound examinations and measurements.

The reproducibility study consisted of recording two volume data sets from the same fetus
at a time interval of approximately 20 minutes. The first recorded data set was analyzed twice
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with a minimal time interval of one week. This second analysis was done while being blinded
for the first analysis.

Sixteen out of the 41 original craniofacial measurements were used for pattern profile anal-
ysis and calculation of a craniofacial variability index. These measurements were selected on
the basis of reproducibility and relevance (covering best the facial height, width and depth)

2.1.3 Craniofacial measurements

These measurements are based on postnatal cephalometric and anthropometric techniques,
using bony and soft-tissue landmarks, respectively. The landmarks in this study are mostly the
landmarks used in the original studies*'!, however if bony landmarks were better visible on
3DUS than the original soft-tissue landmarks, bony landmarks were used.

Measurements derived from the sagittal scan mode of 3D acquisition.

Measurement 1- 7 (soft-tissue landmarks are used unless mentioned otherwise):**
Landmarks: Vertex (a): the highest point of the head, nasion (c): the deepest part of the nasal
root, pronasale (d): the tip of the nose, subnasion (e): the deepest point of concavity at the
base of the nose, gnathion (f): lowest median landmark on the lower border of the mandible,
opisthion (g): lowest posterior point of the skull (inner border; bony landmark). (Figure1; a-g)

Position of the fetal head: “upright position” (approximately Frankfurter horizontal®): the hori-
zontal axis connects the middle of the anterior rim of the maxilla with the ‘opisthion’ (lowest
posterior point of the skull). (Figure 2)

Measurement plane: midsagittal plane.

Skull height (forehead height): nasion- vertext. (Figure 3)

Total facial height: nasion — gnathiont. (Figure 3)

Upper facial height (nasal length): nasion- subnasiont. (Figure 3)
Lower facial height: subnasion- gnathiont. (Figure 3)

Length of the back of the nose: nasion- pronasale. (Figure 4)
Nasal protrusion: pronasale- subnasion. (Figure 4)

N o v ks wh =

Philtrum length: subnasion- superior aspect of the vermilion border of the upper lip.
(Figure 4)

* The Frankfurter horizontal is the standard orientation of the head for craniofacial measurement in anthropology. In this
position the lowest point on the lower margin of the bony orbit can be connected to the upper margin of the cutaneous
external auditory meatus by a horizontal line.

1 measure parallel to the vertical axis.
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Figure 1. Landmarks used for measurements in the mid-sagittal plane: a= vertex; b= glabella; c= nasion;
d= pronasale; e= subnasion; f= gnathion; g= opisthion; h= sella turcica.

Figure 2. ‘Upright’ position of the fetal head: the horizontal axis (line) connects the middle of the anterior
rim of the maxilla with the opisthion.

Figure 3. Measurements 1- 4: 1= skull height; 2= total facial height; 3= upper facial height; 4= lower facial
height.
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Figure 4. Measurements 5- 7: 5= length of the back of the nose; 6= nasal protrusion; 7= philtrum length.

Measurements 8- 16 (bony landmarks are used):*"°
Landmarks: glabella (b): prominence on the frontal bone above the root of the nose at the
level of the superior orbital ridges, sella turcica (h): transverse view: middle of cross formed by
sphenoid ridge and the otic cartilage. (Figure 1 and 5)
Position of the head and measurement plane are identical to measurements 1-7. The sella

turcica, which is best traced in the transverse plane, is marked by a dot (=cursor), the point of
intersection of the three perpendicular planes (Figure 5).

8. Palatal length: anterior- posterior maxillary bone. (Figure 6)

9. Anterior skull base length: glabella- sella turcica. (Figure 7)

10. Posterior cranial fossa length: sella- opisthion. (Figure 7)*

11. Sella-nasion (bony landmark). (Figure 6)

12. Degree of maxillary protrusion: angle between sella- nasion and nasion- anterior rim of
the maxilla. (Figure 8)

13. Degree of mandibular protrusion: angle between sella- nasion and nasion- anterior rim of
the mandibula. (Figure 8)

14. Anterior cranial base/ palatal plane angle: angle between sella- nasion and middle of the
anterior rim- the posterior rim of the maxilla. (Figure 9)

15. Anterior cranial base/ mandibular plane angle: angle between sella- nasion and middle of
the anterior rim- the posterior rim of the mandibula. (Figure 9)

16. Skull base angle: angle between sella- nasion and sella- frontal bony border of the fora-
men magnum. (Figure 10)

# In Garn et al (1984)? this measurement is termed ‘posterior skull base length' In Jeffery (2002)'° this is more correctly
named the posterior cranial fossa length. The actual posterior part of the skull base (the distance between the sella turcica
and the basion) can not be measured prenatally with 3D ultrasound due to shadowing which is caused by the position of
the basion behind the maxilla/ mandibula.
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Figure 7. Measurement 9; anterior skull base length and 10; posterior cranial fossa length.

38



Methodology for 2D and 3D fetal craniofacial biometry assessment

Figure 9. Measurements 14; anterior cranial base/ palatal plane angle, and 15; anterior cranial base/
mandibular plane angle.

Figure 10. Measurement 16; skull base angle.
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Figure 12. Measurement 17-19: 17 = maxillary corpus length; 18 = inner palate width; 19 = outer palate
width.

Figure 13. Measurement 20; bizygomatic breadth.
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Measurements 17 - 23 (bony landmarks are used):>%®

Landmarks: Zygoma (i): the most lateral point of the zygomatic arch (in coronal plane: just
under the orbital rim), gonion (j): the most lateral aspect of the mandible. (Figure 11)

Position of the head: identical to measurements 1-16.

17-19:
Measurement plane: transverse. Cursor marks the middle of the anterior rim of the maxilla in

the sagittal plane.

17. Maxillary corpus length: anterior- posterior border of the maxilla*. (Figure 12)

18. Inner palate width: inner borders of the maxilla, halfway the length of the maxillat. (Fig-
ure 12)

19. Outer palate width: outer borders of the maxilla”. (Figure 12)

20:
Measurement plane: coronal plane in the same multiplanar view as 17-19.

20. Bizygomatic breadth (facial width): left zygoma- right zygoma. (Figure 13)

21-22:
Measurement plane: transverse. Cursor marks the middle of the anterior rim of the mandibula

in the sagittal plane.
21. Mandibular corpus length: frontal rim of the mandibula- gonion*. (Figure 14)
22. Bigonial breadth (mandible width): left- right goniont. (Figure 14)

23:
Measurement plane: midsagittal plane

23. Gonion-sella: Move cursor in the transverse plane of the multiplanar view from the gon-
ion to the midline. Measure in the midsagittal plane: cursor- sellat. (Figure 15)

Measurement 24, 25 (soft tissue landmarks):>¢
Landmarks: Cheilion (k): corner of the mouth. (Figure 16)
Position of the head: identical to measurements 1-23.

24:

Measurement plane: coronal, cursor marks subnasion in midsagittal plane.

24. Nasal width: outer borders of the alae nasi. (Figure 17)

* Measure parallel to the vertical axis.
1t Measure parallel to the horizontal axis.
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Figure 16. Landmark cheilion (k) and measurement 25; mouth width.
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Figure 17. Measurement 24; nasal width.

25:
Measurement plane: transverse, cursor marks the mouth in midsagittal plane.
25. Mouth width: left- right cheilion. (Figure 16)

Measurement 26 (bony landmarks):"
Position of the head: rotate ‘skull base’ (defined as the line between glabella and opisthion)

parallel to the horizontal axis. Measurement with VOCAL-mode (method for measuring

volume).

26. Brain volume: the internal borders of the skull are traced manually with stepwise rotation
of 30 degrees, taking the skull base as the lower border. (Figure 18)

Measurements derived from the transverse scan mode of 3D acquisition.

Measurements 27 - 31 (bony landmarks):>'2
Position of the fetal head: transverse planes are parallel to the plane used for head circumfer-

ence measurement?. In the multiplanar mode the sagittal view shows the mid-sagittal plane.
(Figure 19)

27-29:
Measurement plane: plane described first by Campbell (1977).2

27. Biparietal distance: maximal diameter of the skull perpendicular to midline (outer bor-
ders). (Figure 20)

28. Fronto-occipital distance: maximal diameter frontal- posterior skull border parallel to
midline (outer borders). (Figure 20)

29. Head circumference: circumference traced manually around the skull. (Figure 20)
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Figure 20. Measurement 27-29: 27 = biparietal distance; 28 = frontal occipital distance; 29 = head
circumference.
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30-31:
Measurement plane: transverse: maximal visible width between orbita.

30. Inter ocular distance: inner borders of the orbits. (Figure 21)
31. Outer ocular distance: outer borders of the orbits. (Figure 21)

Measurements derived from the coronal scan mode of 3D acquisition.

Measurement 32 - 41 (soft tissue landmarks):*¢
Landmarks: Tragus (I): the middle and most anterior aspect of the ear. (Figure 22)

32-35:
Position of the fetal head : identical to measurement 1-25

32-34:
Measurement plane: first move cursor in transverse plane until the most superior aspect of the

ear is visible in the sagittal plane. Mark this point by using a ‘distance’measurement. Move the

cursor back in the transverse plane until the tragus is visible in the coronal plane. Measure in

the sagittal plane.

32. Earlength: superior - inferior aspect of the ear. (Figure 22)

33. Ear width: tragus- posterior part of the helix, perpendicular to ear length measurement.
(Figure 22)

34, Ear rotation: Angle between line connecting superior and inferior aspect of the ear and
the vertical axis (Figure 23)

35:
Measurement plane: Move cursor in transverse plane, parallel to vertical axis from tragus to

midline. Measurement in mid-sagittal plane.
35. Ear position: cursor (tragus)- nasion*. (Figure 24)

36-37:
Position of the head: rotation over z-axis (for explanation see the three orthogonal axes (x,y,2)

in Chapter 1, Figure 1) in the mid-sagittal plane, until nasion and the tragus are both in the
transverse plane.

Measurement plane: transverse plane.

36. Bitragal breadth: tragus to midline, multiplied by 2.* (Figure 25)
37. Upper facial depth: tragus (calliper)- nasion.t (Figure 25)

* Measure parallel to the vertical axis.
1 Measure parallel to the horizontal axis
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Figure 23. Measurement 34; ear rotation.
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Figure 26. Measurement 38; mid facial depth, and 39; maxillary curvature.
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38-39:
Position of the head: rotation over Z-axis in the mid-sagittal plane, until maxilla and the tragus

are both in the transverse plane.

Measurement plane: transverse plane.

38. Midfacial depth: tragus- anterior rim of the maxilla.* (Figure 26)
39. Maxillary curvature: curvature from tragus- anterior rim of the maxilla and multiplied by
2. (Figure 26)

40- 41:
Position of the head: rotation over Z-axis in the mid-sagittal plane, until gnathion and the

tragus are both in the transverse plane.

Measurement plane: transverse plane.
40. Lower facial depth: tragus- gnathion.t (Figure 27)
41. Mandibular curvature: curvature from tragus- gnathion, multiplied by 2. (Figure 27)

Figure 27. Measurement 40; lower facial depth, and 41; mandibular curvature.

* Measure parallel to the horizontal axis.
1 Measure parallel to the horizontal axis
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2.2 STATISTICAL ANALYSIS

Statistical analysis was performed on a personal computer with the SPSS version 10.1 (SPSS
Corp, Chicago, ). Analysis of the reproducibility study consisted of nested analysis of vari-
ance to separate the within subjects variation in components due to differences between
repeated tests within subjects and repeated analyses of the same recorded volume. A total
variation of less than 10-11% was considered acceptable.

For the 41 measurements in the normal subjects the relationship of the measurement ver-
sus gestational age was analyzed with regression analysis for repeated measurements (ran-
dom coefficients model) using SAS PROC MIXED (SAS Institute, Cary, NC). Data were centered
by using the halfway point of gestational age (GA) (20 weeks), and calculations were done
using x=GA- 20 as the time axis. For various parameters it was required to add a quadratic
component of gestational age. Weight-specific reference-intervals were calculated according
to this model. The random coefficients model was also used for determination of the rela-
tionship between ratios of different measurements versus gestational age as well as for the
95-percent confidence limits of the mean values. For some parameters a log transformation
was required to get a proper fit.

The agreement between biparietal diameter, frontal occipital diameter, head circumfer-
ence, inter and outer ocular diameter measured by both 2D- and 3D ultrasound was deter-
mined by calculation of the intraclass correlation coefficient (ICC). Systematic differences
between these 3D- and 2D ultrasound measurements were calculated by means of the paired
Student-t test.

Sixteen craniofacial measurements were selected on the basis of literature'", relevance
and reproducibility for craniofacial pattern profile analysis. The gestational age-related fitted
mean and standard deviation (SD) were used for calculation of individual Z-scores for every
measurement at each point in time according to the equation: (measured value minus fitted
mean value)/SD. A craniofacial pattern profile can be made after calculation of the Z-scores
for every measurement. A craniofacial pattern profile is a way of illustrating, classifying and/
or comparing Z-scores of different individuals. A Z-score smaller than -2 or greater than +2 is
considered abnormal.

The craniofacial variability index (CVI) for each individual at each point in time quantifies
the differences between the 16 resulting Z-scores and is defined as the standard deviation of
these. To determine normal values relative to gestational age, regression analysis for repeated
measurements (random coefficients model) of the calculated CVI-values using SAS PROC
MIXED was carried out again and gestational age-specific reference intervals were calculated
according to this model. An index above the 95th percentile was classified as abnormal.

Z-scores and the craniofacial variability index were calculated for the abnormal fetuses us-
ing the derived equations.
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Comparison of individual CVI data between different groups within the population with

fetal cleft lip/ palate was done with the T-test. The Mann-Whitney U test was used to compare

the number of abnormal Z-scores (among the 16) between the groups.

A p value of less than 0.05 was considered significant.
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In this Chapter, first the results of the 3D craniofacial measurements are presented (sub-
Chapter 3.1). Particular attention will be given to: (i) normal fetal brain volume (sub-Chapter
3.2); (ii) development of the fetal skull base (sub-Chapter 3.3); (iii) development of the fetal
maxilla and mandible (sub-Chapter 3.4) and (iv) comparison of pre- and postnatal develop-
ment (sub-Chapter 3.5).

3.1 NORMAL FETAL CRANIOFACIAL BIOMETRY

A complete set of four 3D volume measurements was collected in 116 out of 126 women. A
recording from the last scan was not performed in five women. The last scan was not available
in one and partially unavailable in four women. This resulted in 495 and 494 recordings for
measurements derived from the sagittal and coronal scan, respectively. A total of 498 record-
ings was available for measurements derived from the transverse scan.

In general it was not possible to retrieve reliable measurements when fetal movement
complicated the 3D ultrasound recording. Another limitation was the difficulty in recording
the entire fetal head with advancing gestational age as a result of the limited 3D transducer
sector size.

Measurements derived from the sagittal scan were technically successful in 88- 97% of
recordings (Table I). When the fetus was situated deep in the pelvic region and/ or the fetal
face was constantly directed towards the maternal sacrum it was not possible to perform a
sagittal scan. Furthermore, soft-tissue measurements obtained from the sagittal scan are dif-
ficult to assess when structures are in front of the fetal face. If the ultrasound beam is filtered
or reflected by these obscuring structures, this may also complicate bony measurements.

Measurements in the transverse scan were derived from 91- 99% of the recordings (Table
). The transverse and coronal scan are often easier to retrieve. Only when the fetus was in
cephalic position looking up to the symphysis or down to the sacrum of the mother during
the entire examination, it was not possible to obtain the transverse nor the coronal scan. This
occurred more often in late pregnancy when the head is situated deep in the pelvis.

Coronal scan derived measurements were successful in 94- 99% of 3D recordings (Table I).
When the fetus is larger, in cephalic position and situated deep in the pelvic region, the man-
dible may be especially difficult to retrieve. With advancing gestational age the fetus is more
often in cephalic position with the chin on the chest which complicates measurement of the
mandible. Also in the presence of a reduced amount of amniotic fluid, the limbs or umbilical
cord are more often situated in front of the mouth and chin. These restrictions also apply to
the visualization of the mandible in the sagittal scan. Fetal limbs, uterine wall or placenta may
obscure the fetal ear, which makes visualizing the ear more difficult.

Related measurements are discussed together. This in contrast to Chapter 2, where mea-
surements are described in a logical order with respect to 3D-measurement methodology.
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Table I: Sagittal and coronal measurements. Number of successful measurements (total number out of 495

and 494 recordings for sagittal and coronal measurements, respectively), scanning mode and results of

reproducibility study in the sub study of 22 pregnancies. (A total coefficient of variation larger than 11% is

underlined.)
Scan mode Number of successful cv, qv, (o'

measurement (%) (%) (%) (%)
Skull height Sagittal 451(97) 45 34 5.6
Total facial height Sagittal 466 (94) 39 5.8 7.0
Upper facial height Sagittal 474 (96) 48 79 9.2
Lower facial height Sagittal 464 (94) 6.7 74 10.0
Bizygomatic breadth Sagittal 481(97) 6.0 5.7 83
Length of back of nose Sagittal 463 (94) 8.2 9.3 124
Nasal protrusion Sagittal 457 (92) 13.7 17.0 21.8
Philtrum length Sagittal 448 (91) 14.6 53 155
Nasal width Sagittal 467 (94) 6.7 3.7 7.7
Mouth width Sagittal 436 (88) 9.7 6.0 114
Palatal length Sagittal 459 (93) 8.5 53 10.0
Inner palate width Sagittal 470(95) 10.2 10.7 148
Outer palate width Sagittal 471 (95) 53 9.5 109
Bigonial breadth Sagittal 466 (94) 8.6 2.8 9.0
Ant cranial base/ palatal plane Sagittal 460 (93) 3.6 24 43
angle
Ant cranial base/ mandibular Sagittal 440 (89) 33 19 38
plane angle
Sella-nasion Sagittal 464 (94) 54 5.5 7.7
Gonion- sella Sagittal 445 (90) 74 103 127
Bitragal breadth Coronal 488 (99) 4.2 0.3 42
Upper facial depth Coronal 471(95) 45 5.6 7.2
Ear length Coronal 465 (94) 6.5 8.5 10.7
Ear width Coronal 465 (94) 103 7.5 127
Ear rotation Coronal 462 (94) 24.5 209 32.2
Ear position Coronal 467 (95) 14.5 12.0 18.8

CV;: Coefficient of Variation for differences between repeated tests within women; CV, : Coefficient of Variation for

differences between repeated analyses of the same recorded volume; CV.
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Table II: Transverse measurements. Number of successful measurements (total number out of 498
recordings) and results of reproducibility study in the sub study of 22 pregnancies. Comparison between
2DUS and 3DUS.

Number of successful v, qv, Qv ., 1CC Mean p-value
measurement (%) (%) (%) (%) difference
2DUS and
3DUS (mm)
BPD 494 (99) 15 0.6 16 099 09 <0.001
FOD 494 (99) 2.1 0.0 2.1 0.98 0.4 0.014
HC 494 (99) 19 0.7 2.0 099 54 <0.001
0D 451(91) 44 2.2 49 0.89 0.1 0.084
00D  451(91) 24 2.1 3.2 098 03 <0.001

CV;: Coefficient of Variation for differences between repeated tests within women; CV, : Coefficient of Variation for
differences between repeated analyses of the same recorded volume; CV___: Total Coefficient of Variation; ICC: Intra class
Correlation Coefficient; BPD: biparietal distance; FOD: fronto-occipital distance; HC: head circumference; IOD: intra ocular
distance; OOD: outer ocular distance.

3.1.1 Skull height, total facial height, upper facial height, lower facial height and
bizygomatic breadth (facial width)

Results

The reproducibility study showed a coefficient of variation (CV) for differences between re-
peated tests within women of 3.9- 6.7%. The CV for differences between repeated analyses
of the same recorded volume was 3.4- 7.9%. The total coefficient of variation was within
11% for all five measurements (Table I). Intra-observer variability was therefore considered
acceptable.

Regression analysis demonstrated a statistically significant quadratic fitted curve for skull
height, total facial height, upper facial height as well as lower facial height data relative to
gestational age (Figures A1-A4; Appendix p181-182). Bizygomatic breadth data showed a
statistically significant linear increase relative to gestational age (Figure A5; Appendix p182)

When comparing skull height (SH) and total facial height (TFH), a relatively higherincrement
of total facial height is found, resulting in a statistically significant gestational age- related
linear decrease of the SH/ TFH- ratio (Figure 1 and 2). At 18 weeks of gestation, skull height is
found to be larger than total facial height, but depicts a 1:1 relation at 34 weeks of gestation.
The upper-to-lower-facial-height-ratio remains fairly constant during the second trimester
and first part of the third trimester (Figure 3). The facial width shows a steeper increase than
the facial height, resulting in a statistically significant linear decrease in facial index relative to
gestational age (Figure 4 and 5).
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Figure 1: Skull height (SH)\ total facial height (TFH)-ratio relative to gestational age (weeks). Curves
represent fitted mean values with 95% confidence limits.

TFH

I

Figure 2: Schematic drawing of the sagittal section of a fetus at 18 weeks (a) and the effect of a higher
increment of total facial height (TFH) relative to skull height (SH) at 34 weeks (b) of gestation (v: vertex, n:
nasion, g: gnathion).
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Figure 3: Upper facial height (UFH)\ lower facial height (LFH)-ratio relative to gestational age (weeks).
Curves represent fitted mean values with 95% confidence limits.
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Figure 4: Facial index (total facial height/ bizygomatic breadth) relative to gestational age (weeks). Curves
represent fitted mean values with 95% confidence limits.

Figure 5: Schematic drawing of a coronal view of a fetus at 18 weeks (a) and the effect of a higher
increment of bizygomatic breadth (FW) relative to total facial height (FH) at 34 weeks (b) of gestation (zyg:
zygoma).

Comment
Earlier fetal ultrasound biometry data are available for skull height, total facial height and
bizygomatic breadth. Escobar et al (1990) obtained values for these distances by means of
two-dimensional ultrasound at 16, 26 and 36 weeks of gestation, respectively." Skull height
and total facial height were not depicted perpendicular to the horizontal axis (see Chapter 2,
p 4) which may explain the difference between their values at 26" week of gestation and ours.
Bizygomatic breadth seems to be measured in a more posteriorly oriented plane than ours,
which may explain the somewhat higher values found in their study (Table IlI).

Abramowitz et al (1992) described a method of cheek-to-cheek diameter measurement in
a coronal plane at the level of the nostrils and lips, which is rotated more posteriorly compared
to our method.? They assessed this diameter cross-sectionally at 20 to 41 weeks of gestation.

The mean values correspond well to ours (Table IlI).
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Table Ill: Comparison of data on mean bizygomatic breadth, derived from the literature and current study.

Study Numberof Bizygomatic breadth (mm)
period subjects
20w 26w 34w
(weeks)
3D Currentstudy 303 43.1 60.3
. 18-34 126
(95% confidence limits) (29.8-30.8) (42.7-43.6) (59.5-61.1)
2D Escobaretal (1990)' 16, 26,36 89 45.0
Abramowitz et al (1991)? 20-41 243 30 42 57

3D: 3D ultrasound, 2D: 2D ultrasound, w: weeks of gestation.

Other data are collected from post-mortem studies. Chambers et al (1993) established fig-
ures for 19 anthropometric measurements in 260 autopsies at 13- 26 weeks of gestation. Two
of these measurements represent the distance between chin and nasion (total facial height)
and the distance between chin and vertex (total facial height and skull height together).? Total
facial height values in the current study are somewhat higher than the data derived from au-
topsies. Our figures on skull height, however, appear to be considerably below their obtained
results. This could point to a difference in landmark positioning (nasion) between the skull
height and total facial height. However, the difficulty of determining the upper edge of the
skull (vertex) due to the position of the head against the uterus wall, could induce a small
underestimation of skull height in our study.

In the post-mortem study of Eriksen et al (1995) mid-sagittal tissue blocks of 47 fetuses
at 13- 22 weeks gestational age were used to establish normal prenatal cranial dimensions
by radiography.* Upper, lower and total facial height as well as skull base dimensions were
measured by their bony components. Although, mean upper and lower facial height data
differ, mean total facial height data correspond well with ours. The likely explanation for the
difference in the former two, but not the latter measurement, is the choice of the landmark
between upper and lower facial height (subnasion).

Furthermore, it should be borne in mind that craniofacial measurements, such as brain
weight®, in fetuses used for post-mortem studies may be influenced by several factors, for
instance the preservation technique of the fetal specimen, cause of death, delivery-death
interval and presence of traumatic, vascular, inflammatory, or other intracranial pathology.
This is likely to cause differences in measurement results when compared to our normal living
fetuses in utero.

3.1.2 Length of the back of the nose, nasal protrusion, philtrum length, nasal
width and mouth width

Results

Total coefficient of variation was 7.7% for nasal width. The total coefficient of variation was
between 11 and 22% for the length of the back of the nose, nasal protrusion, philtrum length
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nasal index
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gestational age (weeks)

Figure 6: Nasal index (nasal width/ upper facial height) relative to gestational age weeks). Curves
represent fitted median values with 95% confidence limits.

and mouth width, which we found not acceptable (Table I). Therefore was decided not to
further elaborate on these last measurements.

A significant quadratic relation was found for nasal width relative to gestational age (Figure
A6; Appendix p183).

The log relation of the nasal index (nasal width/ upper facial height) shows a statistically
significant quadratic relation relative to gestational age (Figure 6). The width of the nose in-
creases more than the length (or upper facial height) in the second half of gestation.

Comment

The poor reproducibility of the length of the back of the nose, nasal protrusion, philtrum
length and mouth width may be explained by the following drawbacks. Firstly, especially
early in gestation, the distances are small which increases the relative measurement error.
Secondly, as a consequence of the smallness of the dimensions and the limitation in spatial
resolution of the 3D ultrasound machine the distances may look larger than they actually are

Table IV: Comparison of data on mean nasal width (mm) derived from the literature and current study.

Study period Number of Nasal width (mm)
(wk) subjects 18w 34w
3D Current study 83 204
) 18-34 126
(95% confidence limits) (8.1-8.5) (19.9-21.0)
2D Goldstein et al (1997)" 14- 40 302 10.0 20.5
Pinette et al (1997)% 14-40 782 83 19.8
Ben Ami et al (1998)°# 15-42 229 +11 +20

3D: 3D ultrasound, 2D: 2D ultrasound, w: weeks of gestation.
# Data visually estimated from graphs.
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(lateral resolution artifact).® Thirdly, the edges of the mouth width in the transverse plane can
be difficult to determine.

Other observers in the field of measurement of nasal width have been Goldstein et al’,
Pinette et al® and Ben Ami et al°. The obtained values correspond fairly well to each other and
ours (Table 1V). Pinette et al found the nasal width to be over the 97.7t percentile in 4 out of
10 fetuses with Trisomy 21.

3.1.3 Palatal length, outer palate width, inner palate width and bigonial breadth

Results
Acceptable reproducibility was found for palatal length, outer palate width and bigonial
breadth, but not for the inner palate width. The total coefficient of variation for the last mea-
surement was almost 15% and it was decided, therefore, to exclude this measurement from
analysis (Table I).

Linear relations were demonstrated for palatal length and bigonial breadth relative to
gestational age (Figures A7-A8; Appendix p183). Outer palate width showed a significant
quadratic relation relative to gestational age (Figure A9; Appendix p184).

Comment

The larger variability for inner and outer palate width measurements may be caused by dif-
ficulty in determining the borders of the inner and outer palate in both the sagittal and trans-
verse planes. Scattering of the ultrasound beam due to the bony structures that surround the
palate cause the alveolar ridge to look larger (refraction artifact®). Furthermore, the smallness
of the inner fetal palate may increase the relative measuring error.

Two 3D ultrasound studies have been performed on the fetal maxilla and/ or mandible.
Rotten et al (2002) measured the width of both the maxilla and mandible for diagnosing mi-
crognathia.’” The method for determining the maxillary (outer palate) width and subsequent
results agree fairly well with ours. However, in our study the mean bigonial breadth (mandible
width) shows a distinctly steeper increment. This difference may be due to the more anteriorly
oriented measurement methodology applied by Rotten et al.’® Also Tsai et al (2004) found
considerable lower values on bigonial breadth. They did not obtain their mandible width data
in a transverse but in a coronal plane.”

Goldstein et al (1999) obtained values on outer palate width (alveolar ridge width) by
means of two-dimensional ultrasound that are distinctly below our averages.'? The authors
measure the outer palatal width in a more anterior oriented plane, which will probably explain
the divergence. The mandible width (bigonial breadth) has been determined by means of
two-dimensional ultrasound by Escobar et al', Watson and Katz'* and Paladini et al'. The first
author obtained values that do not agree with any of the other data, while averages described
by Watson and Katz'® and Paladini et al™ correspond very closely with ours. However, Watson
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and Katz measure the inner borders of the mandible, which might explain the slight differ-
ence. Escobar et al measure the bigonial breadth in the coronal and not the transverse plane,
which may explain the divergence.

Figures observed by Goldstein et al (2005) with two-dimensional ultrasound on palatal
length (or what they call maxillary bone length) are distinctly lower than ours, although
measurement methodology seems to equal ours. No explanation can be given for this
divergence.

The post-mortem study performed by Burdi et al (1969) shows mean palatal length values
that agree well with ours."

3.1.4. Anterior skull base/ palatal plane angle and anterior skull base/
mandibular plane angle

Results
Good reproducibility for anterior skull base/ palatal plane angle and anterior skull base/ man-
dibular plane angle was found (Table ).

For both anterior skull base/ palatal plane angle and anterior skull base/ mandibular plane
angle no significant relation relative to gestational age could be established. The mean angles
remain at 28 and 31 degrees, respectively, throughout the second half of gestation (Figures
A10 and A11; Appendix p184).

Comment

Burdi et al (1969)" measured an anterior skull base- palatal plane angle of 9 degrees that
barely varies during the second half of gestation. Levihn et al (1967)'¢ studied both angles in
a small population of fetal autopsies and found the anterior skull base- palatal plane angle to
decline from 14 to 10 degrees and the anterior skull base- mandibular plane angle from 42- 34
degrees at approximately 18- 34 weeks of gestation.

A different calliper placement is the most likely explanation for this discrepancy between
their data and ours. However, a consistency with our observation is that almost no deviation
of the mean anterior skull base/ palatal plane angle relative to gestation is found. Apparently
the anterior skull base / palatal plane and anterior skull base / mandibular plane relation is
formed in the first half of gestation.
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3.1.5. Biparietal distance (BPD), fronto-occipital distance (FOD), head
circumference (HC), inter ocular distance (I0D) and outer ocular distance (OOD).

Results

Good reproducibility was found for all five measurements (Table Il). A significant quadratic
curve could be fitted for all measurements relative to gestational age (Figures A12 to A16;
Appendix p185-186).

Total facial height in relation to head circumference shows a slight decrease relative to
gestational age, which was significant (p< 0.05) (Figure 7). The relation of cephalic index (Cl=
BPD/ FOD x 100) and gestational age was found to be significantly quadratic (Figure 8). Mean
Cl values range between 78.1 and 80.8%.

A quadratic curve gave an optimal fit for both the 10D/ BPD- ratio and the IOD/ OOD-ratio
relative to gestational age (Figure 9 and 10). The OOD/ BPD-ratio showed a significant linear
decrease relative to gestational age (Figure 11). Figure 9, 11 and 12 demonstrate that the
increase in BPD is more pronounced than the increase in 10D and OOD. The same applies
to OOD compared with IOD, until the third trimester when a constant seems to have been
reached (Figure 10 and 13).

A good agreement was found for 2D- and 3D ultrasound measurement of BPD, FOD, HC
and OOD (intra-class correlation coefficient (ICC) = 0.98-0.99). Acceptable agreement was
found in measuring the IOD (ICC = 0.89). Significant differences of 0.3- 5.4 mm between 2DUS
and 3DUS were found for measurement of BPD, FOD, HC and OOD (Table II).

Figure 14, 15 and 16 present the comparison of data (mean, 5™ and 95" percentiles) on
BPD, FOD and HC, by Chitty et al'’, Kurmanavicius et al'® and from the current study.

Comment

Nomograms of the above measurements have been developed by a number of authors. Only
the ones used in our clinic and those that follow the guidelines described by Altman and
Chitty in 1994'° are mentioned here for comparison.

Our current BPD, FOD and HC data are in close agreement with those derived from 2D
ultrasound studies by Chitty et al (1994)" and Kurmanavicius et al (1999)'® for the second
trimester of pregnancy (Table V, Figure 14-16). However, in the late second and early third
trimester our data are somewhat greater than data from the other two studies.

Most of the divergence in head circumference data can be explained by the clear different
measurement techniques. Although, Chitty et al do not explain their ways of measurement,
Kurmanavicius estimated the head circumference from the FOD and BPD. Our methodology
consisted of manually tracing the head circumference in the 3D View program. However, for
our larger mean BPD and FOD in the second trimester compared to theirs, no clear explana-
tion can be given.
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Both the cephalometric measurements derived from autopsies® and from neonates?® are
remarkably smaller than those derived from ultrasound (Table V). This could point to a differ-
ence in measuring methodology before and after birth. Furthermore, fetal weight at autopsies
is generally smaller than weight of live born fetuses.”

The figures on mean Cl data reported by Gray et al (1989)%, Chitty et al (1994)"” and Kurma-
navicius et al (1999)'® and ours show the same general tendency. In all three studies the fitted
mean displays a parabolic pattern similar to ours, with a lowest value around 26-28 weeks of
gestation. The increment among the studies varies slightly (Table VI).

Close agreement is found between the mean values of larger studies on inter and outer
ocular distance, published by Merz et al?®* and Trout et al** and ours (Table VII).

As can be concluded from Table Il, standard biometry can be measured by 3DUS at the
same level of reliability as by 2DUS. The small differences between the two techniques are not

clinically relevant.

0,20 ~
0,18

0,16

TFH/ HC

0,14

0,12

0,10 t t t 1
15 20 25 30 35

gestational age (weeks)

Figure 7: Total facial height (TFH)\ head circumference (HC)-ratio relative to gestational age (weeks).
Curves represent fitted mean values with 95% confidence limits.
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Figure 8: Cephalic index (biparietal-/ fronto-occipital distance x 100) relative to gestational age (weeks).
Curves represent fitted mean values with 95% confidence limits.
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Figure 9: Inter ocular distance (IOD)\ biparietal distance (BPD)-ratio relative to gestational age (weeks).
Curves represent fitted mean values with 95% confidence limits.
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Figure 10: Inter ocular distance (IOD)\ outer ocular distance (OOD)-ratio relative to gestational age
(weeks). Curves represent fitted mean values with 95% confidence limits.
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Figure 11: Outer ocular distance (OOD)\ biparietal distance (BPD)-ratio relative to gestational age (weeks).
Curves represent fitted mean values with 95% confidence limits.
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Figure 12: Schematic drawing of a coronal view of a fetus at 18 weeks (a) and the effect of a higher

increment of biparietal distance (BPD) relative to outer ocular distance (OOD) at 34 weeks (b) of gestation

(s: side of the skull, o: outer border of the orbit).

Figure 13: Schematic drawing of a coronal view of a fetus at 18 weeks (a) and the effect of a higher

increment of outer ocular distance (OOD) relative to inter ocular distance (IOD) at 34 weeks (b) of gestation

(o: outer border of the orbit, i: inner border of the orbit).
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Figure 14: Comparison of mean BPD data, 5" and 95" percentiles of Chitty’s study (dark gray);
Kurmanavicius’study (light gray) and the current study (black lines).
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Figure 15: Comparison of mean FOD data, 5% and 95" percentiles of Chitty’s study (dark gray);
Kurmanavicius'study (light gray) and the current study (black lines).
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Figure 16: Comparison of mean HC data, 5" and 95" percentiles of Chitty’s study (dark gray);
Kurmanavicius’study (light gray) and the current study (black lines).
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Table VI: Comparison of mean cephalic index (Cl) derived from the literature and current study.
Study period Number of Cl (%)

(weeks) subjects 18w 34w
3D Current study (2005) (95% 80.8 80.4
7 18-34 498
confidence limits) (80.0-81.6) (79.7-81.0)
2D Grayetal (1989)% 14-40 777 79.7 787
Chitty et al (1994)" 12-42 594 80.5 79.1
Kurmanavicius et al (1999)' 12-42 6557 82 83

3D: 3D ultrasound, 2D: 2D ultrasound, w: weeks of gestation.

Table VII: Comparison of mean inter ocular distance (IOD) and outer ocular distance (OOD) derived from
the literature and current study.

Study N 10D (mm) 00D (mm)
period
(wks) 18w 34w 18w 34w
3D Current study (2005) 18-34 498 12.3 212 26.8 526
(95% confidence limits) (12.1-12.5) (20.6-21.8) (26.5-27.2) (51.9-53.2)
2D Troutetal (1994)* 12-47 422 1 20 27 53
Merz et al (1995)% 12-41 1090 11.0 19.3 283 517

3D: 3D ultrasound, 2D: 2D ultrasound, N: Number of subjects, w: weeks of gestation.

3.1.6. Sella- nasion, gonion- sella, bitragal breadth and upper facial depth.

Results

Acceptable intra-observer variability was found for sella- nasion, bitragal breadth and upper
facial depth. However, the variability in measuring the gonion- sella was considerably larger
(Table I). This measurement was therefore not further analyzed.

Best fitted curves for the log transformation (base 10) of sella- nasion and for upper facial
depth were quadratic relative to gestational age (Figures A17 and A18; Appendix p186-187).
Bitragal breadth data demonstrated a significant linear increase relative to gestational age
(Figure A19; Appendix p187).

The log transformation of the bitragal breadth/ biparietal distance(BPD)-ratio showed a
significant quadratic relation with gestational age, with a slight decrease in time (Figure 17).

Comment
The landmarks gonion and sella are found in different planes in the volume. In order to mea-
sure the distance between the two, the calliper has to be moved through these planes. This
will invoke an inadequacy that will explain the larger measuring variability.

For comparison with our sella- nasion data only 2D ultrasound and post-mortem studies
were available. Most mean values agree well with ours (Table VIII). Eriksen et al found a larger
sella- nasion distance than the other authors.* An explanation for this difference could not be
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Figure 17: Bitragal breadth\ biparietal distance (BPD)-ratio relative to gestational age (weeks). Curves

represent fitted median values with 95% confidence limits.

Table VIII: Comparison of median/ mean sella- nasion derived from the literature and current study.

Study  Number Sella- nasion (mm)
period of
. 20w 22w 26w 29w 34w
(wks) subjects
3D  Current study
(2005) 18.0 204 24.2 29.8 323 339
18-34 495 (17.6- (20.2- (23.9- (29.3- (31.8- (33.2-
(95% confidence
o 18.3) 20.7) 24.5) 30.1) 32.8) 34.7)
limits)*
2D Escobaretal (1990)" 16,26,
89 - - - 288 - -
36
PM Burdietal (1969)"# 12-40 68 - 222 236 264 28.7 323
Eriksenetal (1995)*  +13-22 47 20.7 246 28.6 - - -
Jeffery and Spoor
10-29 46 18.2 217 24.1 26.1 31.0 -
(2002)

3D: 3D ultrasound, 2D: 2D ultrasound, PM: post-mortem w: weeks of gestation.
*Median values for "®log(sella-nasion) values. This transformation was required to obtain a normal distribution.

#sella-nasion was based on crown-rump length measurement. This was converted to weeks of gestation with help of

biometry data on fetal autopsies produced by Singer and Sung (1991)? which are available from 20 weeks of gestation.

found. Considering the difference in landmark choice in the study presented by Jeffery and

Spoor (the foramen caecum instead of nasion) the agreement between their data and ours is

remarkable.?
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3.1.7. Ear length, ear breadth, ear rotation and ear position.

Results
Only for ear length total variation was within 11% (Table I). The intra-observer variability of the
other measurements was found not to be acceptable. These measurements were therefore
not further analyzed.

Ear length data showed a significant quadratic relation relative to gestational age (Figure
A 20; Appendix p187).

Comment
Several explanations for the large intra-observer variability of the ear measurements can be
given. Firstly, determination of all ear measurements, like for gonion-sella, includes different
planes and is therefore more susceptible to variation. Secondly, correct calliper placement can
be difficult in measuring the ear rotation. A small error in calliper placement may result in a
large difference in the actual ear rotation angle (more than for instance in a linear measure-
ment). Thirdly, the nasion, landmark for ear position, is more difficult to visualize in the coronal
scan than in the sagittal scan.

In spite of differences in measurement methodology ear length data derived from lit-
erature agree well with ours, although the figures of Birnholz and Farell are slightly smaller
(Table IX).

Table IX: Comparison of mean ear length (mm) derived from the literature and current study.

Study N Ear length (mm)
period
18w 24w 27w 34w
(wks)
3D  Current study (2005) 1.7 19.4 22.8 29.7
o 18-34 494
(95% confidence limits) (11.2-12.2) (19.1-19.7) (22.4-23.2) (28.9-30.5)
Chang et al (2000)* 17-41 113 157 223 252 30.8
2D Birnholzand Farrell
15-40 180 10.3 16.9 20.2 279
(1988)%
Shimizu et al (1992)*# 18-42 124 15 19 22 28
Lettieri et al (1993)*! 14-25 424 12 19
Chitkara et al (2000)* 15-40 2583 1.7 19.7 22,5 29.2
Yeo et al (2003)* 14-41 447 13 20 25 31
PM  Gill et al (1994)* 14- 24 106 126 19.5
Ne  Sivanetal (1983)*# 27-41 198 26 325

3D: 3D ultrasound, 2D: 2D ultrasound, PM: post-mortem, Ne: neonatology; N: number of study subjects, w: weeks of
gestation
# Data visually estimated from graphs.
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3.1.8. Conclusions
From this current study it can be concluded that most measurements can be reliably obtained
by 3D ultrasound. The same applied to regular craniofacial measurements, such as the bipa-
rietal distance. Only the smaller distances, such as philtrum length and nasal protrusion, are
less reproducible. Some measurements are more complicated, because they have to be found
through movement of the callipers in more than one of the orthogonal 3D planes. Finally,
some landmarks, such as the edges of the mouth, are difficult to determine (or are being
moved in time), and the measurement is therefore less reliable.

Most of the craniofacial growth charts show fastest growth rates during the beginning of
the second trimester with gradual plateauing after midpoint of the second trimester. This is
consistent with the growth pattern described by Burdi et al and Escobar et al '*>.
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APPENDIXTO CHAPTER 3.1: REGRESSION EQUATIONS

The regression equations for means/medians of Figures 1- 17 in Chapter 3.1 in relation to gestational age (GA in weeks)
are as follows:

Figure 1: Skull height/ total facial height-ratio
Mean = 1.2873 - 0.0085GA

Figure 3: Upper/ lower facial height- ratio
Mean= 0.1604+0.0374GA-0.00072GA2

Figure 4: Facial index
Mean= 1.0539 - 0.00585GA

Figure 6: Nasal index
Median=10Y
Y=-0.2531 + 0.0190 GA-0.00031GA?

Figure 7:Total facial height/ head circumference-ratio
Mean=0.1611 - 0.00024GA

Figure 8: Cephalic index
Mean = 105.16-2.057GA +0.0391GA2

Figure 9: 10D/ BPD-ratio
Mean=0.4698-0.01379GA+ 0.000203GA2

Figure 10: IOD/OOD-ratio
Mean= 0.6841-0.01790GA+ 0.000286GA2

Figure 11: OOD/BPD-ratio
Mean= 0.6906 - 0.00332GA

Figure 17: Bitragal breadth/BPD-ratio
Median=10Y
Y=0.1415 - 0.01038 GA+0.00017GA2
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3.2 THREE-DIMENSIONAL SONOGRAPHIC MEASUREMENT OF NORMAL FETAL
BRAIN VOLUME DURING THE SECOND HALF OF PREGNANCY

N.M. Roelfsema*, W.C.J. Hop#, S.M.E. Boito*, J.W. Wladimiroff*
*Department of Obstetrics and Gynecology, “Department of Epidemiology and

Biostatistics, Erasmus MC, University Medical Center Rotterdam, The Netherlands
Published in the American Journal of Obstetrics and Gynecology 2004, 190, 275- 280.

Summary

Objectives: This study was undertaken to develop a three-dimensional (3D) ultrasound
method of measuring fetal brain volume.

Study design: Serial 3D sonographic measurements of fetal brain volume were made in 68
normal singleton pregnancies at 18 to 34 weeks of gestation. A comparison was made with
fetal brain volume estimates from two-dimensional (2D) sonographic measurement of head
circumference and published postmortem fetal brain weights.

Results: Coefficient of Variation for fetal brain volume (3D) caused by differences between
repeated tests was 10.2% and between analyses of the same recorded volume 2.2%. Median
brain volume increases from 34 ml at 18 weeks to 316 ml at 34 weeks. Median brain weight
represented approximately 15% of total fetal weight. The 3D ultrasound-derived brain weight
is larger than postmortem brain weight. However, this is not so for brain weight derived
from total fetal weight at autopsy. A good agreement between 3D and 2D brain volume was
found.

Conclusion: Sonographic measurement of fetal brain volume demonstrated an acceptable
intraobserver variability and a nearly 10-fold increase during the second half of gestation.
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Introduction

Both fetal biparietal diameter and fetal head circumference are standard parameters in estab-
lishing normal and abnormal fetal biometry.! With the use of a three-dimensional (3D) sono-
graphic method, it would be possible to measure fetal brain volume. Recently, a method of
3D sonographic measurement of fetal liver volume was introduced?*, which would allow cal-
culation of fetal liver to brain weight ratios in both normal and abnormal fetal development.®
Moreover, determination of the accuracy of a recently developed and simple two-dimensional
(2D) sonographic method for estimating fetal brain volume based on postmortem fetal brain
weight data from literature,® would be feasible.

The objectives of this study were therefore as follows: (i) to develop a 3D sonographic
method of measuring fetal brain volume; (i) to establish reproducibility and normal data rela-
tive to gestational age; (iii) to compare 3D ultrasound data with 2D ultrasound data of brain
volume and postmortem data of fetal brain weight at 18 to 34 weeks of gestation.

Materials and methods

Study design
During the period of February 2000- September 2001, 68 women with a normal singleton
pregnancy consented to participate in the study, which was approved by the Hospital Ethics
Review Board. Pregnancy duration varied between 18 and 34 weeks (median 26 weeks). Ma-
ternal age ranged between 19 and 38 years (median 29 years). Women were recruited from the
antenatal department and regional midwifery services. Pregnancy duration was determined
from the last reliable menstrual period, or in case of uncertainty, adjusted by ultrasound in the
first trimester of gestation. Pregnancies were uneventful resulting in the delivery of a normally
developed infant. According to the Kloosterman tables® 91% of the birth weights were situ-
ated between the 5" and the 95™ percentiles, adjusted for maternal parity and fetal sex. In
each pregnancy, fetal brain volume was established four times at 3- to 5-week intervals.
Intraobserver variability was determined during the same gestational period in 22 nor-
mal singleton pregnancies, five of which also participating in the serial study of fetal brain

volume.

Recording technique

3D sonographic examination of the fetal brain was performed with the use of a standard
Voluson 530 D (Kretztechnik AG, Zipf, Austria) with a 3-to 5-MHz annular array transducer
(VAW 3-5). An internal mechanism in the transducer sliced through the images and recorded a
truncated pyramidal volume. Depth, longitudinal and transverse dimensions were adjustable.
An opening angle of 50 to 70 degrees and a sampling angle of 30 to 85 degrees was used,
resulting in a maximum volume of 3.2 liter. The depth range for the region of interest was
set at 6 to 13 cm. ‘Normal’ frequency range (mid resolution/ mid penetration) was used in
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most patients, but was adjusted to‘penetration’ (lower resolution/ high penetration) in case of
obesity. Frequency range ‘resolution’ was used in case of thin women and/or superficial posi-
tion of the fetus. Scanning time for one recorded volume ranged between 4 and 8 seconds,
depending on fetal movement and size of the recorded volume.

The 3D ultrasound data for measurement of brain volume were recorded using a sagittal
scan of the head. Acquisition of this scan started at the midsagittal view of the head with the
fetus facing the transducer. All data were first stored and processed by the equipment and
displayed in three perpendicular planes on the monitor. The volume data were then collected
on a transportable magnetic disk for later analysis (lomega Jaz).

Measurements were made with the use of the 3D view program (Kretztechnik AG, ver-
sion 4.0) on a personal computer with an lomega Jaz Drive. 3D brain volume (milliliters) was
measured by rotating the recorded volume until the midsagittal plane was displayed on the
upper right panel. With the VOCAL mode (method for measuring volume) the internal borders
of the head were traced manually with stepwise rotation of 30 degrees, taking the skull base
(defined as the line between glabella and opisthion) as the lower border (Figure 1).

For 2D sonographic estimation of brain volume, the head circumference (HC) was measured
in the plane described first by Campbell and Thoms.! The 2D brain volume was calculated ac-
cording to the formula: 1/2 x 1/6 m (HC/m)?, described by Boito et al.’

Total fetal weight was estimated using the Hadlock formula’, which includes measurement
of fetal head and upper abdominal circumference as well as femur length. For comparison
with estimated fetal weight and with postmortem data, fetal brain weight was estimated
by multiplying fetal brain volume measured with 3D ultrasound with brain specific gravity
(1.04).8

All 2D and 3D ultrasound examinations and measurements were performed by one ob-
server (NR).

The reproducibility study consisted of recording two volume data sets from the same fetus
with a time interval of approximately 20 minutes. The first recorded data set was analyzed

twice with a minimal time interval of one week.

Figure 1. Measurement of fetal brain volume with 3D ultrasound.

77

Chapter 3



Chapter 3

Statistical analysis

Statistical analysis was performed on a personal computer using SPSS version 10.1 (SPSS Corp,
Chicago, lll). Analysis of the reproducibility study consisted of nested analysis of variance to
separate the within subjects variation in components caused by differences between repeated
tests within patients and differences between analyses of the same recorded volume.

Visual inspection of the scatterplot of 3D fetal brain volume versus gestational age showed
roughly quadratic curves for individuals. Therefore, a linear relationship between the square
root transformation of 3D brain volume versus gestational age was analyzed with regression
analysis for repeated measurements (random coefficients model) using SAS PROC MIXED (SAS
Institute, Cary, NC). Weight-specific reference intervals were also calculated according to this
model. The random coefficients model was also used for determination of the relationship
between fetal brain weight (3D) versus estimated fetal weight and fetal brain weight as a
percentage of total estimated fetal weight versus gestational age.

The agreement between both 3D and 2D fetal brain volume was assessed by calculation
of the intraclass correlation coefficient (ICC). Systematic differences between 3D and 2D brain
volume outcomes were calculated by means of the paired Student t test. The 95% confidence
limits of 3D fetal brain weight data were calculated for comparison with published postmor-
tem brain weight data relative to gestational age®'" and for comparison with published post-
mortem brain weight relative to total fetal weight.>'2

A p value of less than 0.05 was considered significant.

Results

3D brain volume measurement

A complete set of four 3D fetal brain volume measurements was collected in 65 out of 68
women. A recording from the last scan was not available in two women and the last scan was
not performed in the remaining woman, resulting in 269 recordings for 3D fetal brain volume
measurement. A technically successful measurement was obtained in 245 (91%) out of 269
recordings. The remaining 24 recordings were of insufficient quality mostly due to the limited
size of the recorded volume or position of the fetal head.

The reproducibility study showed a coefficient of variation for 3D fetal brain volume mea-
surement of 10.2% caused by differences between repeated tests within women and 2.2%
due to differences between analyses of the same recorded volume.

Fetal brain volume data demonstrate a statistically significant linear increase for the square
root transformation of fetal brain volume relative to gestational age (Figure 2). The median
value (50 percentile) increases from 34 ml at 18 weeks to 316 ml at 34 weeks of gestation
(Table I). Weekly increase (50" percentile) in fetal brain volume varies between 9 ml (28%) at
19 weeks to 26 ml (9%) at 34 weeks of gestation (Table I).
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Figure 2. Longitudinal representation of fetal brain volume (in milliliters) relative to gestational age (in
weeks). Data points (mostly four) are connected by straight line segments for individual fetuses. Note the
square root-scaled vertical axis.

Table I. Fetal brain volume (in milliliters) relative to gestational age (5th, 50th, 95th percentile); weekly
increment in fetal brain volume; median fetal brain weight as a percentage of estimated fetal weight.

GA 5% X Median fetal brain weight/
50% (ml)* 95% (ml) Weekly increment (ml) X X
(wk) (ml) estimated fetal weight (%)*
18 21 34 49 - 16
19 29 43 59 9 (28%) 16
20 38 53 71 10 (24%) 16
21 47 65 85 12 (22%) 16
22 58 77 100 13 (20%) 17
23 69 91 116 14 (18%) 17
24 82 16 133 15 (16%) 17
25 95 122 152 16 (15%) 17
26 109 139 173 18 (15%) 17
27 124 157 194 19 (13%) 17
28 140 177 218 19 (12%) 16
29 156 197 243 21(12%) 16
30 174 219 269 22 (11%) 16
31 192 241 297 23 (10%) 15
32 21 265 326 24(10%) 15
33 231 290 356 25 (9%) 15
34 252 316 389 26 (9%) 14

GA, gestational age.

*Median fetal brain volume:y/ brain volume = 0.75 GA - 7.71

*Median fetal brain weight (BW) as a percentage of estimated fetal weight (EFW): Log (100 x BW/ EFW) = 0.7540 + 0.0388
GA - 0.0008 GA2.
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Figure 3. Fetal brain weight (BW) as a percentage of estimated fetal weight (EFW) relative to gestational
age (in weeks). Curves represent fitted median values with 95% confidence limits.

The relation between the log transformation (base 10) of brain weight as a percentage
of total fetal weight and gestational age appeared nonlinear as evidenced by a significant
quadratic fitted curve (p < 0.001) (Figure 3). Median fetal brain weight as a percentage of total
fetal weight varies between 14% and 17% with a decrease during the first half of the third
trimester of pregnancy (Table [; Figure 3).

A clear difference exists between median 3D fetal brain weight and postmortem brain
weights, which increases with gestational age (Table II).

When related to estimated fetal weight, mean 3D sonographic fetal brain weight agreed
well with brain weight based on equations according to postmortem data from Guihard-Costa
et al® and Jordaan and Dunn' (Table lll).

2D brain volume measurement

A 2D brain volume measurement was successful in 269 (99%) out of 271 recordings. Mean dif-
ference in fetal brain volume between the 3D and 2D sonographic measuring technique was
12 ml, which is statistically significant (p<0.001). However, the overall agreement between 3D
and 2D measurements of fetal brain volume was good, with an ICC of 0.95.

Comment

To the best of our knowledge, this is a first longitudinal report on fetal brain volume mea-
sured by 3D ultrasound. Measurements on fetal head circumference and Doppler studies on
intracerebral blood flow have demonstrated the presence of fetal brain sparing in fetal growth
restriction associated with impaired uteroplacental perfusion.'

The current study shows an acceptable intraobserver variability for differences between
repeated tests within women and between analyses of the same recorded volume.

A nearly ten-fold increase in fetal brain volume takes place during the second half of gesta-
tion. A similar rise was established by Endres and Cohen' in a cross-sectional study design
that used a different 3D ultrasound method. At the same time, brain growth demonstrates a
marked slow down as expressed by a weekly increment in brain volume at 34 weeks of only
one third of the weekly increment at 19 weeks of gestation. When fetal brain weight derived
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Table Il. Comparison of fetal brain weight (50th percentile) (grams) derived from the current 3D
sonographic study and three postmortem studies.

Gestational Fetal brain weight (g)

age Current study Guihard-Costa et . Gruenwald and
(wks) (95% confidence limits) al*? singeretal® Mingh"
18 35(33-37) 33 - -

20 55(53-57) 48 49 -

22 80 (78-83) 68 65 -

24 110(107-113) 91 83 92

26 145 (141-149) 118 105 m

28 184 (179-189) 147 132 139

30 228(221-235) 181 163 166

32 277 (268-286) 219 198 209

34 330(319-341) 260 237 246

* Data visually estimated from graphs in Guihard-Costa et al.?

Table Ill. Comparison of fetal brain weight (50th percentile) (grams) derived from the current 3D
sonographic study and fetal brain weight from different equations or tables derived from published
postmortem studies at the fetal weight range of 500- 2500 grams.

Fetal brain weight (g)
Fetal weight (g)  Current study®

(95% confidence imits) Guihard-Costa et aP* Jordaan and Dunn'*

500 80 (78-83) 80 -

750 120 (116-123) 116 109
1000 155 (151-160) 151 153
1250 188 (183-193) 186 192
1500 218 (212-224) 220 228
1750 246 (238-253) 253 260
2000 271 (262-281) 286 289
2250 295 (284-307) 319 315
2500 317(303-332) 352 338

BW, fetal brain weight; FW, (estimated) fetal weight

¢ Equation: log (BW) = -0.2453 (log FW)? + 2.3496 log FW -2.6499.

* Based on equation: log (BW) = 0.92 log FW - 0.58.

#Based on equation: BW = 543.85 - (435.1452) (0.8077)*; x = (FW-750)/500; fetal weight > 750 g.

from brain volume is examined, this represents 14% to 17% of total estimated fetal weight.
Fetal brain weight expressed as a percentage of total fetal weight shows a significant reduc-
tion during the first half of the third trimester of pregnancy.

For producing a method that is easy to perform and is reproducible, it is necessary to take
borders that are identifiable. The method we present here is based on the method described
by Gordon in 1966.' It concerns measurement of cranial capacity in children by means of
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radiography, taking the frontal pole (in this study “glabella”) and the occipital pole (or “opis-
thion”) as the anterior and the posterior border, respectively. Gordon also includes those parts
of the brain that are below the level of the skull base. However, in contrast with radiography,
this part of the skull is not well visualized with ultrasound and could therefore not be mea-
sured. This could induce a small underestimation of the actual brain volume.

However, postmortem fetal brain weights were considerably lower than 3D sonographic fe-
tal brain weights, particularly during the third trimester of pregnancy. These differences were
less marked when fetal brain weight relative to total weight was taken into consideration, es-
pecially in the lower fetal weight classes. Several factors, such as cooling of the fetal specimen,
cause of death, delivery-death interval, presence of traumatic, vascular, inflammatory, or other
intracranial pathology, as well as the level at which the brainstem is sectioned, may influence
the measured weight of the brain during autopsy.’ Moreover, fetal death may be associated
with loss of water content that will affect fetal weight. This is supported by the observation
that total body weight at autopsy is significantly lower than birth weight of live infants at a
similar gestational age." This may also explain the good agreement between 3D sonographic
and postmortem data when fetal brain weight relative to total weight is compared.

A good agreement, as is expressed by an ICC of 0.95 exists between 3D sonographic mea-
surement and 2D sonographic estimation of fetal brain volume derived from postmortem
fetal brain weight. The significantly smaller mean value (difference 12 ml) for 2D sonographic
brain volume estimates may be determined by the same limitations associated with postmor-
tem fetal specimen.”® Because measurement of fetal head circumference is part of routine
biometry, the 2D sonographic method of estimating fetal brain volume described here is well
applicable, although direct measurement of fetal brain volume with 3D ultrasound should be
preferred.

Fetal brain volume measurement in conjunction with fetal liver volume determination
could provide insight into the nature of abnormal fetal growth. Measurement of fetal brain
volume beyond 34 weeks of gestation may be helpful in determining late onset growth re-
tardation. However, there are several reasons for being increasingly less able of accurately
establishing fetal brain volume by 3D ultrasound beyond 34 weeks of gestation. First, there
are increasing limitations in recording the entire fetal head because of limited 3D transducer
sector size. Second, near term, the fetal head is often situated deep down in the pelvic region,
which makes it difficult to obtain the midsagittal plane necessary for correctly recording the
volume. Third, the increased bone density of the skull leads to difficulties in visualizing the
occipital border of the brain.

It can be concluded that 3D sonographic measurement of fetal brain volume demonstrates
an acceptable intraobserver variability. Fetal brain volume shows a nearly 10-fold increase and
represents 14% to 17% of total estimated fetal weight during the second half of gestation. Fe-
tal brain weight as derived from 3D sonographic fetal brain volume measurements was higher
than that obtained from postmortem fetal specimen. However, this difference becomes less
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evident when comparing fetal brain weight relative to total fetal weight. Whereas 2D and 3D

sonographic volumes show a good agreement, 2D sonographic estimates were smaller at a

mean difference of 12 ml.
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Abstract

Objective: To explore longitudinally the development of the fetal skull base using three-
dimensional (3D) sonography.

Methods: Serial 3D sonographic measurements of anterior skull base length, posterior cranial
fossa length and skull base angle were made in 126 normal singleton pregnancies at 18-34
weeks of gestation. In a sub-study of 22 pregnancies intra-observer variability was determined.
Regression analysis for repeated measurements was performed by means of the random coef-
ficients model. Results from an earlier publication on brain volume were extended to the total
patient cohort.

Results: Measurements were technically successful in 69-94%. The coefficient of variation
for differences between repeated tests within women was 3.5- 7.6% and between repeated
analyses of the same recorded volume it was 3.0- 5.1%. A statistically significant gestational
age-related increase was established for both the anterior skull base length and the posterior
cranial fossa length and the skull base angle showed a small but significant flexion of about
6 degrees. A higher increment in posterior cranial fossa length relative to anterior skull base
angle was established. A significant quadratic relation could be established for both anterior
skull base length (p<0.0001) and posterior cranial fossa length (p<0.0001), but not for skull
base angle, relative to brain volume.

Conclusion: The reproducibility was acceptable for all fetal skull base measurements. The
more pronounced growth in posterior cranial fossa length relative to anterior skull base
length is associated with brain growth. In the small flexion of the skull base angle, however,
no association with brain growth was found.
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Introduction

From an evolutionary point of view, we know that the skull base or cranial base of modern
men differs markedly from that of other primates. The petrous pyramidas are oriented more
coronally and there is a higher degree of midline basicranial flexion. In other words, the
basi-occipital base has a more vertically inclined orientation relative to the anterior cranial
base, resulting in a deeper and wider posterior cranial fossa (Figure 1)'2 Scientists in this field
hypothesised that skull base development is linked to brain expansion, obligatory erect posi-
tion, and facial orthognathism in Homo sapiens’.

The skull base has an important role in supporting and inducing the formation of cranio-
facial structures?®. It is related closely to the growth and development of the brain and facial
bones. However, the skull base is difficult to measure externally 2. Different techniques have
been used in order to optimize the measurements, varying from the use of radiography to
high-resolution magnetic resonance imaging (MRI) in mostly formalin-fixed fetuses. Investi-
gation of skull base development by prenatal ultrasonography has only been employed by
Degani et al (2002)*.

In the literature, there is general agreement on the finding that the anterior and posterior
skull base length have distinct growth trajectories, with the anterior exceeding posterior
growth™s. Growth in the second trimester is more rapid than in the first trimester, with the
fastest growth rates during the 4th and 5th months of gestation’. The posterior cranial fossa
increases in width and length, the width exceeding length. The posterior cranial fossa be-
comes progressively broader and shallower.

CITIER RN

Figure 1. Schematic drawing of midline and transverse sections of a chimpanzee (left upper and lower
corner) and a modern human (right upper and lower corner). The differences in basicranial flexion (upper
row) and petrous pyramids orientation (lower row) are shaded grey. (Drawing based on Figure 1 from
Jeffery and Spoor.")
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However, there is disagreement about the extent to which the angular shapes predomi-
nate in skull development. Some studies indicate a moderate decrease in the angle between
the anterior and posterior skull base segments, which results in a flexure of the skull base,
caused mainly by rapid hind-brain growth. Other studies indicate a retroflexion of the skull
base during the second and third trimester of pregnancy 2.

In this longitudinal study, we determined anterior skull base length (ASBL), posterior cranial
fossa length (PCFL) and skull base angle (SBA) by three-dimensional (3D) ultrasound in order
to elucidate prenatal development of the skull base and to obtain insight in the subsequent
angular skull base development during the second half of pregnancy. Previously collected
brain volume data were used to examine the relationship between brain size and skull base
growth.

Patients and methods

Study design

Over a two year period, a total of 129 women with a normal singleton pregnancy consented to
participate in this longitudinal study, which was approved by the hospital ethics review board.
Women were recruited from the antenatal clinics and regional midwifery services. Pregnancy
duration varied between 18 and 34 weeks (median, 26). This was determined from the last reli-
able menstrual period, adjusted by first-trimester ultrasound in uncertain cases. The Maternal
age ranged between 19 and 40 years (median, 30). A total of 126 women remained in the
study after three (2%) women were excluded retrospectively from the analysis, due to a fetal
malformation detected prenatally (n=1; spina bifida), a congenital malformation or disease
recognised after birth (n=1; mildly hydropic child, cause unknown) or there being no follow-
up available (n=1). Ninety-five percent of the birth weights were situated between the 5th
and 95th percentile, adjusted for maternal parity and fetal sex according to the Kloosterman
tables®. In each pregnancy, fetal skull base examinations were performed four times at 3- 5
week intervals.

An earlier study on fetal brain volume covered only part of this study cohort, namely the
first 68 pregnancies.’® Fetal brain volume recordings were performed four times in these 68
pregnancies, with a total of 269 recordings (in 3 women a last scan was not available). To be
able to compare brain volume measurements to skull base measurements we extended the
former study results to the total study cohort of 126 pregnancies.

Intraobserver variability was determined on one occasion in 22 normal singleton pregnan-
cies, six of which also participated in the longitudinal study. Gestational ages at examination
were divided equally between 18 and 34 weeks
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Recording technique

The 3D-ultrasound machine used in the present study was a standard Voluson 530D (Kretztec-
hnik AG, Zipf, Austria) with a 3-5 MHz transducer (VAW 3-5). Depth, longitudinal and transverse
dimensions were adjustable. An opening angle of 50 to 70 degrees and a sampling angle of 30
to 85 degrees were used, resulting in a maximum volume of 3.2 litre. The depth range for the
region of interest was set at 6-13 cm. Scanning time for one recorded volume ranged between
4 and 8 seconds, depending on fetal movement and size of the recorded volume. The region of
interest was defined containing the complete fetal head. Fetal skull base data were recorded
by acquisition of a sagittal scan of the face, starting at the mid-sagittal plane, with the fetus
facing the transducer. The volume data were collected on a transportable magnetic disk for
later analysis (lomega Corp., Roy, UT, USA). Measurements were made using the 3D view pro-
gram (Kretztechnik AG, version 4.0) on a personal computer with an lomega Jaz Drive.

ASBL was defined as the distance in mm between glabella and sella turcica (Figure 2). The
sella turcica is located just between the frontal and the occipital part of the spenoid bone in
the midsagittal plane and the middle of the cross formed by the spenoid ridge and the otic
cartilage in the transverse plane (Figures 3 and 4)

Measurement of the posterior skull base length, the distance between the sella turcica
and basion, was not feasible since the basion, the lowest part of the clivus, is often difficult
to determine due to scattering by or too much reflection from the surrounding bony tissue.
Instead, the PCFL, the distance in mm between the sella turcica and opisthion (the lowest part
of the skull), was considered to be an acceptable alternative for determining the development
of the posterior part of the skull base (Figure 2). For the SBA (degrees), one arm was defined as
the distance between the nasion and the sella turcica, the other arm being the line connecting

Figure 2. Measurement of anterior skull base length (ASBL) and posterior cranial fossa length (PCFL) using
three-dimensional ultrasound. (Landmarks: g= glabella, prominence on the frontal bone above the root
of the nose at the level of the superior orbital ridges; s= sella turcica, middle of cross formed by sphenoid
ridge and the otic cartilage in transverse plane; o= opisthion, lowest posterior point of the skull (inner
border))
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Figure 3. Position of sella turcica in the multiplanar view: coronal (top left), sagittal (top right) and
transverse (bottom left) planes.

Glabella Sella
N turcica
\\
Nasion ~ N / Opisthion

Spenoid bone

Basioccipital
Maxilla

bone (clivus)

First vertebra
Mandible

Figure 4. Schematic drawing of the midsagittal section of a normal fetus at about 26 weeks’ gestation.

The dotted line represents the line from the sella turcica, through the clivus to the frontal part of the first
vertebra.

Figure 5. Measurement of skull base angle (SBA) with three-dimensional ultrasound. (Landmarks: n=

nasion, deepest part of the nasal root; s= sella turcica; f= frontal part of the first vertebra)
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the sella through the clivus with the frontal part of the first vertebra (Figures 4 and 5). 3D brain
volume (ml) was measured by rotating the recorded volume until the mid-sagittal plane was
displayed on the upper-right panel. With the VOCAL mode (method for measuring volume)
the internal borders of the head were traced manually with stepwise rotation of 30 degrees,
taking the skull base (defined as the line between glabella and opisthion) as the lower border.
This method is explained in detail in an earlier report’®.One observer (NR) performed all 3D
ultrasound examinations and measurements.

The reproducibility study consisted of recording two volume datasets from the same fetus
separated by a time interval of approximately 20 minutes. The first recorded dataset was ana-
lyzed twice with a minimal time interval of one week. This second analysis was done whilst

with the researcher blinded to the results of the first analysis.

Statistical analysis

Statistical analysis was performed on a personal computer using SPSS version 10.1 (SPSS
Inc., Chicago, IL, USA). Analysis of the reproducibility study consisted of Nested Analysis of
Variance to separate the within subjects variation in components for differences between re-
peated tests within subjects and differences between repeated analyses of the same recorded
volume.

The relationship of the measurements versus gestational age was analyzed with regression
analysis for repeated measurements (random coefficients model) using SAS PROC MIXED, ver-
sion 6.2 (SAS Institute, Cary, NC.). This procedure is a powerful method for analyzing longitu-
dinal data. Data were centered by using the halfway point of gestational age (20 weeks), and
calculations used x=gestational age- 20 as the time axis. The advantage of this transformation
is twofold: the resulting intercepts represent the mean outcome at around the middle of
pregnancy, and a faster convergence of the iterative procedure is achieved. Weight-specific
reference intervals were also calculated according to this model. This random coefficients
model was used for determination of the relationship between the log-transformed ASBL/
PCFL ratio versus gestational age, along with the 95-percent confidence limits of the median.
This transformation was required to get a proper fit.

Regression analysis for repeated measurements was also used for analysis of the relation-
ship of the log-transformed brain volume relative to ASBL, PCFL and SBA.

A p value of less than 0.05 was considered statistically significant.

Results

A complete set of four 3D volume measurements was collected in 117 out of the 126 women
(93%). A recording from the last scan was not performed in five women. The last scan was not
available in another four women. This resulted in 495 recordings for fetal skull base and brain
volume measurements.
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Figure 6. Anterior skull base length (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5th and 95th percentiles.

Measurement was technically successful for the ASBL in 466 (94%) recordings, for the PCFL
in 454 (92%) recordings and for the SBA in only 341 (69%) recordings. The reproducibility
study showed a coefficient of variation (CV) for differences between repeated tests within
women of 4.9, 3.5 and 7.6% for ASBL, PCFL and SBA, respectively. The CV for differences be-
tween repeated analyses of the same recorded volume was 4.6, 5.1 and 3.0% for ASBL, PCFL
and SBA, respectively.

Regression analysis demonstrated a statistically significant quadratic fitted curve for ASBL
relative to gestational age (Figure 6). Both PCFL and SBA showed a statistically significant
linear relationship with gestational age (Figure 7 and 8). Mean ASBL increased from 20 mm
to 38 mm and mean PCFL increased from about 30 mm to 68 mm during the period studied.
The mean SBA showed a statistically significant (p= 0.003) linear decrease from 138 to 132
degrees, throughout the second half of gestation. Comparing ASBL with PCFL, there was a
relatively higher increment of PCFL, resulting in a statistically significant linear decrease of the
log-transformed ASBL/ PCFL- ratio relative to gestational age (Figure 9).

A statistically significant quadratic relation was found for the log-transformed brain volume
relative to ASBL (p<0.0001) and the log-transformed brain volume relative to PCFL (p<0.0001)
(Figure 10 and 11). However, no statistically significant relationship could be established for

brain volume relative to SBA (Figure 12).

Discussion
To the best of our knowledge this is the first longitudinal report on human fetal skull base
development studied by 3D ultrasound.

We demonstrated an acceptable intra-observer variability. High success rates were found
for ASBL and PCFL measurements. When the fetus was situated deep in the pelvic region and/
or the fetal face was directed constantly towards the maternal sacrum, it was not possible
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Figure 7. Posterior cranial fossa length (mm) relative to gestational age (weeks). Curves represent fitted
mean values with 5th and 95th percentiles.
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Figure 8. Skull base angle (degrees) relative to gestational age (weeks). Curves represent fitted mean
values with 5th and 95th percentiles.
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Figure 9. Ratio of anterior skull base length (ASBL)/ posterior cranial fossa length (PCFL) relative to
gestational age (weeks). Curves represent fitted median values with 95% confidence limits.
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Figure 10. Brain volume (BV) relative to anterior skull base length (ASBL). Curve represents fitted median
values (log(BV)= 2.0676+0.04687 x (ASBL-30)-0.00084 x (ASBL-30)? p-value of the quadratic component
<0.0001).
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Figure 11. Brain volume (BV) relative to posterior cranial fossa length (PCFL). Curve represents fitted
median values (log(BV)= 2.0785+0.02381 x (PCFL-47.8)-0.00029 x (PCFL-47.8)% p-value of the quadratic
component <0.0001).
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Figure 12. Brain volume (BV) relative to skull base angle (SBA). Curve represents fitted median values
(non-significant relationship) (log(BV)=1.99-0.000181 x (SBA-135); p-value of the linear component = 0.15).
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to perform any fetal skull base measurements. Obscuring structures in front of the fetal face
could also complicate measurement. The relatively lower success rate of the skull base angle
measurement can be explained by the difficulty in observing the frontal border of the fora-
men magnum (or clivus) by ultrasound, as mentioned earlier.

In the evaluation of the skull base, different studies,often use different techniques and
therefore different landmarks. Most studies on the fetal skull base are cross-sectionally derived
examinations on formalin-fixed fetuses, with fixed landmarks based on ossification detect-
able by X-ray. However, large proportions of the skull base persist as cartilage throughout the
second trimester and thus are not visible by radiography. This applies in particular to the sella
turcica, which is used as an important landmark to differentiate between the anterior and the
posterior skull base. In more recent studies, high-resolution MRI was used, allowing most tis-
sues to be shown, although considerable practise is necessary to interpret these structures in
two dimensions®. Our study design had the advantage of obtaining longitudinal information
on the development of the prenatal skull base during normal pregnancy and using landmarks
suitable for sonographic examination.

Most of the discussions about human skull base development studies are centered around
prenatal changes in skull base angle. By using three-dimensional ultrasound, it was possible
to pursue serial measurements during normal fetal development and to establish a small but
significant flexion of the cranial base during the second half of gestation. Similar results were
found by van den Eynde (1992)". This finding is consistent with a well-known (to anthro-
pometrists) model predicting basicranial flexion following increased brain growth relative to
slower growth of the midline basicranium &.

On the other hand, Jeffery and Spoor found basicranial retroflexion during the second half
of gestation, as did several other authors %23, Jeffery and Spoor put forward the hypothesis
that the basicranium flexes when the hindbrain undergoes rapid growth in the first trimester,
remains stable during the second and retroflexes during the third trimester. The SBA is known
to flex again rapidly during the first two years after birth'2. However, why brain size correlates
with skull base angle after birth and not before remains unexplained in this hypothesis.?
Jeffery and Spoor suggest an intrinsic mechanism which is independent of brain growth'.
Our data indicate that flexion does occur during the second half of gestation. This difference
may be explained by the fact that different landmarks were applied, although our study also
showed no statistically significant relation between brain volume and SBA, supporting Jeffery
and Spoor’s suggestion of other factors causing the skull base to flex.

The anterior skull base was compared to the PCFL and not the posterior skull base length for
reasons mentioned earlier. The increase in PCFL was more pronounced than that in the ASBL.
The sella turcica gained a more anteriorly positioned orientation relative to the back of the
skull (opisthion) as gestation progressed. As the ASBL is usually compared with the posterior
skull base length and not the PCFL, it is difficult to compare our results with those in literature.
However, our findings are consistent with other human fetal studies showing growth along
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the skull base to be significantly slower than in other parts of the skull. fetal brain growth to
be markedly rapid at the same time'. This would result in faster growth of the posterior cranial
fossa, allowing the hindbrain to expand. This would also explain the significant relationship
between brain volume and PCFL.

The results of Degani et al (2002) are in agreement with ours. They studied the skull base in
a transverse plane with two-dimensional ultrasound during 14 to 40 weeks’ gestation. Their
study shows a more pronounced increase in otic cartilage length compared to the sphenoid
ridge length, supporting faster backward growth of the skull to increase the space in the pos-
terior part of the skull base*.

With the introduction of three-dimensional ultrasound, longitudinal studies on fetal skull
base development have become feasible. In this study, the more pronounced growth of the
PCFL relative to the ASBL was associated with brain growth. However, in the modest flexion of
the SBA no association with brain growth was found.
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Abstract

Objective: To explore the various ways of obtaining fetal maxillary and mandibular size with
three-dimensional (3D) ultrasound, with a view of developing a tool for identifying minor
anomalies in the lower facial region.

Methods: Serial 3D sonographic measurements of the fetal jaws were made in 126 normal
singleton pregnancies at 18-34 weeks of gestation for determination of degree of maxillary
and mandibular protrusion, maxillary and mandibular corpus lengths, mid- and lower facial
depths and maxillary and mandibular curvature. In a sub study the reproducibility of the mea-
surements was evaluated.

Results: The coefficient of variation in the reproducibility study varied between 7.1 and 10.5%.
For all parameters but maxillary and mandibular protrusion, there was a significant gestational
age-related increase. Maxillary/ mandibular protrusion, maxillary/ mandibular corpus lengths,
mid-/ lower facial depths and maxillary/ mandibular curvature ratio all showed a significant
gestational age-related decrease, with the most distinct decrease in the mid-/lower facial
depth ratio.

Conclusions: 3D ultrasound measurement of the fetal maxilla and mandible demonstrated
an acceptable intraobserver variability for all measurements. The mid-/ lower facial depth
ratio appears to be most valuable in determining abnormal mandibular development.
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Introduction

Over the years there has been a considerable number of reports on the prenatal detection of
major fetal craniofacial anomalies using two-dimensional (2D) ultrasound'®. Facial structures
are formed as early as 8 weeks of gestation. While information on normal facial development
is difficult to retrieve by ultrasound this early in embryonic life, using three-dimensional (3D)
ultrasound it has now become feasible to conduct fetal facial biometric studies during the
second half of pregnancy.

Serial examinations of facial bone structures in three dimensions could provide more
detailed knowledge of normal bony facial development and therefore the potential to de-
tect minor facial anomalies. This could contribute to our understanding of certain genetic
syndromes and chromosomal anomalies. One particular group of anomalies is characterized
by underdevelopment of the chin, or micrognathia, as seen in, for example, Pierre Robin
sequence*, several chromosomal deletions and trisomies 13 and 18 and less often in fetal
alcohol syndrome* and Noonan syndrome*>7#.

Data on mandibular size and growth as obtained by 2D ultrasound have been reported by
several researchers during the last 10-15 years®'2 and there have been two recent reports on
fetal chin development using 3D ultrasound''%. The objective of our study was to explore the
various ways of obtaining fetal mandibular and maxillary size during the second half of preg-
nancy using 3D ultrasound, with a view to developing a tool for identifying minor anomalies
in the lower facial region.

Patients and methods
This was a longitudinal study of 126 women with singleton pregnancies at 18- 34 (median, 26)
weeks’ gestation. All women consented to participate following approval by the regional eth-
ics review board. Gestational age was determined from the last menstrual period and/or the
fetal crown-rump length or biparietal diameter in the first trimester of pregnancy. Maternal
age varied between 19 and 40 (median, 30) years. All pregnancies were uncomplicated, re-
sulting in the term delivery of an infant without congenital anomalies. Ninety-five percent of
the birth weights were situated between the 5th and 95th percentiles, adjusted for maternal
parity and fetal sex according to the Kloosterman tables'. Sixty-five (52%) infants were male
and 61 (48%) were female. All recordings and measurements were carried out by the same
examiner (NR). In each pregnancy, 3D sonographic examinations were performed four times
at 3-5 week intervals.

3D sonographic assessment of the fetal head and face was performed using a standard
Voluson 530D (Kretztechnik AG, Zipf, Austria) with a 3-5 MHz curved array transducer (VAW
3-5). An internal mechanism in the transducer sliced through the images and recorded a trun-
cated pyramidal volume. Depth, longitudinal and transverse dimensions were adjustable. An

* Syndromes/sequences are identified at p 179-180.
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opening angle of 50 to 70 degrees and a sampling angle of 30 to 85 degrees were used, result-
ing in a maximum volume of 3.2 liter. The depth range for the region of interest was set at 6-13
cm. A‘normal’ frequency range (mid resolution/mid penetration) was used in most patients,
but was adjusted to ‘penetration’ (lower resolution/high penetration) in the case of obesity.
Frequency range ‘resolution’was used in the case of thin women and/or superficial position of
the fetus. Scanning time for one recorded volume ranged between 4 and 8 seconds, depend-
ing on fetal movement and size of the recorded volume.

Multiple volume datasets were recorded of each fetus (range 2-11, median 5). The region of
interest was defined containing the complete fetal head. Two different types of acquisition of
the fetal face and head were used for this study: a sagittal scan (frontal view of the face, com-
posed of sagittal planes) and a coronal scan (side of the head, composed of coronal planes).
Acquisition of the sagittal scan of the face started at the mid-sagittal plane with the fetus
facing the transducer. A coronal scan as performed starting acquisition just in front of the ear.
The volume data that displayed the measurements landmarks best, were then collected on a
transportable magnetic disk for later analysis (lomega Corp., Roy, UT, USA).

Measurements were made using a 3D view program (Kretztechnik AG, version 4.0) on a per-
sonal computer with an lomega Jaz Drive. Measurements were based on anthropometric and
cephalometric measurements that have been described in the literature and proved useful
in the assessment of postnatal (ab)normal craniofacial development.'®'® The following facial
parameters were measured: (i) degree of maxillary and mandibular protrusion, determined by
the angle between sella-nasion and nasion-anterior rims of maxilla and mandibula (Figure 1);
(ii) maxillary and mandibular corpus lengths represented by the anterior-posterior border of
the maxilla, which was extended to the end of the last tooth bud (Figure 2a) and frontal rim
of the mandibula-gonion (Figure 2b); (iii) mid facial and lower facial depths, determined by
the tragus-anterior rim of the maxilla (Figure 3a) and tragus-gnathion (Figure 3b); (iv) maxil-
lary and mandibular curvature, represented by the curvature from tragus-anterior rim of the
maxilla, multiplied by two (Figure 3a) and the curvature from tragus-gnathion, multiplied by
two (Figure 3b).

A complete set of 3D sonographic examinations was collected in 116 of the 126 women.
A recording of the last scan was not performed in five women, it was not available in four
women and it was only partially available in one woman, resulting in 495 and 494 recordings
for measurements derived from the sagittal and coronal scan, respectively.

An intraobserver variability study was conducted in 22 uncomplicated singleton pregnan-
cies, six of which also participating in the serial study. The gestational ages of the 22 preg-
nancies was distributed equally over the period of 18- 34 weeks. Two volume datasets were
recorded from the same fetus, separated by a time interval of approximately 20 minutes. The
first data set was analyzed twice, separated by a minimal time interval of one week. The sec-
ond analysis of the first dataset was carried out while being blinded for the first analysis.
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Figure 1. Measurement of degree of maxillary (max. pro) and mandibular protrusion (mand. pro) by 3D
ultrasound at 20 weeks of gestation. Landmarks are the nasion (n), the deepest part of the nasal root and
the sella turcica (s) at the middle of cross formed by the sphenoid ridge and the otic cartilage in transverse
plane).

Figure 2. Measurement of maxillary corpus length (MXCL) (a) and mandibular corpus length (MNCL) (b) by

3D ultrasound at 20 weeks of gestation.

Statistical analysis

Statistical analysis was performed on a personal computer using SPSS for Windows (version
10.1; SPSS Inc., Chicago, IL, USA). Analysis of the reproducibility study consisted of nested
analysis of variance to separate the within subjects variation in components for differences
between repeated tests within subjects and differences between analyses of the same re-
corded volume.

The relationship of the maxillary and mandibular measurements versus gestational age
was analyzed with regression analysis for repeated measurements (random coefficients mod-
el) using SAS PROC MIXED (version 6.2, SAS Institute, Cary, NC). This procedure is a powerful
method with which to analyze longitudinal data?’. Data were centered by using the mid-point
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Figure 3. Measurement of mid-facial depth (MFD) and maxillary curvature (MXC) (a) and measurement of
lower facial depth (LFD) and mandibular curvature (MNC) (b) by 3D ultrasound at 20 weeks of gestation.
The landmark is the tragus (T), the middle and most anterior aspect of the ear).

of gestational (20 weeks), and calculations were carried out using x=GA- 20 as the time axis.
The advantage of this transformation is two-fold: the resulting intercepts represent the mean
outcome at about the middle of pregnancy, and a faster convergence of the iterative proce-
dure is achieved. For various parameters it was required to add a quadratic component of
gestational age. Weight-specific reference-intervals were calculated according to this model.
This random-coefficients model was also used for determination of the relationship between
the different ratios versus gestational age as well as for calculation of the 95-percent confi-
dence limits of the mean values.
A p vale of less than 0.05 was considered significant.

Results

Table 1 describes for each of the relevant craniofacial parameters: the success rate in obtain-
ing a measurement and the mean and percentage decrease/ increase relative to gestational
age (i.e. the percentage change between 18 and 34 weeks) in the 126 women; the coefficient
of variation for differences between repeated tests within women (range, 4.1-10.5%), the coef-
ficient of variation for differences between repeated analyses of the same recorded volume
(range, 0-6.6%), and the total coefficient of variation (range, 7.1- 10.5%) in the sub study of 22
women. There was a significant gestational age-related increase for each of the craniofacial
parameters except for degree of maxillary and mandibular protrusion. Normal reference charts
(5th, 50th, 95th percentiles) are provided in Figures 4-7. There was a significant gestational
age-related decrease for the maxillary/mandibular protrusion ratio, corpus length ratio and
curvature ratio as well as the mid-/lower facial depth ratio. Mean and 95%-confidence inter-
vals of the mean values are depicted in Figures 8-11. The regression equations with standard
deviations/ standard errors for Figures 4-11 are presented in Tables 2 and 3.
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Table 1. Successrate of obtaining measurements and mean measurements with percentage increase or
decrease at 34 weeks compared with 18 weeks’ gestation, as obtained from regression analyses in 126
pregnancies, and results of reproducibility sub study of 22 pregnancies.

Main study (n=126) Sub study (n=22)
Measurement Successful Mean Mean %decrease/ CV-I  CV-l  CV_

measurements(n  at18 at34 increase (%) (%) (%)

(%))* wks  wks  from18to

(mm) (mm) 34 weeks

Degree of maxillary protrusion 462 (93) 81.2* 809" - 6.7 46 8.2
Degree of mandibular protrusion 455 (92) 66.7"  679% - 5.7 5.6 8.0
Maxillary corpus length 471 (95) 16.5 345 109 8.7 0.8 8.6
Mandibular corpus length 467 (94) 133 29.8 124 105 0.0 10.5
Mid facial depth 469 (95) 271 56.2 107 4.1 6.6 7.8
Lower facial depth 469 (95) 25.2 55.4 120 6.1 6.1 8.6
Maxillary curvature 469 (95) 745 1620 117 5.2 5.7 7.7
Mandibular curvature 468 (94) 70.0 1576 125 7.0 1.0 7.1

* Number of successful measurements out of 496 and 495 recordings for sagittal and coronal measurements, respectively.
#Non-significant change. CV-I: coefficient of variation for differences between repeated tests within women; CV-II :
: total coefficient of variation.

Total”

coefficient of variation for differences between analyses of the same recorded volume; CV.

Discussion

Serial 3D sonographic images were obtained from the mid and lower facial regions with
emphasis on maxillary and mandibular bony size and development during intrauterine life.
Knowledge of the relationship between the various bony facial structures during intrauterine
development is of interest both for evolutionary reasons and because of the possibility of
detecting facial dysmorphology. Abnormal mid- and lower facial development represent phe-
notypes of a wide range of Mendelian genetic syndromes. For example, trisomy 18, Treacher
Collins* and Pierre Robin sequence* are nearly always associated with an abnormal shape or
proportions of the mandibula, resulting in micrognathia or retrognathia®.

The restriction of 2D ultrasound is that bony facial structures can only be viewed in one
plane, whether it is transverse or sagittal. The advantage of 3D ultrasound is that it produces
a composite image of these structures in all orthogonal planes, allowing a more accurate
determination of the biometry of the facial structure of interest.

In our study, the success rate in obtaining an acceptable measurement was always more
than 90 percent. Reproducibility was acceptable for all measurements. However, with advanc-
ing gestational age the fetus is more often in cephalic position with the chin on the chest.
Also, in the presence of a relatively reduced amount of amniotic fluid, the limbs or umbilical

* Syndromes/sequences are identified at p 179-180.
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Figure 5. Maxillary (a) and mandibular (b) corpus length relative to gestational age. Lines represent fitted
mean values with 5th and 95th percentiles.

=
S
L

mid facial depth (mm)

lower facial depth (mm)
S
o

10 + t t f |
15 20 25 30 35 15 20 25 30 35

gestational age (weeks) gestational age (weeks)

Figure 6. Mid- (a) and lower (b) facial depth relative to gestational age. Lines represent fitted mean values
with 5th and 95th percentiles. Figure 6. Mid- (a) and lower (b) facial depth relative to gestational age. Lines
represent fitted mean values with 5th and 95th percentiles.

cord are more often situated in front of the chin. This can complicate measurement of the
mandible, especially the visibility of the gonion.

We used sagittal and coronal scan modes to view the fetal jaws. These two scan modes per-
form equally well in the transverse plane. However, there is a clearly limited lateral resolution
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Table 2. Regression equations (mean) and SD around the curves of the fetal maxillary and mandibular

measurements relative to adjusted gestational age*

Constant A B SD
Measurement
(95% Cl) (95% CI) (95% Cl)

Maxillary 81.08 (80.34 to - - 6.02#
protrusion (%) 81.82)
Mandibular 67.25 (66.65 to - - 5.004
protrusion (°) 67.86)
Maxillary corpus 19.33(18.94 to 1.373(1.229to -0.0206 (-0.0323 to V (5.62-0.17x+0.118x>
length (mm) 19.72) 1.517) -0.0088) 0.012x*+0.0006x*)
Mandibular corpus  15.58 (15.30 to 1.154 (1.041 to -0.0102 (-0.0205 to V (3.4240.570x-0.014x>-
length (mm) 15.86) 1.266) 0.0001) 0.0061x%+0.00057x*)
Mid-facial depth 31.22(30.82to 2.011(1.851to -0.0163 (-0.0315 to V (7.37+1.01x-0.060x>
(mm) 31.63) 2.171) -0.0011) 0.0090%*+0.00122x*)
Lower facial depth ~ 28.97 (28.51 to 1.886 (1.816 to

- V(9.73+0.22x+0.040x)
(mm) 29.44) 1.957)
Maxillary curvature  86.46 (85.17 to -0.039(-0.077 to \ (66.5+3.5x-

5.93(549106.37)

(mm) 87.75) -0.002) 0.25x%+0.002x*+0.0011x)
Mandibular 80.96 (79.88 to 5.470(5.295 to

- v/ (55.79+2.58x+0.221x)
curvature (mm) 82.04) 5.644)

*y =constant + Ax or y =Constant + Ax +Bx?, where A is the coefficient fro the linear component, B is the coefficient for the
quadratic component and x denotes gestational age minus 20 (weeks) in order to center the data with respect to the time
axis.

# no relation with gestational age
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Figure 7. Maxillary (a) and mandibular (b) curvature relative to gestational age. Lines represent fitted mean
values with 5th and 95th percentiles.

in the transverse image of both the sagittal and coronal scans. This affects in particular the
structures further away from the probe. In the sagittal scan (with the fetal nose facing the
transducer) the back of the head is more blurred and appears broader than does the frontal
part, while in the coronal scan, with one side of the fetal head facing the transducer, the op-
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Table 3. Regression equations (mean) and standard error of the mean of the fetal maxillary/ mandibular
ratios relative to adjusted gestational age*

Measurement Constant A Standard error of the mean
(95% CI) (95% CI)

Maxillary/mandibular 1.22(1.21t01.22) -0.0016 (-0.0025 to V(1.7105-2.8 10%%+2.4 107 %)

protrusion -0.0006)

Maxillary/mandibular 0.09 (0.09t0 0.10)t -0.0019(-0.0030 to V(2.1 1075-4.0 10x+3.5 107 )t

corpus length -0.0007)t

Mid-facial/lower facial 1.08 (1.07 to 1.09) -0.0039 (-0.0052 to V(1.910°5-3.8 10%%+4.0 107 x)

depth -0.0027)

Maxillary/mandibular 1.07 (1.06 to 1.08) -0.0021 (-0.0036 to V(3.910%-8.210%x+6.3 107 x)

curvature -0.0004)

*y =constant + Ax, where A is the coefficient for the linear component, and x denotes gestational age minus 20 (weeks)
in order to center the data with respect to the time axis.t median data are for "°log (MXCL/MNCL) values because this
transformation was required to obtain a normal distribution
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Figure 8. Maxillary (max.)/ mandibular (mand.) protrusion ratio relative to gestational age. Lines represent
fitted mean values with 95% confidence limits.

posite side is similarly affected. However, the landmarks in the frontal part, as used in this
study, can be well visualized and are much less liable to these artifacts.

All non-angular measurements displayed a 2- 2.5 fold increase during the second half of
pregnancy. In the 2D ultrasound method of Otto and Platt® and Chitty et al'®, the authors
measured one ramus of the mandible in a plane that was more coronal than was ours. More
comparable 2D ultrasound measurements of the fetal mandible were performed by Watson
and Katz'", who measured the inner length of the mandible without the bony ridge. They
found interobserver measurement differences of 10% or less. However, intraobserver variabil-
ity was not determined.

Paladini et al'? established good intraobserver variability with a 2D ultrasound method of
measuring the mandible corpus length that was equalivalent to our 3D ultrasound method.
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They found regular lateral growth of the mandible in micrognathia, with growth being im-
paired primarily in the anteroposterior direction. Although their 2D ultrasound method of
measurement of the mandibular corpus length seems to be similar to our 3D ultrasound
method, their measurements from normal subjects were smaller than were ours. This could
be explained by a slightly different scanning plane.

3D studies on the fetal maxilla and mandible have been performed by Rotten et al'* and
Tsai et al'*. Both studies concentrated on measurement of maxillary and/ or mandibular width.
In line with the finding of Paladini et al'?, the use of these measurements for diagnosing mi-
crognathia can be questioned. Rotten et al® also described the application of an inferior facial
angle in fetuses with mandibular anomalies. As one arm of this angle is a line orthogonal
to the vertical part of the forehead (the other being a line through the tip of the mentum
and the anterior border of the more protrusive lip), this measurement would not be useful
in fetuses with other facial dysmorphologies, such as frontal bossing. The reference line (the
line between nasion and sella turcica) used for our measurement of maxillary and mandibular
protrusion is not easily influenced by other facial malformations and would be more valuable
in fetuses with multiple (craniofacial) abnormalities.

From postmortem studies it is known that between 10 and18 weeks of gestation the lower
jaw recedes relative to the upper jaw. After this period, the lower jaw grows forward again,
but does not catch up before birth?'. In our study this relatively faster growth of the mandible
was reflected in a significant decrease of all four ratios when related to gestational age (Figure
8-11). The decrease is most distinct in the mid- to lower facial depth ratio.

It can be concluded that maxillary and mandibular growth can be assessed in various ways.
In this study we have described four different methods using 3D ultrasound. Success rate
and intraobserver variability were comparable between methods, except for measurement of
mandibular corpus length. Forward growth of the mandible is best expressed by the mid- to
lower facial depth ratio. These two measurements of maxillary and mandibular growth may
be the most valuable ones in determining mandible anomalies. Diagnostic accuracy needs to
be determined in future research.
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3.5 COMPARISON OF PRENATAL AND POSTNATAL DEVELOPMENT

During the second half of gestation the most distinct growth is seen in head width, especially
width of the face, i.e. bizygomatic breadth and nasal width. Less growth is accomplished in
depth and height of the head (Table I). This is in contrast to the findings of Escobar et al.' These
authors found the most active growth axes to be the sagittal and vertical planes or depth and
height. However, their study was not longitudinal and they performed ultrasound measure-
ments only at 16, 26 and 36 weeks of gestation.

Different authors hypothesised both prenatal and postnatal craniofacial growth to follow
a trend characterised by progressive enlargement of a relatively stable profile.?2 However, this
contradicts the clear findings of definite changes in shape, described by for instance Trenouth.?
Stricker et al describe the growth of the skull to be a continuous development, directed by a
single activator, the ‘brain’ The sutures being a quasi-exclusive mechanism. However, growth
of the face is multifactorial, with successive mechanisms such as synchondroses, sutures and
apposition-resorption. The authors describe craniofacial growth to be a continuous phenom-
enon, taking place with varying speed in separate locations. The adult size at each location is
reached at different ages.*

3.5.1. Height of the head and face

At 6-18 weeks Trenouth found growth of the skull to predominate over growth of the face.?
However, in the second half of gestation the face starts to grow faster than the skull, which
continues after birth (Table Il). In adults, skull height is known to be about 50% of the total
facial height.®

In line of the above we expected to find an increase in the total facial height/ head circum-
ference-ratio. However, a slight decrease was found (Figure 7; sub-Chapter 3.1). Apparently
the brain (and skull) still grows strongly during the second half of gestation at a slightly higher
rate than facial height.

At 6-22 weeks the maxilla enlarges and moves forward, increasing the lower facial height in
relative terms.>¢ This tendency was not found in the second half of gestation, where a progres-
sive growth of both upper and lower facial depth are found (Table II, Figure 3 in sub-Chapter
3.1). In childhood the upper facial height (or nose height) shows a stronger growth than the
lower facial height, resulting in a increase of the upper/ lower facial height-ratio during the
period of 6 to 18 years of life (Table II).”

3.5.2. Facial width

The bizygomatic breadth (or cheek-cheek diameter) relates strongly to the amount of sub-
cuteous adipose tissue in the fetus.® The amount of subcuteous adipose tissue increases in
the late third trimester fetus, explaining the steeper increase in facial width and decrease
in facial index (Table II; Figure 4 and 5 in sub-Chapter 3.1). After birth a powerful increase in

109

Chapter 3



Chapter 3

facial height relative to facial width is seen, which continues less strongly after the age of 6
(Table ).

During the second half of gestation the nasal index increases strongly, representing more
growth in the width than in height of the nose (Table II; Figure 6 in sub-Chapter 3.1). However,
after birth the opposite is visible and a strong decline in nasal index is found between birth
and the 5" year of age, further developing between the 6™ and 18™ year of age (Table Il).7

The skull base attains adult size at a much earlier state than the skull.® This might explain
the small decline in the bitragal breadth/ BPD-ratio, representing width of the skull base/ skull
width, as found in our study. (Table II; Figure 17 in sub-Chapter 3.1). However, at 6- 18 years the
bitragal breadth is found to increase more than the biparietal distance (Table I1).7

In the embryo the eyes are positioned laterally on the face, and ‘'move’ more medially, by
stronger expansion of the lateral regions.''" This trend continues in the fetus as well as after
birth resulting in a decline of the I0OD/ BPD-, IOD/ OOD- and OOD/ BPD- ratios (Table II; Figure
9-13in sub-Chapter 3.1).” This observation was also made by both Denis and Siebert in a study
on second and third trimester fetuses at autopsy.'*'?

Table I. Summary of growth in height, width and length of the face and skull at 18- 34 weeks of gestation.

Direction of measurement Measurement % Increase
Height of the head and face Skull height 86
Total facial height 112
Upper facial height 116
Lower facial height 108
Width of the head and face Biparietal diameter 114
Bitragal breadth 99
Outer ocular diameter 96
Inter ocular diameter 72
Bizygomatic breadth 132
Outer palate width 127
Bigonial breadth 109
Nasal width 147
Depth of the head and face Fronto-occipital diameter 117
Anterior skull base length 92
Posterior cranial fossa length 128
Palatal length 90
Sella-nasion 88
Upper facial depth 106
Mid facial depth 107
Lower facial depth 120
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3.5.3. Facial depth
Cephalic index varies little during the second half of gestation. Both width and depth of the
skull grow relatively proportionally (Table II; Figure 8 in sub-Chapter 3.1). This trend continues
into childhood (Table I1).7

In the second half of gestation the mandible shows more forward growth than the maxilla,
resulting in a decline of both mid/ lower facial depth-ratio and maxillary/ mandibular curva-
ture- ratio (Table Il, Figure 10 and 11 in sub-Chapter 3.4). In spite of this forward growth, the
mandible is still relatively small compared to the maxilla at birth. More growth is established
during childhood (Table II).

Table Il. Comparison of pre- and postnatal measurement ratios at 18" to 34" week of gestation, 0™ to 5%
year and 6'" to 18" year. Values represent mean values x 100 and percentage increase.

Mean Mean % Mean Mean % Mean Mean %
Index valueat valueat in/de- valueat valueat in/de- valueat valueat in/de-
18w 34w crease  Oy* 5y crease  6y* 18y* crease
Skull height/ total
. ; 13 100 -12 - - - 108 99 -8
facial height
Upper/ lower
o 60 60 0 - - - 66 75 +12
facial height
Facial index 95 86 -9 70 83 +19 85 87 +3
Nasal index 97t 108+ +11 90 74 -18 71 65 -9
Bitragal breadth/
102t 97t -5 - - - 88 95 +8
BPD
|0D/0O0D
(intercanthal 45 41 -9 37 39 -4 38 37 -4
index)*
Cephalic index 81 80 -0.5 79 77 -2 77 78 +2
Mid/ lower facial
109 103 -6 - - - 95 91 -4
depth
Maxillary/
mandibular 108 104 -4 - - - 98 93 -5
curvature

Facial index: total facial height/ bizygomatic breadth; BPD: biparietal distance; IOD: inter ocular distance; OOD: outer
ocular distance; cephalic index: biparietal distance/ fronto-occipital distance; nasal index: nasal width/ upper facial width
#From Farkas et al; mean values of both males and females together.”

*Farkas et al: intercanthal index: inter canthal distance/ outer canthal distance. Inter and outer canthal distances (soft
tissue measurements) do not equal inter and ocular distances (bony measurements), however the indexes are comparable
and give an impression of the changes in the relation of outer and inner borders of the eye."

tMedian data for °log (bitragal breadth/ BPD) and ®log (MXCL/MNCL) values. This transformation was required to obtain
a normal distribution
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Craniofacial Variability Index

INTRODUCTORY REMARKS

With the introduction of three-dimensional ultrasound in prenatal diagnosis many reports
have appeared on the subjective visualisation of (minor) fetal craniofacial malformations.
However, rarely more objective approaches to the prenatal diagnosis of fetal craniofacial
anomalies appeared. Multivariate analysis (craniofacial pattern profile analysis) in combina-
tion with three-dimensional ultrasound offer an objective method for a thorough evaluation
of the fetal head and face.

Sub-Chapter 4.1 describes the introduction of craniofacial pattern profile analysis and the
Craniofacial Variability Index with three-dimensional ultrasound as a new method to obtain
insight into fetal craniofacial development. In sub-Chapter 4.2 these tools were evaluated in a
group of fetuses with isolated and syndromal cleft lip/ palate.
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4.1 CRANIOFACIAL VARIABILITY INDEX IN UTERO; A THREE-DIMENSIONAL
ULTRASOUND STUDY.

N.M. Roelfsema?, W.C.J. Hop®, L.N.A. van Adrichem¢, J.W. Wladimiroff?
aDepartment of Obstetrics and Gynecology, PDepartment of Epidemiology and
Biostatistics, ‘Department of Plastic and Reconstructive Surgery, Erasmus MC, University

Medical Centre Rotterdam, The Netherlands

Published in the Ultrasound in Obstetrics and Gynecology 2007, 29, 258-264

Abstract

Objective: This study was undertaken to develop a craniofacial pattern profile analysis by
Three-dimensional (3D) ultrasound and to introduce a craniofacial variability index (CVI)
which can assist in the evaluation of fetal facial anatomy.

Mehods: Serial 3D sonographic measurements of 16 different fetal craniofacial parameters
were performed at 18- 34 weeks of gestation in 126 normal singleton pregnancies. In another
6 pregnancies complicated by fetal abnormality a single 3D recording was obtained. The 16
measurements cover various aspects of the facial anatomy such as width, depth and height.
For each parameter, regression analysis was performed to calculate gestational age-specific
Z-scores and normal limits for the CVI (the latter quantifies the variability between the 16
Z-scores).

Results: The 95 percentile of normal CVI data increased from 1.08 at 18 weeks to 1.27 at 34
weeks of gestation. The CVI was situated above the 95" percentile in three out of six fetuses
with abnormalities. In abnormal subjects, two to eight out of 16 parameters showed abnor-
mal values.

Conclusion: Craniofacial pattern profile analysis and the CVI may aid in the evaluation of fetal
facial anatomy. They could be a valuable tool in syndrome delineation and for distinguishing

between normal and abnormal craniofacial development.
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Introduction

Craniofacial dysmorphology is the keystone to syndrome delineation. Although several au-
thors have attempted to improve prenatal diagnosis of craniofacial malformations by describ-
ing normal craniofacial anatomy and centile charts, minor abnormalities can still be difficult
to determine by conventional (2D) ultrasound.

Multivariate analysis of different anthropometric (soft-tissue landmarks) or cephalometric
(radiographicly derived or bony landmarks) measurements allows craniofacial pattern profile
analysis. With this method measurements are translated into Z-scores to allow evaluation of
the relationship of different parts of the craniofacial area and follow-up of development in
time. Samples of individuals can be compared to the normal population and expressed in
Z-scores to illustrate the deviation of ‘'normality’' Escobar et al (1988, 1990) employed this
method for ultrasound-derived cephalometric measurements.>®> The authors found that
pattern profile analysis may have an additional value in the diagnosis of fetuses with mild
abnormalities or abnormality patterns.*

The 3-dimensional (3D) ultrasound technique offers potential advantages over 2D ultra-
sound, especially in the evaluation of complex anatomy, such as the fetal head and face.>¢
If the advantages of 3D ultrasound and objective assessment and evaluation of craniofacial
biometry with pattern profile analysis were to be combined, this could aid in the evaluation of
normal and abnormal craniofacial development.

The objectives of this study were therefore as follows: (i) to develop a 3D sonographic
method of establishing fetal craniofacial biometry, (ii) to obtain reproducibility and normal
growth data relative to gestational age for these measurements, (iii) to conduct craniofacial
pattern profile analysis and develop a craniofacial variability index to assist in the evaluation
of fetal facial anatomy.

Patients and methods

Study design

In a longitudinal study, a total of 126 women with a normal singleton pregnancy consented to
participate, following approval by the Regional Ethics Review Board (both study and informed
consent). Another six women with a fetal abnormality known or suspected to affect cranio-
facial anatomy consented to participate for a single 3D ultrasound examination. Pregnancy
duration was determined from the last reliable menstrual period or, in case of uncertainty,
adjusted by ultrasound in the first trimester of gestation.

Women with a normal pregnancy were recruited from the antenatal outpatients’ and
regional midwifery services. Only women without maternal disease known to affect fetal
growth, i.e. pre-existent hypertension, diabetes mellitus and pregnancies that were not at
risk for craniofacial abnormality were included in the study. All were singleton pregnancies
resulting in the term delivery of an infant without congenital anomalies. Pregnancy duration
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varied between 18 and 34 weeks (median 26 weeks). Maternal age was 19- 40 years (median
30 years). 95% of the birth weights were situated between the 5th and the 95th percentile,
adjusted for maternal parity and fetal sex, according to the Kloosterman Tables.’

3D sonographic examinations were performed four times at 3- 5 week intervals. The third
or last examination could not be performed in five pregnancies and five records were not, or
only partly, available for analysis, resulting in a total of 494 complete recordings.

Pregnancy duration in the six women with a fetal abnormality varied between 22 and 32
weeks (median 27 weeks). Maternal age was 27- 40 years (median 30 years). 3D ultrasound
examinations were performed only once after a fetal abnormality was suspected on a detailed
two-dimensional (2D) ultrasound scan.

Intraobserver variability was determined in 22 normal singleton pregnancies, six of which
were also included in the serial study. Pregnancy duration in these 22 was similar in distribu-
tion to that of the participants in the serial study.

Recording technique

Three-dimensional sonographic examination of the fetal head and face was performed using
a standard Voluson 530 D (Kretztechnik AG, Zipf, Austria) with a 3- to 5-MHz transducer (VAW
3-5). The region of interest was defined, containing the complete fetal head. Three different
types of acquisition of the fetal face and head were made. A sagittal scan (frontal view of
the face composed of sagittal planes); a coronal scan (side of the head composed of coronal
planes); and a transverse scan (side of the head composed of transverse planes). Acquisition
of the sagittal scan of the face started at the mid-sagittal plane with the fetus facing the trans-
ducer. A coronal scan was made, starting acquisition just in front of the ear. A transverse scan
was made by using the regular plane for measurement of the biparietal diameter® to start
the acquisition. Multiple volume recordings were made of each fetus (range 2-11, median
5) to obtain one good volume for every type of acquisition. The best volume data were then
collected on a transportable magnetic disk for later analysis (lomega Jaz).

Sixteen craniofacial measurements, proven useful in the assessment of postnatal (ab)nor-
mal craniofacial development, were extracted from literature on anthropometric and cepha-
lometric measurements (Table 1).2*'* Measurements were made using the 3D view program
(Kretztechnik AG, version 4.0) on a personal computer with an lomega Jaz Drive. This took
10- 15 minutes. Measurement methodology is displayed in Table | and Figures 1 to 6. One
observer (NR) performed all 3D ultrasound examinations and measurements.

The reproducibility study consisted of recording two volume data sets from the same fetus
at a time interval of approximately 20 minutes. The first recorded data set was analyzed twice
with a minimal time interval of one week. This second analysis was done while being blinded
for the first analysis.
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Table I. Measurements methodology by direction: landmarks (soft-tissue, unless otherwise mentioned),
three-dimensional volume mode by which the measurements were assessed and measurement plane (See
also Figures 1- 6).

Direction Measurement Landmarks Scan mode Plane
Facial BPD Maximal diameter of the skull (outer bony borders)*  Transverse Transverse
width BITRB Tragus to midline, multiplied by 2* Coronal Transverse
BIZYB Left- right zygoma Sagittal Coronal
BIGOB Left- right gonion (bony border) Sagittal Transverse
NASW Outer borders of the alae nasi Sagittal Coronal
10D Inner bony borders of the orbits Transverse Transverse
00D Outer bony borders of the orbits Transverse Transverse
Facial FOD Maximal diameter frontal- posterior skull border Transverse Transverse
depth (outer bony borders)t
UFD Tragus- nasiont Coronal Transverse
MFD Tragus- anterior rim of the maxillat Coronal Transverse
LFD Tragus- gnathiont Coronal Transverse
ASBL Glabella- sella turcica (bony borders) Sagittal Sagittal
PCFL Sella turcica- opisthion (bony borders) Sagittal Sagittal
Facial SH Vertex-nasiont Sagittal Sagittal
height UFH Nasion- subnasion$ Sagittal Sagittal
LFH Subnasion- gnathiont Sagittal Sagittal

BPD: biparietal distance; BITRB : bitragal breadth; BIZYB: bizygomatic breadth; BIGOB: bigonial breadth; NASW: nasal
width; IOD: inter ocular distance; OOD: outer ocular distance; FOD: fronto-occipital distance; UFD: upper facial depth;
MFD: mid facial depth; LFD: lower facial depth; ASBL: anterior skull base length; PCFL: posterior cranial fossa length; SH:
skull height; UFH: upper facial heigth; LFH: lower facial heigth.

* measure perpendicular to the midline (which should be parallel to the horizontal axis).

tmeasure parallel to the midline (which should be parallel to the horizontal axis)

F measure perpendicular to the horizontal axis, which is formed by a line connecting the middle of the anterior rim of the
maxilla and the ‘opisthion’

Statistical analysis
Statistical analysis was performed on a personal computer with the SPSS version 10.1 (SPSS
Corp, Chicago, Ill). Analysis of the reproducibility study consisted of nested analysis of variance
to separate the within-subject variation in components for differences between repeated tests
within subjects and differences between repeated analyses of the same recorded volume.
For all 16 craniofacial measurements in the normal subjects, the relationship of the mea-
surement versus gestational age was analyzed by means of analysis for repeated measure-
ments (random coefficients model) using the SAS PROC MIXED statistical program version 6.2
(SAS Institute, Cary, NC). This procedure is a powerful method to analyze longitudinal data™.
Data were centered by using the halfway point of gestational age (GA) (20 weeks), and calcula-
tions were done using x=GA- 20 as the time axis. In most cases a quadratic term was required
to obtain a good fit. The resulting gestational age related fitted mean and standard deviation
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Figure 1. Measurement of skull height (SH), upper facial height (UFH), lower facial height (LFH), anterior
skull base length (ASBL) and posterior cranial fossa length (PCFL) by 3D ultrasound. (Landmarks: v= vertex,
the highest point of the head; g= glabella, prominence on the frontal bone above the root of the nose

at the level of the superior orbital ridges; n= nasion, the deepest part of the nasal root; s= subnasion, the
deepest point of concavity at the base of the nose; gn= gnathion, lowest median landmark on the lower
border of the mandible; st= sella turcica, middle of cross formed by sphenoid ridge and the otic cartilage;
o= opisthion, lowest posterior point of the skull (inner border))

Figure 2. Measurement of bizygomatic breadth (BIZYB) by 3D ultrasound. (Landmarks: z= left and right
zygoma, the most lateral point of the zygomatic arch). The cursor is placed in the middle of the anterior
rim of the maxilla (m).

Figure 3. Measurement of nasal width (NASW) and bigonial breadth (BIGOB) by 3D ultrasound.
(Landmarks: a= left and right alea nasi; g= left and right gonion, the most lateral aspect of the mandible).
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Figure 4. Measurement of bitragal breadth (BITRB) and upper facial depth (UFD) by 3D ultrasound.
(Landmarks: n= nasion; t= tragus, the middle and most anterior aspect of the ear).

Figure 5. Measurement of mid facial depth (MFD) by 3D ultrasound. (Landmarks: m= anterior rim of the
maxilla; t=tragus).

Figure 6. Measurement of lower facial depth (LFD) by 3D ultrasound. (Landmarks: gn= gnathion; t=
tragus).
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Table Il. Results of reproducibility study and regression analysis of measurements.

Measurement  CV-l  CV-l  Mean* Standard Deviation*

BPD 1.5 0.6 49.49 + 3.446x - 0.0348x? V(6.99+0.954x-0.0480x>-0.00646x*+ 0.000619x%)
BITRB 4.2 03 49.98 + 2.754x V(18.24 -0.211x+0.098x)

BIZYB 6.0 5.7 30.27 +2.145x V(10.61+0.324x+0.0200x)

BIGOB 8.6 28 23.16 + 1.392x V(8.42+0.076x+0.0306x)

NASW 6.7 3.7 10.73 + 1.153x -0.0329x? 1/(2.38+0.188x-0.0148x>-0.00088x*+ 0.000081x%)
10D 44 22 13.564+ 0.622x - 0.0057x? V(1.1140.146x-0.011x-0.000 133+ 0.000064x")
00D 24 2.1 30.82 + 1.932x - 0.0270x? V(2.72+0.253x-0.0070x>-0.0018x3+ 0.00021x%)
FOD 2.1 0.0 62.29 + 4.816x - 0.0818x? V(10.60+1.29x-0.096x%-0.0043x3+ 0.00094x*)
UFD 45 5.6 30.63 + 1.938x-0.0142x2 V(7.18+0.49%-0.034x>+ 0.0004x*+ 0.00035x")
MFD 41 6.6 31.22+2.011x-0.0163x? V(7.37+1.01x-0.060x3-0.0090x3+0.00122x")

LFD 6.1 6.1 28.97+1.886x 1(9.73+0.22x+0.040x)

ASBL 49 46 23.28 + 1.552x - 0.0339x? V(3.6140.162x+0.025x%0.0049x3+ 0.00042x")
PCFL 35 5.1 3434 +2.37x V(7.84+0.30x+0.045x2)

SH 45 34 31.04 + 2.084x - 0.0544x? V/(8.17-0.106x+0.082x3-0.0030x)

UFH 48 79 10.62 + 0.916x - 0.0236x* 1(1.83-0.093x+0.052x%-0.0070x3+ 0.00033x")
LFH 6.7 74 17.36 + 1.203x - 0.0164x? V/(4.10+0.58x-0.0029x-0.0046x*+ 0.00030x")

* x denotes gestational age in weeks minus 20.

CV-I: Coefficient of Variation (%) for differences between repeated tests within women; CV-II: Coefficient of Variation (%)
for differences between repeated analyses of the same recorded volume; BPD: biparietal distance; BITRB : bitragal breadth;
BIZYB: bizygomatic breadth; BIGOB: bigonial breadth; NASW: nasal width; I0D: inter ocular distance; OOD: outer ocular
distance; FOD: fronto-occipital distance; UFD: upper facial depth; MFD: mid facial depth; LFD: lower facial depth; ASBL:
anterior skull base length; PCFL: posterior cranial fossa length; SH: skull height; UFH: upper facial heigth; LFH: lower facial
heigth.

(SD) were used for calculation of individual Z-scores for every measurement at each point
in time according to the equation: (measured value - fitted mean value)/SD. A craniofacial
pattern profile can be made after calculation of the Z-scores for every measurement. A cranio-
facial pattern profile is a way of illustrating, classifying and/or comparing Z-scores of different
individuals. A Z-score smaller than -2 or greater than +2 is considered abnormal.

The craniofacial variability index (CVI) for each individual at each point in time quantifies
the differences between the 16 resulting Z-scores and is defined as the standard deviation
of these. To determine normal values relative to gestational age, regression analysis for re-
peated measurements (random coefficients model) of the calculated CVI-values using SAS
PROC MIXED was used again and gestational age-specific reference intervals were calculated
according to this model. An index above the 95" percentile was classified as abnormal. Z-
scores and the craniofacial variability index were calculated for the abnormal fetuses using
the derived equations. A p value of less than 0.05 was considered significant.
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Results

The reproducibility study showed a coefficient of variation of 1.5 to 8.6% for differences be-
tween repeated tests within women and 0 to 7.9% for differences between repeated analyses
of the same recorded volume (Table Il). Means and standard deviations used for calculation of
Z-scores and CVI are depicted in Table II.

In the group of normal fetuses the craniofacial variability index (CVI) could be calculated
in 349 of 494 (71%) of the cases because the CVI can be determined only in the presence of a
complete set of 16 measurements. In pregnancies below 22 weeks this rate was 89%, 22- 26
weeks 82%, 26- 30 weeks 62% and the rate decreased to 47% in pregnancies over 30 weeks
of gestation.

CVI data showed a statistically significant linear increase (p<0.001) relative to gestational
age. Mean CVI (50t percentile) increased from 0.78 at 18 weeks to 0.94 at 34 weeks of gesta-
tion (Figure 7). The 95™ percentile increased from 1.08 at 18 weeks to 1.27 at 34 weeks of
gestation (Figure 7). Figure 8 illustrates the craniofacial pattern variability of the one normally
developing fetus with the lowest and the one with the highest craniofacial variability index.

The group of abnormalities known or suspected to affect fetal craniofacial development
consisted of cases of holoprosencephaly*, Beckwith-Wiedemann syndrome*, chondrodyspla-
sia punctata*, trisomy 21, Bardet-Biedl syndrome* and Alagille syndrome* (Table Ill). Follow-
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0,2 — 1 1 |
15 20 25 30 35
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Figure 7. Calculated craniofacial variability index according to gestational age in normal (open square)
and abnormal fetuses (closed squares; 1 = Chondrodysplasia punctata; 2 = Bardet-Biedl syndrome ; 3 =
Holoprosencephaly; 4 = trisomy 21; 5 = Beckwith-Wiedemann syndrome; 6 = Alagille syndrome). Curves
represent fitted mean values and the 5" and 95t centiles, calculated from data on normal fetuses.

* Syndromes/sequences are identified at p 179-180.
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Figure 8. Craniofacial pattern variability of the fetus with the lowest and the fetus with the highest
craniofacial variability index (CVI) in the group of normal subjects. The abbreviations are identified in
Table I.

up was available in all cases and confirmed prenatal findings. Abnormal Z-scores (underlined)
were found in all cases. But an abnormal CVI was found in only the first three cases and not
in the fetus with Trisomy 21, Bardet-Biedl and Alagille syndrome (Table Ill). The fetus with
holoprosencephaly proved to have the highest CVI (Table Ill and Figure 7).

The calculation of the CVl s illustrated by the normal fetus with the highest CVI (Figure 8).
In this fetus a biparietal diameter (BPD) of 61.5 mm was measured at a gestational age of 23
weeks. The equation for calculation of the Z-score of BPD is: (measured BPD - fitted mean BPD
value)/ SD of the BPD values (See Table Il for equations). In this case: (61.5- 59.5)/ 3.05= 0.65.
The other Z-scores are calculated in the same way. The CVI is calculated by taking the SD out
of all 16 Z-scores. In this case: SD (0.65; 1.38;-1.63;-1.35;-2.51;-0.81; 0.07; 0.87; 1.06; 1.96; 1.45;
0.52;-0.95;-0.14; -2.24; 1.70)=1.43.

Discussion

Craniofacial involvement is described in over 150 syndromes with clinical implications.'® Mi-
nor involvement or dysmorphism can be difficult to assess in children after birth and often
depends upon the clinical impression, which can be misleading.” Limited techniques for visu-
alizing the head and face in utero complicate prenatal diagnosis even more. Although three-
dimensional ultrasound has improved visibility of the fetal head and face %, discrimination
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between normal and abnormal can still be difficult and depends upon skill and experience of
the ultrasonographer.

To enable objective assessment of abnormality after birth, different measurement meth-
ods have been developed.' Anthropometry is a simple, non-invasive method based on surface
dimensions, measured with for instance a measuring tape or marking gauge. According to the
radiographic cephalometric method, bony landmarks are assessed by X-ray.

For this study we chose different measurements for describing facial width, depth and
height from both the anthropometric and cephalometric method, best applicable with 3D
ultrasound and based on the craniofacial pattern profile analysis first described by Garn et al."”
The 3D ultrasound technique allows simultaneous display of the three perpendicular planes
in the so-called multiplanar view. This provides exact identification of the biometry planes
and the measurement landmarks.

It was not possible to retrieve a complete set of measurements when fetal movement
complicated the 3D ultrasound recording. Another limitation was the difficulty in recording
the entire fetal head with advancing gestational age as a result of the limited 3D transducer
sector size. When the fetus was situated deep in the pelvic region and/ or the fetal face was
constantly directed towards the maternal sacrum, it was not possible to perform a sagittal
scan. The transverse and coronal scan are often easier to retrieve. Only when the fetus was
in cephalic position looking up to the symphysis or down to the sacrum of the mother dur-
ing the entire examination, was it not possible to obtain the transverse or the coronal scan.
This occurred more often in late pregnancy, when the head is situated deep in the pelvis.
Structures in front of the fetal face or fetal ear can complicate measurement in the sagittal and
coronal scan, respectively. The lower success rates found with advancing gestational age are
explained by these limitations.

The craniofacial variability index (CVI) increases only slightly from the 18" to 34™ week of
gestation. Apparently, the form of the head and face is merely completed and changes little
throughout the second half of pregnancy. Also the deviation of the CVI data around the mean
shows a minor increase.

When observing the normal fetus with the lowest CVI and that with the highest CVI, the
difference in the variability of the Z-scores is obvious (Figure 8). In the interpretation of an
individual CVI, it is important to notice that it is the variability of the Z-scores which is indica-
tive for the outcome of the calculation and not the height of the Z-scores. Moreover, when
a fetus displays growth retardation with low Z-scores (<2) and a small variation among the
measurements, the CVI would still be within the normal range.

Choosing the 95™ percentile as the upper limit for ‘normality’ of the CVI would allow us to
delineate three of the six syndromes presented. Trisomy 21, Bardet-Biedl syndrome (charac-
terized by macrocephaly, obesity, retinal pigmentation, polydactyly and renal malformation’®)
and Alagille syndrome (arteriohepatic dysplasia, peripheral pulmonary stenosis and peculiar
facies'®) can display limited dysmorphic symptoms and the CVI will therefore not always be
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abnormal. However, the fetus with Trisomy 21 showed 8/16 abnormal Z-scores, the fetus with
Bardet-Biedl 4/16 and the fetus with Alagille 2/16. Two or more abnormal Z-scores out of the
16 measurements were found in 13 % of the normal subset at any point in time. Three or more
abnormal Z-scores were only found in 4% and would be more indicative of dysmorphology,
especially when the fetus has a normal overall growth pattern.

When observing table Ill the differences in the craniofacial pattern of the Z-scores between
the different syndromes is evident. Not surprisingly, the measurements in width (especially
in the face) as well as in depth are very small in the fetus with holoprosencephaly (Table
I). However, the measurements of facial height are all well within normal limits. The facial
width and depth measurements of the fetus that were found to be associated with Beckwith-
Wiedemann (characterized by overweight) after birth, were above the normal range (Table
I). Chondrodysplasia punctata consists of rhizomelic shortening, vertebral abnormalities and
a punctate epiphyseal mineralization.' In our case the malformations were very severe and
caused a distinctive craniofacial pattern, with extreme flat midfacies, expressed in a small
mandible and nose but large bizygomatic breadth, and large skull height but very small upper
facial height. (Table Ill)

Escobar et al (1993) employed Z-scores of 22 craniofacial measurements by 2D ultrasound
to describe pattern profile variability in fetal alcohol syndrome*, Crouzon syndrome* and
thanatophoric dysplasia*. Although not all fetuses with fetal alcohol syndrome had a vari-
ability index in the abnormal range, mid-face measurements in these fetuses were very similar
and gave a pattern distinctive for this syndrome.*

In conclusion, we have presented a novel method of evaluating fetal facial anatomy by
means of 3D ultrasound. Although the number of fetus with abnormalities in our study was
small and therefore our conclusions have to be drawn with caution, we believe that craniofa-
cial pattern variability analysis and calculation of the craniofacial variability index could be a
valuable tool in syndrome delineation and for distinguishing between normal and abnormal
craniofacial development. Three or more abnormal Z-scores may be indicative of dysmorphol-
ogy in the absence of an intra-uterine growth retardation.
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4.2 CRANIOFACIAL VARIABILITY INDEX DETERMINED BY THREE-
DIMENSIONAL ULTRASOUND IN ISOLATED VERSUS SYNDROMAL FETAL
CLEFT LIP/ PALATE

N.M. Roelfsema?, W.C.J. Hop®, L.N.A. van Adrichem¢, J.W. Wladimiroff
aDepartment of Obstetrics and Gynecology, ®"Department of Epidemiology and
Biostatistics, ‘Department of Plastic and Reconstructive Surgery, Erasmus MC, University

Medical Centre Rotterdam, The Netherlands
Published in the Ultrasound Obstetrics and Gynecology 2007, 29, 265- 270.

Abstract

Objective: This study was undertaken to employ craniofacial pattern profile analysis in fetal
facial clefts and to evaluate the craniofacial variability index (CVI) in distinguishing between
isolated and syndromal clefts.

Methods: Three-dimensional (3D) sonographic assessment of 16 different fetal craniofacial
measurements was performed in each of 8 pregnancies complicated by an isolated facial cleft
and 7 pregnancies with a syndromal cleft. The measurements covered various aspects of facial
width, depth and height. Measured values were compared to gestational age-specific normal
values for calculation of Z-scores and the CVI. The number of abnormal Z-scores, i.e. <-2 or
>2, found among the measured values and the CVI in the group of isolated facial clefts were
compared to those in the group with syndromal clefts.

Results: The CVI could be calculated in 14 of 15 fetuses (93%). More abnormal Z-scores and
a higher mean CVI were found in the group with more severe (bilateral) facial clefts. Most
abnormal values were found in the facial width measurements. Syndromal cleft lip/ palate was
associated with significantly more abnormal Z-scores and a higher mean CVI than isolated
cleft lip/ palate (p< 0.05).

Conclusion: Craniofacial variability index may be a valuable tool for distinguishing between
isolated and syndromal fetal cleft lip/ palate.
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Introduction

Cleft lip/ palate is the most common craniofacial anomaly." In the Netherlands the incidence
is about 1.75 in 1000 live births.? Although isolated cheilo-gnatho-palato schisis is not a life-
threatening malformation, it requires multiple surgeries and long time follow-up in a multidis-
ciplinary team.! A facial cleft can be part of a chromosomal anomaly, for instance trisomy 13
and 18 or syndromes, such as Cornelia de Lange* or Smith-Lemli-Opitz*.!

The importance of making a correct prenatal diagnosis is obvious. The prognosis of an
isolated facial cleft will be very different from that of a syndromal facial cleft, allowing opti-
mal prenatal counseling and planning of obstetrical and neonatal management. However,
especially in the absence of other major malformations, a correct syndrome diagnosis can be
difficult to obtain. Minor fetal craniofacial malformations or dysmorphology are often difficult
to visualize with conventional two-dimensional (2D) ultrasound.

For craniofacial pattern profile analysis, measurements of the head and face are translated
into Z-scores to evaluate the relationship between different parts of the craniofacial area.
In an earlier study fetal craniofacial measurements were assessed in a normal population. A
craniofacial variability index was developed as a method to express deviation of ‘normality’.
(Roelfsema et al, this thesis, p116-128)

The objective of the present study was to employ craniofacial pattern profile analysis in
fetal facial clefts and to evaluate the craniofacial variability index in distinguishing between
isolated cleft lip/ palate and cleft lip/ palate in chromosomal anomalies or syndromes.

Patients and methods

Study design
This study is based on standardized three-dimensional ultrasound measurements derived
from a normal population for calculation of a craniofacial variability index.

This normal population consisted on 126 women with a singleton pregnancy recruited
from the antenatal department and regional midwifery services. Those included were only
women without maternal disease known to affect fetal growth, i.e. pre-existent hypertension,
diabetes mellitus and pregnancies that were not at risk for craniofacial abnormality. All preg-
nancies resulted in the term delivery of an infant without congenital anomalies. Pregnancy
duration varied between 18 and 34 weeks (median 26 weeks). Maternal age ranged between
19 and 40 years (median 30 years). 95% of the birth weights were situated between the 5th
and the 95th percentile, adjusted for maternal parity and fetal sex, according to the Klooster-
man Tables.? Three-dimensional (3D) sonographic examinations were performed four times
at 3- 5 week intervals. The third or last examination could not be performed in five pregnan-

* Syndromes/sequences are identified at p 179-180.
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cies and five records were not, or only partly, available for analysis, resulting in a total of 494
complete recordings. (Roelfsema et al, this thesis, p116-128)

Over a 2 year period, 8 women with a pregnancy complicated by an isolated unilateral
or bilateral fetal cleft lip/ palate and 7 women with non-isolated (syndromal) unilateral or
bilateral fetal cleft lip/ palate were seen and consented to participate in the study, which was
approved by the Hospital Ethics Review Board. Pregnancy duration was determined from the
last reliable menstrual period, or in case of uncertainty, adjusted by ultrasound in the first
trimester of gestation.

The women were recruited from the Division of Obstetrics and Prenatal Medicine. Pregnancy
duration varied between 19 and 34 weeks (median 23 weeks). Maternal age ranged between
20 and 37 years (median 29 years). 3D ultrasound examinations were performed after a fetal
cleft lip/ palate was suspected on a detailed two-dimensional (2D) ultrasound scan.

Recording technique
Three-dimensional sonographic assessment of the fetal head and face was performed using a
standard Voluson 530 D (Kretztechnik AG, Zipf, Austria) with a 3- 5 MHz transducer (VAW 3-5).
The region of interest was defined containing the complete fetal head. Three different types
of acquisition of the fetal face and head were made. A sagittal scan (frontal view of the face
composed of sagittal planes); a coronal scan (side of the head composed of coronal planes);
and a transverse scan (side of the head composed of transverse planes). Acquisition of the
sagittal scan of the face started at the mid-sagittal plane with the fetus facing the transducer.
A coronal scan was made starting acquisition just in front of the ear. A transverse scan was
made by using the regular plane for measurement of the biparietal diameter* starting the
acquisition. Multiple volume recordings were made of each fetus (range 4- 9, median 7) to
obtain one good volume for every type of acquisition. The best volume data were then col-
lected on a transportable magnetic disk for later analysis (lomega Corp., Roy, UT, USA).

Sixteen craniofacial measurements (Table I) proven useful in the assessment of postnatal
(ab)normal craniofacial development were extracted from literature on anthropometric and
cephalometric measurements.>

Measurements were made using the 3D view program (Kretztechnik AG, version 4.0) on a
personal computer with an lomega Jaz Drive. This took 10- 15 minutes. Measurement meth-
odology is described in more detail previously (Roelfsema et al, this thesis, p116-128). One
observer (NR) performed all 3D ultrasound examinations and measurements.

Statistical analysis

Statistical analysis was performed using SPSS version 10.1 (SPSS Corp, Chicago, Ill). For each
of the 16 different measurements, individual Z-scores were calculated using the gestational
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Table I. Measurements methodology by direction: landmarks (soft-tissue, unless otherwise mentioned),
three-dimensional volume mode by which the measurements were assessed and measurement plane.
(See also Figures 1-6.)

Direction Measurement  Landmarks Scanmode  Plane
Facial width BPD Maximal diameter of the skull (outer bony borders)*  Transverse Transverse
BITRB Tragus to midline, multiplied by 2* Coronal Transverse
BIZYB Left- right zygoma Sagittal Coronal
BIGOB Left- right gonion (bony border) Sagittal Transverse
NASW Outer borders of the alae nasi Sagittal Coronal
10D Inner bony borders of the orbits Transverse Transverse
00D Outer bony borders of the orbits Transverse Transverse
Facial depth ~ FOD Maximal diameter frontal- posterior skull border Transverse Transverse
(outer bony borders)t
UFD Tragus- nasiont Coronal Transverse
MFD Tragus- anterior rim of the maxillat Coronal Transverse
LFD Tragus- gnathiont Coronal Transverse
ASBL Glabella- sella turcica (bony borders) Sagittal Sagittal
PCFL Sella turcica- opisthion (bony borders) Sagittal Sagittal
Facial height ~ SH Vertex-nasiont Sagittal Sagittal
UFH Nasion- subnasion# Sagittal Sagittal
LFH Subnasion- gnathiont Sagittal Sagittal

BPD: biparietal distance; BITRB : bitragal breadth; BIZYB: bizygomatic breadth; BIGOB: bigonial breadth; NASW: nasal
width; iOD: inter ocular distance; OOD: outer ocular distance; FOD: fronto-occipital distance; UFD: upper facial depth;
MFD: mid facial depth; LFD: lower facial depth; ASBL: anterior skull base length; PCFL: posterior cranial fossa length; SH:
skull height; UFH: upper facial heigth; LFH: lower facial heigth.

* measure perpendicular to the midline (which should be parallel to the horizontal axis)

tmeasure parallel to the midline (which should be parallel to the horizontal axis)

+ measure perpendicular to the horizontal axis, which is formed by a line connecting the middle of the anterior rim of the
maxilla and the ‘opisthion’

age-specific mean and standard deviation (SD) for normal fetuses (Roelfsema et al, this thesis,
p116-128). This was done according to the formula:

Z-score= (measured value - gestational age-specific mean value for normal fetuses)/SD

Z-scores smaller than -2 or greater than +2 were considered abnormal. In a second step, the
craniofacial variability index (CVI) for each individual was calculated as the standard deviation
of the 16 resulting separate Z-scores. For this index the reference range of the craniofacial vari-
ability index (CVI) was used as previously described (Roelfsema et al, this thesis, p116-128).
Comparison of individual CVI data between the group with isolated and syndromal cleft
lip/ palate was done with the T-test. The Mann-Whitney-U test was used to compare the num-
ber of abnormal Z-scores (among the 16) between these two groups. The same was done in
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comparing the CVI data and number of abnormal Z-scores in unilateral versus bilateral cleft
lip/palate. A p value of less than 0.05 was considered significant.

Results

In the isolated cleft lip/palate group (n=8) the cleft was bilateral in only one case. The facial
cleft was limited to the lip in one case, and to both lip and alveolus in another. All remaining
cases showed complete cleft lip, alveolus and (secondary) palate (Table II).

Table II. Overview of isolated (1-8) and syndromal cases (9-15) of fetal cleft lip/ palate clustered by type of
cleft and gestational age (GA). Reported are malformations detected prenatally, postnatal diagnosis and

outcome.
Case GA Malformations prenatally detected by ultrasound or Postnatal diagnosis Outcome
genetic testing
1 33*  Unilateral cl Isolated unilateral cl Alive
2 23°  Unilateral cl, possibly alveolus Isolated unilateral cl-alv Alive
3 19¢  Unilateral cl-p Isolated unilateral cl-p Alive
4 22°  Unilateral cl-p Isolated unilateral cl-p Alive
5 22°  Unilateral cl-p No follow-up available Alive
6 26°  Unilateral cl-alv Isolated unilateral cl-p Alive
7 32°  Unilateral cl-alv Isolated unilateral cl-p Alive
8 22*  Bilateral cl-p Isolated bilateral cl-p Alive
9 20 Unilateral cl-alv Unilateral cl-p and Alive
hypertelorism
10 302 Unilateral cl-alv, retrognathia, dysplastic ears, AVSD Unilateral cl-p in CHARGE Alive
associationt
1 19" Bilateral cl-p, sua: unbalanced chromosome 13-22 Other malformations: TOP
translocation hypertelorism, cystic
kidneys, normal umbilical
cord
12 22" Bilateral cl-p, diaphragmatic hernia/ thoracic tumour Fryns syndrome* ND
13 23?  Bilateral cl-p, hypertelorism Confirmation Alive
14 26 Bilateral cl-p, IUGR, micrognathia: 4p- syndrome No follow-up available TOP
15 26°  Bilateral cl-p, microcephaly, holoprosencephaly, Confirmation TOP

hydronefrosis, sandal gap: trisomy 13

GA: gestational age in weeks with days in superscript; cl: cleft lip ; cl-alv: cleft lip and alveolus; cl-p: cleft lip, alveolus
and palate; AVSD: atrio-ventricular septal defect; sua: single umbilical artery; IUGR: intra uterine growth restriction; TOP:
termination of pregnancy ; ND: neonatal demise.

*hypertelorism, low and small ears, left diaphragmatic hernia; tmicrocephaly, retrognathia, dysplastic ears,
retinoblastoma, complete AVSD, hip dysplasia
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Table IllI: Craniofacial variability index (CVI) and number of abnormal Z-scores in fetuses with cleft lip/
palate (1-8: isolated cases, 9-15 syndromal cases). Abnormal CVI values are underlined (upper limit changes
with pregnancy duration).

Case Diagnosis GA Vi Number of abnormal
Z-scores

1 Unilateral cl 33¢ 0.72 0

2 Unilateral cl-alv. 23° 0.67 0

4 Unilateral cl-p 22° 0.89 0

5 Unilateral cl-p 22 1.1 0

6 Unilateral cl-p 26° 1.02 1

7 Unilateral cl-p 320 1.63 3

8 Bilateral cl-p 224 0.84 3

9 Unilateral cl-p and hypertelorism 20? 1.21 3

10 Unilateral cl-p, CHARGE associationt 302 131 2

1 Bilateral cl-p, Unbalanced Translocation 13- 22 19' 141 1

12 Bilateral cl-p, Fryns syndrome* 22! 1.60 4

13 Bilateral cl-p and hypertelorism 23? 1.70 4

14 Bilateral cl-p, 4p- syndrome 26* 1.61 6

15 Bilateral cl-p, trisomy 13 26° 2.00 1

GA: gestational age in weeks with days in superscript; cl: cleft lip ; cl-alv: cleft lip and alveolus; cl-p: cleft lip, alveolus and
palate.

*hypertelorism, low and small ears, left diaphragmatic hernia; tmicrocephaly, retrognathia, dysplastic ears,
retinoblastoma, complete AVSD, hip dysplasia

The syndromal group (n=7) consisted of two cases with hypertelorism as the only other
anomaly. In the other cases the cleft was part of a chromosomal anomaly (trisomy 13, unbal-
anced translocation of chromosomes 13 and 22 and 4p- syndrome¥) or an association/ syn-
drome (CHARGE association* and Fryns syndrome*). Unilateral cleft lip/ palate was found in
only 2/7 fetuses with syndromal facial cleft (Table Il). The other 5 fetuses displayed a bilateral
cleft lip/palate.

The total number of abnormal Z-scores among the 16 measurements was highest in case
15 (trisomy 13; Table Ill). In this fetus only the facial height measurements were in the normal
range (Table IV). In 4/8 fetuses with isolated cleft lip/ palate none of the measurements were
in the abnormal range (Table Ill). A statistically significantly higher median number of abnor-
mal Z-scores was found in the syndromal group (median number 4, range 1- 11) compared to
the isolated cleft lip/ palate group (median number 0, range 0- 3; p= 0.01). Abnormal values
were mostly found in facial width measurements (Table IV). When comparing unilateral and
bilateral cleft lip/ palate, again a statistically significant difference was found (median number

* Syndromes/sequences are identified at p 179-180.
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of abnormal Z-scores in the unilateral group was 0.5, range 0- 3; median number of abnormal
Z-scores in the bilateral group was 4, range 1- 11; p=0.009).

Hypertelorism was established after birth in cases 9, 11 (unbalanced translocation of chro-
mosomes 13 and 22), 12 (Fryns syndrome*) and 13. Abnormal values for inter ocular distance
or outer ocular distance, however, were measured only in case 13 (Table IV). Anomalies of
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Figure 1. Craniofacial Variability Index in fetuses with isolated (open circle) and syndromal cleft-lip palate
(closed circle). Numbers represent case number (See Table IIl; CVI not available in case 3). Solid line= mean
expected value in normal fetuses, dotted lines= 5th and 95th percentiles in normal fetuses.
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Figure 2. Craniofacial Variability Index in fetuses with unilateral (open squares) and bilateral cleft-lip palate
(closed squares). Numbers represent case number (See Table lll; CVI not available in case 3). Solid line=
mean expected value in normal fetuses, dotted lines= 5th and 95th percentiles in normal fetuses.
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the mandible were seen after birth in case 10 (retrognathia in CHARGE association*) and 14
(micrognathia in 4p- syndrome¥*). Abnormal Z-scores of fetal mandible measurements were
found only in Case 14 (Table IV) and, of the mandible measurements, it was only bigonial
breadth that was abnormal and not the lower facial depth. Bigonial breadth and lower facial
depth were small in case 10, but still in the normal range (Table IV).

The CVI could be calculated in 14 out of 15 (93%) of the fetuses. In one fetus, case 3, the
whole set of 16 measurements could not be completed. The isolated cases without (second-
ary) palatal involvement (case 1 and case 2) proved to have the lowest CVI (Table lll and Figure
1). The highest CVl was found in case 15 (trisomy 13; Table lll and Figure 1).

Abnormal craniofacial variability index (CVI) was found in one case of isolated cleft lip/
palate (14 %) and in all cases of syndromal cleft lip/ palate (100%) (Table Ill and Figure 1).
Mean CVI in the isolated group was 0.98 and in the syndromal group 1.55. This difference
was statistically significant (p= 0.004). In comparing the mean CVI between the unilateral and
bilateral cleft lip/ palate group a statistically significant difference was again found (mean CVI
1.07 and 1.53 respectively, p= 0.03). Figure 2 shows CVI values for unilateral versus bilateral
cleft lip/ palate.

Abnormal measurement of anterior skull base length and posterior cranial fossa length in
the fetus with trisomy 13 (case 15, see also Table 1V) are presented in Figure 3.

Discussion

Nearly 300 multiple malformation syndromes have been described with cleft lip/ palate. For
making a correct diagnosis family history can be important.’ In recent literature the rate of
associated anomalies found in prenatally diagnosed cleft lip/ palate is in the range 30 - 70%.'*
¢, Chromosomal anomalies are found in 10- 50% of fetuses.’>'*'> However, in the absence
of other major congenital anomalies a syndrome diagnosis or chromosomal anomaly can be
difficult to obtain.'

D2 = 48.61 mm
D1 = 27.94 mm

Figure 3. Small anterior skull base length (D1) and posterior cranial fossa length (D2) in a fetus with
Trisomy 13 (case 15, see Table IV).
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Craniofacial pattern profile analysis was first described by Garn et al.'” This method pro-
vides an objective tool to evaluate the relationship of different parts of the craniofacial area;
i.e. facial width, depth and height. Samples of individuals can be compared to the normal
population and expressed in Z-scores to illustrate deviation of ‘normality’'® The craniofacial
variability index indicates the extent to which the craniofacial measurements of the individual
are more variable than might be expected for its age."”

This method was applied by Escobar et al (1993) using 2D ultrasound in fetal alcohol syn-
drome*, Crouzon syndrome* and thanatophoric dysplasia*. They stressed the potential value
of this method for documenting craniofacial dysmorphology in utero."

We combined the advantages of craniofacial pattern profile analysis and three-dimensional
ultrasound for exact identification of craniofacial measuring planes. In an earlier study two or
more abnormal Z-scores out of the 16 measurements were found in 13% at any point in time
in a normal population, whereas three or more abnormal Z-scores were found in only 4%
(Roelfsema et al, this thesis, p116-128). The 95" percentile of normal CVI data increased from
1.08 at 18 weeks to 1.27 at 34 weeks of gestation (Roelfsema et al, this thesis, p116-128).

Not surprisingly, most abnormal Z-scores were found in the facial width measurements, as
a cleft will distort the fetal face especially in the breadth. One explanation for the finding of
only one abnormal fetal interocular distance in four cases with hypertelorism after birth, could
be that the hypertelorism developed later in pregnancy. The same applies to the discrepancy
in normal fetal mandible measurements in case 10 with retrognathia after birth. Interestingly,
in case 15 (trisomy 13) abnormal Z-scores were found in both facial width and depth measure-
ments but not in height. This fetus with holoprosencephaly was found to have an identical
pattern of abnormal measurements as a fetus with holoprosencephaly without trisomy 13
that was presented by us in an earlier report (Roelfsema et al, this thesis, p116-128). Also in
other anomalies as soon as these specific patterns become clear, pattern profile analysis could
be an valuable tool for syndrome diagnosis.

In this study we compared the isolated to the syndromal group and the unilateral to the
bilateral group with facial clefts. More abnormal Z-scores and higher CVI were found in both
the syndromal clefts and the bilateral clefts. These groups clearly have a more pronounced
craniofacial distortion. Because the groups are relatively small and the type of clefts are not
equally distributed among the groups (the syndromal group contained more bilateral clefts
than the isolated group) we could not separate the four groups. While one isolated bilateral
cleft was found to have a normal CVI, all syndromal clefts (also the two unilateral clefts) were
found to have an abnormal CVI.

Therefore a higher CVI might be more discriminative for syndromal versus isolated clefts
than for bilateral versus unilateral clefts.

* Syndromes/sequences are identified at p 179-180.
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Only one isolated case was found to have an abnormal CVI (case 7). This case showed a

remarkably small bizygomatic breadth and a large bigonial breadth (Table ). However, after

birth no anomalies other than the unilateral cleft lip/ palate were apparent. This case would

therefore be considered a false positive one, although it is possible that the cleft will prove to

be part of a syndrome later in life.

It can be concluded that the CVI may serve as a valuable tool for distinguishing between

mild and more pronounced craniofacial pathology. The presence of three or more abnormal

Z-scores can also be helpful in directing towards more complicated pathology, especially in

the absence of abnormal fetal growth. Evaluation of the pattern profile might help in making

the correct syndrome diagnosis.
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INTRODUCTORY REMARKS

One of the advantages that becomes noticeable when working with three-dimensional ultra-
sound in studying the fetal head and face is the improvement in observing the sutures and
fontanels. The reconstruction of the fetal skull in three-dimensions allows a far better over-
view than possible with conventional two-dimensional ultrasound. To be able to optimize
three-dimensional scanning circumstances for visualization of the fetal sutures and fontanel
the question was raised which factors would influence image quality. In this Chapter, volume
recordings out of a sub population of 30 normal pregnancies were evaluated to answer this

question.
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Abstract

Objectives: The aim of this study was to evaluate the significance of three-dimensional (3D)
ultrasound in visualizing fetal cranial sutures and fontanels and to determine factors that
could influence visualization and image quality.

Methods: Serial 3DUS examinations were evaluated for visibility of fetal cranial sutures and
fontanels, image quality and possible influencing parameters in the second half of pregnancy.
Thirty fetuses were scanned at four different gestational ages providing a data set of 120
cases.

Results: Most (82-100%) cranial sutures and fontanels could be visualized with 3D ultrasound.
However, the sagittal suture and posterior fontanel were visualized in only 47% and 42%, re-
spectively. Gestational age significantly influenced the visibility of the sutures and fontanels,
image quality decreasing with advancing gestational age.

Conclusions: 3D ultrasound can be a reliable technique for visualizing most fetal cranial su-
tures and fontanels. By performing a sagittal and a transverse scan, most of the sutures and
fontanels can be made visible during the second half of pregnancy. Visualization depends on
gestational age.
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Introduction

The three main functions of cranial sutures and fontanels are to allow expansion of the skull
so that it can accommodate the enlarging brain, to permit moulding of the skull when the
human head becomes compressed during passage through the birth canal, and to absorb
mechanical stress of minor head trauma'. Abnormal development of the sutures and fonta-
nels is found in association with different chromosomal abnormalities and syndromes’, but
more often may result in isolated craniosynostosis

Sutures represent boundaries of curvilinear cranial bones, which may be difficult to visual-
ize by two-dimensional (2D) ultrasound?. The diagnosis of craniosynostosis is primarily based
on the detection of associated abnormalities or by identifying an abnormal shape of the cra-
nium instead of visualization of the premature closure of the suture and/ or fontanel. Isolated
craniosynostosis is less frequently diagnosed in utero?.

In addition to direct visualization of the fetal sutures and fontanels, the use of the cephalic
index (the ratio of the biparietal diameter to occipitofrontal diameter) can aid in the prenatal
diagnosis of skull deformities. The cephalic index is a quantitative parameter that supplies
information of the shape of the fetal head*”.

By scanning adjoining section planes and therefore obtaining a volume, three-dimensional
(3D) ultrasound allows a better understanding of fetal anatomy both in the multiplanar view
(all three orthogonal views visualized at once) and by rendering volume data, for example, to
demonstrate curved sutures®.

There has been one previous study by Pretorius and Nelson on the visualization of the cra-
nial sutures and fontanels with 3D ultrasound in which eight normal fetuses were examined®.
The objective of the present study was to expand on their findings by visualizing fetal cranial
sutures and fontanels in 30 normal pregnancies between 18 and 34 weeks of gestation and to
determine which factors may influence image quality.

Methods

Study design

Thirty women with a normal singleton pregnancy consented to participate in a study on
3D ultrasound evaluation of the fetal cranial sutures and fontanels. The study was approved
by the Hospital Ethics Review Board. The median pregnancy duration was 26 (range 18- 34)
weeks and the median maternal age was 29 (range 19-38) years. Women were recruited from
the antenatal department and regional midwifery services.

Gestational age was determined from the last reliable menstrual period, or in case of
uncertainty, adjusted by ultrasound in the first trimester of gestation. All pregnancies were
uneventful resulting in the delivery of a normally developed infant. Most (91%) of the birth
weights were situated between the 5" and the 95" percentile (according to the Kloosterman
tables'™) adjusted for maternal parity and fetal sex.
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3D sonographic examination of the fetal head and face was performed four times at 3-5
week intervals in each pregnancy.

Recording technique

Ultrasound examinations were performed using the Voluson 530D (Kretztechnik AG, Zipf,
Austria) with an abdominal 3-5 MHz annular array transducer (VAW 3-5). For 3D ultrasound
scanning an internal mechanism in the transducer is used for recording a truncated pyrami-
dal volume by slicing through the images. Depth, longitudinal and transverse dimensions
were adjustable in defining a region of interest. In this study an opening angle of 50 to 70
degrees and a sampling angle of 30 to 85 degrees was used resulting in a maximum volume
of 3.2 litre. The depth range for the region of interest was set between 6 and 13 cm.‘Normal’
frequency range (mid resolution/ mid penetration) was used in most patients and adjusted
to ‘penetration’ (lower resolution/ high penetration) in case of obesity or ‘resolution’in case of
thin women and/or superficial position of the fetus. Scanning time for one recorded volume
ranged between 4 and 8 seconds, depending on fetal movement and size of the recorded
volume.

Multiple volume datasets were recorded of each fetus (range 3-11; median 6). The region
of interest was defined and contained the complete fetal head. Three different types of acqui-
sition of the fetal face and head were made; a sagittal scan (frontal view of the face composed
of sagittal planes), a coronal scan (side view of the head composed of coronal planes), and a
transverse scan (side view of the head composed of transverse planes). For a sagittal scan of
the face acquisition started at the mid-sagittal plane with the fetus facing the transducer. For
a coronal scan acquisition started just in front of the ear, and for a transverse scan acquisi-
tion started at the plane used for measurement of the biparietal diameter'. The data were
collected on a transportable magnetic disk for later analysis (lomega Corp. Roy, UT, USA). All
sonographic examinations were performed by one observer (N.R.).

Each record was evaluated using a 3D-view computer program (Kretztechnik AG, version
3.0) on a personal computer with an lomega Jaz Drive. A 3D image was analyzed using the
surface mode, after all adjacent structures were removed from the image with the ‘electronic
scalpel’ option. The image was rotated in all directions to obtain a complete 3D impression of
the fetal skull.

To determine factors influencing visualization of the sutures and fontanels, maternal body
mass index (BMI = weight before pregnancy / height®), as well as gestational age, fetal presen-
tation and amniotic fluid volume at each examination were recorded.

The visibility of five different principal sutures and four fontanels was evaluated (of which
three and two, respectively, are located on both sides of the head): metopic, sagittal, coronal,
lambdoid and squamosal suture, and anterior, posterior, sphenoid and mastoid fontanel (Fig-
ures 1 and 2). A suture/ fontanel was categorized as visible if seen on at least one side of the
head. Image quality was categorized as good or poor, which depended on clarity of the 3D
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Anterior fontanel

Coronal
suture
Posterior
fontanel
Sphenoid
fontanel
Lambdoid
suture

Mastoid fontanel  Squamosal suture

Figure 1. Left: three-dimensional reconstruction of the lateral side of the fetal skull (17 weeks of gestation).
Right: schematic drawing of the sutures and fontanels of the side of the skull.

Sagittal
suture
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Anterior

fontanel

suture "

Figure 2. Left: three-dimensional reconstruction of the cranial side of the fetal skull (19 weeks of
gestation). Right: schematic drawing of the sutures and fontanels of the top of the skull.

image and the influence of artifacts (caused by, for instance, movement during data acquisi-
tion or shadowing) on the ability to visualize the sutures and fontanels. Evaluation of visibility
and categorization of image quality was performed by a different observer (C.D.).

Statistical analysis

Statistical analysis was performed on a personal computer using SPSS (for Windows, version
10.1; SPSS Inc., Chicago, IL, USA). To analyze the association between visibility of the differ-
ent sutures and fontanels and gestational age, gestational age was divided in four different
periods (Table 2). The McNemar test was applied to determine the significance of the differ-
ences of visibility between the four different periods. The Fisher’s exact test was applied to
determine if a suture or fontanel was better visualized in vertex, breech or transverse position
of the fetus. The Wilcoxon signed-ranks test was used to determine the significance of the
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differences in image quality between the four different periods. Spearman’s correlation coef-
ficient was used for analysis of a relation between the BMI and image quality. P < 0.05 was
considered significant.

Results
In all 120 3D ultrasound examinations a transverse scan could be recorded. A sagittal scan
could be recorded in 116 (97%) and a coronal scan in 117 (98%).

The metopic, coronal, squamosal and lambdoid suture and anterior, sphenoid and mastoid
fontanel could be seen in at least one of the different scans in almost all cases (range, 82-
100%). Only the sagittal suture and posterior fontanel were difficult to visualize (47% and 42%,
respectively). The metopic and sagittal suture and anterior fontanel were best visualized in
the sagittal scan. In the coronal and transverse scan-mode the sutures and fontanels could be
seen in almost the same frequencies (Table 1).

Visualization of most of the sutures and fontanels decreased significantly with advancing
gestational age (P < 0.05). No association was found between gestational age and visualiza-
tion of the coronal and squamosal suture and the sphenoid and mastoid fontanel (P > 0.05)
(Table 2).

The anterior fontanel was significantly more often visible in breech position (in all 30 cases
of breech position; 100%) than in cephalic (62/82 cases; 76%) or transverse position (5/7 cases;
71%) (P=10.001). In one of the 120 sonographic examinations the position of the fetus was not
described. No relation was found between other sutures/ fontanels and position of the fetus.

Image quality was significantly influenced by gestational age. In all three types of acquisi-
tion the image quality was significantly more often categorized as poor when the gestational
age was advanced (P < 0.05). This difference in image quality was only significant when non-
adjacent periods of gestational age were compared.

Table 1. Frequency of visualization of the sutures and fontanels, subdivided in the three different
recording modes. Thirty fetuses were scanned four times during pregnancy. (n = 120).

Suture/ Total (%) Sagittal scan Transverse scan (%) Coronal scan
Fontanel (%) (%)
Metopic suture 111(93) 110(92) 14(12) 9 (8)
Sagittal suture 56 (47) 51(43) 3(3) 10 (8)
Coronal suture 119(99) 63 (53) 111(93) 113 (94)
Squamosal sut. 119(99) 32(27) 115 (96) 114 (95)
Lambdoid sut. 110(92) 13(11) 94 (78) 81 (68)
Anterior fontanel 98 (82) 93 (78) 23(19) 22(18)
Posterior font. 50 (42) 22(18) 25(21) 24 (20)
Sphenoid font. 120 (100) 53 (44) 113 (94) 115 (96)
Mastoid fontanel 118(98) 19(16) 112 (93) 106 (88)
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Table 2. Visualization of sutures/ fontanels during different periods of gestation.

Suture/ fontanel Total < 22wk 26-30wk > 30wk
n=120(%) n=30(%) n=30(%) n=30(%)

Metopic suture 111(93) 30(100) 27(90) 24 (80)
Sagittal suture 56 (47) 23(77) 12 (40) 4(13)
Coronal suture 119(99) 30(100) 30(100) 29(97)
Squamosal sut. 119(99) 30(100) 30(100) 30(100)
Lambdoid suture 110 (92) 30(100) 27(90) 23(77)
Anterior fontanel 98 (82) 29 (97) 24 (80) 16 (53)
Posterior fontanel 50 (42) 21(70) 10(33) 6(20)
Sphenoid font. 120 (100) 30(100) 30(100) 30(100)
Mastoid fontanel 118 (98) 30(100) 29 (97) 30(100)

The mean maternal BMI was 23.3 (range, 18.8 — 38.7). No statistically significant associa-

tion was found between BMI and image quality in any of the three different scan-modes (P >

0.05).

In all cases the amniotic fluid volume was normal. The effect of decreased amniotic fluid on

visibility and image quality could therefore not be analyzed.

Table 3 shows a comparison of the data from this study with the data from Pretorius and

Nelson®.

Table 3. Comparison of data from Pretorius and Nelson (1994)° with data from this study.

Suture/fontanel Pretorius & Nelson Current study
n=9(%) n=120(%)
Metopic suture 1011) 111 (93)
Sagittal suture 2 (22) 56 (47)
Coronal suture 8 (89) 119 (99)
Squamosal suture 6 (66) 119 (99)
Lambdoid suture 9 (100) 110 (92)
Anterior fontanel 4 (44) 98 (82)
Posterior fontanel 5 (55) 50 (42)
Sphenoid fontanel 7 (77) 120 (100)
Mastoid fontanel 6 (66) 118 (98)
Discussion

Craniosynostosis can present as a complicated medical problem. Besides the necessary sur-

gery after birth, it can be associated with increased intracranial pressure putting at risk normal

mental development'?. The skull deformity can also cause airway obstruction and impair-

ment of vision and hearing'. Recognition of craniosynostosis may be important in prenatal
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screening of families with a history of a syndrome associated with craniosynostosis. Therefore,
correct prenatal diagnosis is important. However, in spite of the enormous progress that has
been made in prenatal diagnosis with 2D ultrasound in the last few decades, visualization of
sutures and fontanels remains difficult.

The 3D ultrasound records that were analyzed in this study were performed for assess-
ment of fetal craniofacial anatomy in general. At volume recording no particular attention was
directed towards evaluation of the fetal cranial sutures and fontanels.

The surface mode and maximum mode proved equal in demonstrating fetal sutures and
fontanels throughout gestation and, as the surface mode is more visually pleasing, we pre-
ferred to use this mode.

By recording a volume in a sagittal, coronal and transverse scan, it became possible to
visualize most sutures and fontanels. The sagittal suture and the posterior fontanel were more
difficult to visualize. As would be expected, the metopic suture and anterior fontanel were
best seen in the sagittal scan. A transverse scan shows generally the same information as a
coronal scan and is more often feasible. Therefore, this scanning mode could suffice in visual-
ization of the sutures and fontanels at the side of the fetal head. The posterior fontanel could
often not be seen in any of the scan modes. However, if a 3D ultrasound scan of the back of
the head was to be included, the posterior fontanel, the lambdoid sutures and possibly even
the sagittal suture could be evaluated better.

Sutures and fontanels that are present bilaterally were categorized as visible if seen on at
least one side of the head. With advancing gestational age it might be more difficult to see the
suture or fontanel bilaterally in one scanning mode. Therefore, if wanting to exclude unilateral
craniosynostosis (for instance in plagiocephaly) it might be necessary to include volume scans
of both sides of the head. The proximal aspect of the head is generally more easily visualized
as a result of reduced shadowing.

Gestational age clearly influenced the ability to visualize the cranial sutures and fontanels.
3D ultrasound identified fewer sutures and fontanels with advanced gestational age. This was
mostly due to difficulties obtaining the whole fetal head because of the limited transducer
sector size. Moreover, both reduced image quality caused by the position of the fetal head
(cephalic presentation: 60% at a gestational age < 22 weeks as opposed to 87% at a gesta-
tional age = 30 weeks) and gestational age related reduction of amniotic fluid volume may
influence the ability of 3D ultrasound to show the sutures and fontanels. Visualization may
also be affected by the size of the sutures which become smaller later in fetal development. At
least one of the coronal and squamosal sutures and at least one of the sphenoid and mastoid
fontanels could be seen under all circumstances. Mostly because these structures are easily
displayed on a transverse scan, which was feasible in all cases.

In contrast to what one would expect, the maternal BMI did not influence the image qual-
ity. This could be explained by the fact that the sutures are part of the skull and therefore a
lesser resolution is necessary, than for instance in case of visualization of soft tissue.
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Pretorius and Nelson (1994) evaluated the use of 3D ultrasound for visualization of fetal
cranial sutures and fontanels®. In their study, they evaluated eight normal volunteer pregnant
women (one woman was scanned twice) ranging from 16- 39 weeks’ gestational age. Multiple
volume data acquisitions were made (range, 12-19). In our study a higher frequency of visual-
ization was possible with fewer volume data acquisitions in one examination. This difference
may be explained by the greater numbers of cases in our study (n =120 vs.n =9).

We conclude that 3D ultrasound can be a reliable technique for visualizing the fetal cranial
sutures and fontanels. With the recording of a sagittal and a transverse scan most of the su-
tures and fontanels can be made visible during the second half of pregnancy. The addition of
a sagittal scan visualizing the back of the head of the fetus could improve visualization of the
sagittal suture and posterior fontanel. Visualization becomes more difficult with advancing
gestational age.
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General discussion and conclusions

6.1 INTRODUCTION

Many researchers have been studying the applicability of 3D ultrasound in prenatal diagnosis,
pointing out the complex anatomy of the fetal head and face as an area where the technique
could be especially advantageous.'®. For a more objective evaluation, different fetal cranio-
facial measurements by both two-dimensional (2D) and three-dimensional (3D) ultrasound
have been suggested.®?” However, these studies were performed in a cross-sectional design
and only part of the fetal head was investigated.

This thesis contains a longitudinal 3D sonographic study of the development of the width,
depth and height of the fetal head and face in the second half of pregnancy. We chose to study
anthropometric and cephalometric measurements that had proven to be useful in postnatal
studies and were applicable using 3D ultrasound. Reproducibility of the measurements was
established and normal data were obtained and compared with those reported in literature.
Normal development of the fetal head and face was compared with postnatal craniofacial
development. We used z-scores to develop a craniofacial pattern profile and introduced a
craniofacial variability index (CVI) that may aid in the diagnosis of abnormal fetal craniofacial
development. These tools were also applied in a group of fetuses with isolated and syndromal
cleft lip-palate. Finally, the visualization of fetal cranial sutures and fontanels with 3D ultra-
sound was evaluated.

6.2 METHODOLOGY

Most studies on fetal biometry are of a cross-sectional nature. Our longitudinal set-up was
chosen to be able to study development over time as well as producing nomograms. About
500 measurements in 126 subjects were obtained. Since for most measurements, the changes
over time are fairly consistent (smooth changes), we think that not much of the efficiency is
lost by our longitudinal study design when compared with for instance 500 subjects and one
measurement each in a cross-sectional study design. It is realized, however, that for proper
growth curves based on a longitudinal study design, more data are needed.

Three different scan modes were used in this study: a sagittal, coronal and transverse scan
mode. The best resolution in a 3D volume is obtained in the original section planes. In the
orthogonal planes there clearly is a limited lateral resolution. This is especially so for the eleva-
tional resolution (resolution in the C-plane, obtained in the direction of the acquisition) and
for the structures further away from the probe. For measurements with landmarks in the fron-
tal part of the head, which were mostly in the (mid-)sagittal plane, we used the sagittal scan
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mode. For measurements with landmarks at the side of the head (the ear) the coronal scan
mode was used, which proved to adequately visualize all necessary landmarks. The transverse
scan mode was added for specific transverse measurements such as the biparietal distance.
Possibly, measurements such as the inner and outer palatal width, would have shown a bet-
ter reproducibility when a transverse scan with the fetus facing the transducer would have
been used. However, this would have taken considerably more time in both obtaining the 3D
volumes and the procedure of post-processing.

Both bony and soft-tissue landmarks were used in this study, depending on the landmark
used after birth and on visiblity with 3D ultrasound prenatally. Although after birth, bony
landmarks are often more reliable than soft-tissue landmarks, in-utero with (3D) ultrasound
this is not necessarily so. Bony landmarks can be liable to scattering, especialy when further
away from the probe. However, soft-tissue landmarks are only visible when enough amniotic
fluid is present to separate the landmark from the surrounding tissue.

6.3 NORMAL FETAL CRANIOFACIAL MEASUREMENT

For most measurements (skull and facial height measurements, nasal and facial width, palatal
length and outer palatal width, angle measurements, facial depth measurements, ear length,
standard craniofacial biometry, brain volume, measurements of the mandible and maxilla and
skull base measurements) a good reproducibility was obtained. Not surprisingly, the mea-
surement of smaller distances (i.e. philthrum length), the measurements that were derived by
movement of the calipers through more than one orthogonal plane and measurements that
contained landmarks that proved difficult to obtain (i.e. mouth breadth) were less reliable.

Most of the growth charts of the measured distances and the head circumference showed
a common pattern, as described earlier by others.?#* Fastest growth is seen during the begin-
ning of the second trimester with gradual plateauing after midpoint. Remarkably, the mea-
sured angles showed little or no significant relation with gestational age. Although distances
do grow at a different rate resulting in a changing spatial relationship of different parts of the
fetal head and face, not enough change is accomplished to affect the angles. Only skull base
angle showed a small change during the second half of gestation.

Standard fetal craniofacial biometry could be measured by three-dimensional ultrasound
at the same degree of reliability as by two-dimensional ultrasound. Also for 3D and 2D fetal
brain volumes a good agreement was found.

Brain volume showed a nearly 10-fold increase during the second half of gestation with
fastest growth rates in the third trimester. Brain volume represents about 15 percent of
total estimated fetal weight during the second half of gestation. Brain growth was strongly
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associated with growth of the posterior cranial fossa. However, variation in skull base angle
was less associated with brain growth. In this study the focus was on the development of
the fetal head and face in time and less on which factors cause the head and face to grow.
With progress in resolution and post-processing techniques, 3D ultrasound may be helpful in
answering more developmental questions.

In evaluating different methods of determining maxillary and mandibular development, the
mid/ lower facial depth ratio appeared to be the most valuable parameter because it showed
a distinct decrease relative to gestational age. Interestingly, in a fetus with micrognathia in a
4p- syndrome*, bigonial breadth showed an abnormal value, whereas lower facial depth was
situated in the normal range (Chapter 4.2, Table IV) This is in contrast to the results of Paladini
et al.¥ In a population of 11 cases of micrognathia these authors found the growth to be
primarily impaired in the antero-posterior direction (all cases) and not in the lateral direction
(only in 7 out of 11 cases). Rotten et al concentrated on measuring maxillary and mandibular
width in diagnosing micrognathia and found abnormal values in 8 out of 12 fetuses with mi-
crognathia.?® Unfortunately, our population of fetuses with mandible abnormalities was too
small to evaluate these different approaches in establishing micro/ retrognathia.

Anthropometric studies on fetal craniofacial development are scarce, which makes compari-
son of our findings difficult. When comparing our data to data on head and face development
after birth (Chapter 3.5, Table 2), the differences in relative growth between the prenatal pe-
riod, the first five years and the period of 6- 18 years are remarkable. During the second half
of gestation most growth is accomplished in width, especially in the facial area (soft-tissue
region). In the region of the skull base the lowest growth rate is accomplished. These findings
confirm the statement of Stricker et al*', that craniofacial growth is a continuous phenomenon
but takes place with varying speed on separate locations.

6.4 CRANIOFACIAL VARIABILITY INDEX

The original 41 measurements were selected from postnatal anthropometric and cephalo-
metric literature3>*° on the basis of applicability with 3D ultrasound and covering the various
aspects of fetal facial anatomy. They were reduced to 16 measurements for pattern profile
analysis and calculation of a craniofacial variability index. The remaining 16 measurements
were selected on the basis of literature on pattern profile analysis®>3’4°4!, reproducibility and
relevance (covering best the facial height, width and depth). For facial depth measurements,
mid and lower facial depth were chosen, because these measurements appeared to be the

* Syndromes/sequences are identified at p 179-180.
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most valuable ones in determining maxillary and mandibular growth. This combination of
16 measurements was tested in a series of different craniofacial abnormalities. Abnormal CVI
was established in 3 out of 6 abnormalities. This does not rule out that another combination
of fetal facial measurement may give a better result.

The variability among these sixteen measurements for every normal fetus was represented
by the craniofacial variability index (CVI). The upper limit (95th percentile) of the CVI varied
from 1.08 at 18 weeks to 1.27 at 34 weeks of gestation. The mild increase in the mean CVI as
well as the mild variation around the mean would suggest a progressive enlargement of a
relatively stable fetal profile proposed by for instance Burdi in the second half of gestation.?®
However, it should be realized that the CVI represents a standard deviation of Z-scores of 16
different fetal facial measurements. Looking at the individual components of the CVI, marked
gestational age related changes are noted.

In a group of pregnancies complicated by a fetal abnormality the CVI proved abnormal in
three out of six fetuses. Two to eight out of 16 parameters showed abnormal values in this
subset. However, also in the normal subset abnormal values for one or more of the 16 param-
eters could be found. Thirteen percent of the normal population showed 2 or more out of 16
abnormal values and 4 % even 3 or more out of 16 abnormal values. Three or more abnormal
Z-scores would therefore be more indicative for dysmorphology, especially when the fetus
has a normal general growth pattern.

In the study of cleft lip/ palate, more abnormal Z-scores and a higher mean CVI were found
in the group of bilateral facial clefts compared with unilateral clefts. Most abnormal values
were found in the facial width measurements. In the group of syndromal cleft lip/ palate
significantly more abnormal Z-scores and a higher mean CVI were found compared with the
group with isolated cleft lip/ palate (p< 0.05).

For both studies it was apparent that the CVI was higher in abnormalities associated with
more severe craniofacial involvement, for instance in holoprosencephaly* without known
cause and holoprosencephaly* in trisomy 13. In these two fetuses comparable craniofacial
pattern profiles were seen. The CVI may serve as a valuable tool for distinguishing between
mild and more pronounced craniofacial pathology. The role of CVI in identifying minor dys-
morphology needs to be elucidated, since minor dysmorphology is often part of a syndrome
with considerable consequences for the outcome of the affected fetus and the recurrence risk
in future offspring. The presence of three or more abnormal Z-scores can also be helpful in
pointing at more complicated pathology, especially in the presence of an otherwise normal
fetal growth pattern. Evaluation of the pattern profile might help in arriving at the correct
syndrome diagnosis.

* Syndromes/sequences are identified at p 179-180
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6.5 FETAL CRANIAL SUTURES AND FONTANELS

In a subset of 30 pregnancies, image quality, visibility of fetal cranial sutures and fontanels and
possible influencing parameters were studied. Recording of both a sagittal and a transverse
scan permitted visualization of most of the sutures and fontanels during the second half of
pregnancy. Visibility of fetal cranial sutures and fontanels depended on gestational age. The
addition of a sagittal scan displaying the back of the skull may improve visualization of the
sagittal suture and posterior fontanel.

The use of the surface mode instead of the maximum mode is controversial. We started off
by evaluating the optimal settings for this study. In contrast to what would be expected, the
surface mode and maximum mode proved equal in demonstrating fetal sutures and fontanels
throughout gestation. The surface mode is more relaxing to the eyes. We therefore preferred
to use this mode.

6.6 FINAL REMARKS

For this research we used the Voluson 530D. The Voluson 730D, which is in use at this moment,
has improved much in resolution and might improve even more with advancing technology.
This will result in improved reliability of 3D measurements, the diagnostic accuracy of cranio-
facial pattern profile analysis and the CVI as well as visibility of cranial sutures and fontanels.

Furthermore, post-processing still tends to be time-consuming. However, this can be
restricted with: i) improved experience in handling the equipment and understanding fetal
anatomy; ii) standardization of the process of obtaining the required volumes ; iii) more
efficient programs for data analysis; and iv) proper archiving of the obtained volumes and
processing data. Inevitably, if 3D ultrasound becomes more common practice, the focus will
shift from actual scanning to post-processing. In other words, less time will be spent with the
patient and more time behind the computer. This will require an approach comparable to CT
or MRI-scanning, in which results are shared with the patient not by the ultrasonographer, but
by their own physician on a later occasion. Promising new possibilities have been developed
over the last few years in 3D ultrasound technology. For instance, spatio-temporal image
correlation (STIC) allows a 3D evaluation of the moving heart, which may further improve
antenatal diagnosis of congenital heart disease.*? Applying real-time 3D ultrasound (or 4D ul-
trasound) movements of the fetus are better appreciated and can be studied more intensively,
which will further improve our knowledge of normal and abnormal fetal development.*

The data presented in this thesis will further improve our understanding of normal fetal
craniofacial development and the suggested craniofacial pattern profile analysis and cran-
iofacial variability index may help in more reliably identifying abnormal fetal craniofacial
morphology.
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CHAPTER 1

This Chapter reviews the literature on three-dimensional ultrasound with emphasis on fetal
head and face. Furthermore, an overview on prenatal diagnosis of craniofacial anomalies by
means of ultrasonography and on methods for assessment of craniofacial development is
presented. The research objectives are presented at the end of this Chapter.

CHAPTER 2

This Chapter describes the study population and the methodological aspects of obtaining fe-
tal craniofacial measurements and their reproducibility. The assessment of three-dimensional
ultrasound recordings, the computer-based post-processing as well as statistical aspects are
outlined. The selection of 16 measurement for craniofacial pattern profile analysis and the
calculation of the craniofacial variability index is presented.

CHAPTER 3

Results on the assessment of normal fetal craniofacial measurements are presented as well as
limitations that were established in obtaining the volume recordings. Most measurements,
including standard craniofacial biometry, could be reliably obtained. For all, but the angle
measurements, a significant gestational age-related increase was found. Fastest growth rates
were merely seen at the beginning of the second trimester, reaching a plateau thereafter.
Comparison of measurements described in this study and literature was often complicated by
differences in methodology.

The first paper shows fetal brain volume to increase nearly 10-fold in the second half of
gestation. Fetal brain weight was estimated by multiplying fetal brain volume measured with
3D ultrasound and brain specific gravity (1.04). Median brain weight represents approximately
15% of total fetal weight. Although, 3D ultrasound derived brain weight was found to be larger
than postmortem brain weight, there was no difference when comparing fetal brain weight
relative to total fetal weight. A good agreement was found between 3D and 2D ultrasound
derived brain volume.

The second paper focuses on skull base development. The relatively more pronounced
growth in the posterior cranial fossa length relative to anterior skull base length is strongly
associated with brain growth. This was not so for the small but significant flexion of the skull
base angle, which may be caused by other factors.

In the third paper various ways of obtaining fetal maxillary and mandibular size with 3D
ultrasound are explored. Growth of the mandibula was significantly larger than that of the
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maxilla. A distinct decrease was found for mid/ lower facial depth ratio, which appears to
be most valuable in determining normal mandibular development. However, the diagnostic
accuracy of this ratio still needs to be determined.

During the second half of gestation the most distinct growth is seen in facial width. When
comparing prenatal and postnatal development, craniofacial growth seems to take place with
varying velocities in different craniofacial regions.

CHAPTER 4

In this Chapter craniofacial pattern profile analysis and the craniofacial variability index (CVI)
are introduced as a new method to evaluate fetal facial anatomy with 3D ultrasound. In a
first study of 126 normal fetuses and six fetuses with anomalies, sixteen measurements were
selected for calculation of gestational age-specific Z-scores and a CVI, which quantifies the
variability between the 16 Z-scores. The 95 percentile values of the CVI demonstrated an
increase from 1.08 to 1.27 between the 18th and 34th week of gestation. In the abnormal
subjects two to eight out of 16 parameters showed abnormal values. Abnormal CVI was found
in three out of six fetuses with anomalies.

The second paper evaluated these methods in eight fetuses with isolated and seven fetuses
with syndromal cleft lip/ palate. Values of facial width measurements were often abnormal. In
more severe (bilateral) clefts and syndromal cleft lip/ palate more abnormal Z-scores and a
higher mean CVI were found.

These studies show that the CVI may serve to distinguish between normal and abnormal
fetal facial anatomy and between mild and pronounced craniofacial pathology. More compli-
cated pathology may be present if three or more abnormal Z-scores are found. Evaluation of
the pattern profile might assist in making the correct syndrome diagnosis.

CHAPTERS

In this Chapter serial volume recordings of 30 pregnant women were evaluated for visibility of
fetal cranial sutures and fontanels in the second half of pregnancy. All cranial sutures and fon-
tanels, except for the sagittal suture and posterior fontanel, could be regularly demonstrated.
Visualization was mostly influenced by a gestational age-related reduction in image quality. A
sagittal and transverse scan allowed visualization of the majority of sutures and fontanels. It
was concluded that 3D ultrasound is a reliable technique for demonstrating the fetal cranial
sutures and fontanels during the second half of pregnancy.
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HOOFDSTUK 1

Dit hoofdstuk geeft een overzicht van de literatuur op het gebied van de driedimensionale
echoscopie, met name wat betreft het foetale hoofd en aangezicht. Tevens wordt een over-
zicht gegeven van de prenatale diagnostiek met behulp van echoscopie van craniofaciale
afwijkingen en de methoden die gebruikt worden om ontwikkeling van hoofd en aange-
zicht vast te stellen. Aan het einde van dit hoofdstuk worden de onderzoeksdoelstellingen

gepresenteerd.

HOOFDSTUK 2

Dit hoofdstuk beschrijft de studie populatie en de methodologische aspecten van de foetale
craniofaciale metingen en bijbehorende reproduceerbaarheid. Hier wordt uitgelegd hoe de
driedimensionale echo-opnamen werden gemaakt, hoe deze nadien werden verwerkt op
de computer en welke statistische methoden werden gebruikt voor de verwerking van de
data. Tenslotte wordt gepresenteerd hoe 16 metingen werden geselecteerd voor de analyse
van een zogenaamd ‘craniofaciale patroon profiel’ en de berekening van een ‘craniofaciale
variabiliteitsindex’

HOOFDSTUK 3

De resultaten van de normale foetale hoofd- en aangezichtsmetingen worden in dit hoofdstuk
gepresenteerd, evenals de beperkingen in het verkrijgen van de volumeopnamen. De meeste
metingen, inclusief de standaard craniofaciale biometrie, konden betrouwbaar worden ver-
kregen. Behalve de hoeken, vertoonden alle metingen een significante toename in de loop
van de zwangerschap. De meeste groei werd gezien aan het begin van het tweede trimester
en bereikte een plateau vlak daarna. Verschillen in methodiek bemoeilijkte de vergelijking van
de metingen in deze studie met die in de literatuur.

Het eerste artikel toont een bijna tienvoudige toename van de foetale hersenvolume in de
tweede helft van de zwangerschap. Foetaal hersengewicht werd geschat door het foetale her-
senvolume dat gemeten was met 3D echoscopie te vermenigvuldigen met de hersendichtheid
(1,04). De mediaan van het hersengewicht is ongeveer 15% van het totale foetale gewicht. Het
verschil tussen het foetale hersengewicht verkregen met 3D echoscopie (dit was groter) en
het hersengewicht dat bij obductie wordt verkregen, verdween als beiden werden gedeeld
door het totale foetale gewicht. Hersenvolume gemeten met behulp van driedimensionale
echoscopie kwam goed overeen met hersenvolume berekend op basis van tweedimensionale
echoscopische metingen.
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Het tweede artikel beschrijft de schedelbasisontwikkeling. De relatief meer uitgesproken
groei in de lengte van de fossa cranii posterior in vergelijking met de voorste schedelbasis-
lengte is sterk geassocieerd met hersengroei. De kleine significante flexie in de schedelbasis-
hoek niet en wordt vermoedelijk niet door hersengroei veroorzaakt.

In het derde manuscript worden verschillende manieren onderzocht om de boven- en on-
derkaak op te meten met 3D echoscopie. De groei in de onderkaak was significant groter dan
in de bovenkaak. De meest duidelijke afname werd gevonden in de ‘mid/ lower facial depth’
(middelste/ onderste gezichtsdiepte) ratio. In het aantonen van normale mandibula ontwik-
keling lijkt deze ratio daarmee de meest waardevolle. De diagnostische betrouwbaarheid van
deze ratio moet nog worden vastgesteld.

In de tweede helft van de zwangerschap is de meest uitgesproken groei te zien in de
breedte van het foetale gezicht. Als prenatale en postnatale ontwikkeling worden vergeleken
valt op dat de craniofaciale groei met verschillende snelheden op verschillende gebieden van
hoofd en aangezicht plaatsvindt.

HOOFDSTUK 4

In dit hoofdstuk worden de craniofaciale patroon profiel analyse en de craniofaciale variabili-
teitsindex (CVI) geintroduceerd als nieuwe methodes om met 3D echoscopie de anatomie van
het foetale gezicht te bestuderen. In een eerste studie van 126 normale foetussen en 6 foetus-
sen met afwijkingen, werden 16 metingen geselecteerd voor de berekening van Z-scores die
specifiek zijn voor een bepaalde zwangerschapsduur en voor de berekening van een CVI, die
de variabiliteit tussen deze 16 Z-scores weergeeft. Tussen de 18¢ en 34¢ week van de zwanger-
schap nam de 95¢ percentiel van de CVI toe van 1,08 tot 1,27. In de groep met afwijkingen
waren 2 tot 8 van de 16 parameters afwijkend. In 3 van de 6 foetussen met malformaties werd
een afwijkende CVI gevonden.

Het tweede artikel geeft een evaluatie van de toepassing van deze twee technieken in acht
foetussen met geisoleerde en zeven foetussen met syndromale lip/ kaak en/ of gehemelte
spleet. Metingen in de breedte van het gezicht waren het vaakst afwijkend. In de ernstigere
(bilaterale) spleten en de syndromale lip/ kaak en gehemelte spleten werden meer abnormale
Z-scores en een hogere gemiddelde CVI gevonden.

Deze studies laten zien dat de CVI kan fungeren als een middel om onderscheid te maken
tussen normale en abnormale anatomie van het foetale aangezicht en tussen milde en meer
uitgesproken craniofaciale afwijkingen. Ernstigere pathologie kan aanwezig zijn als 3 of meer
afwijkende Z-scores gevonden worden. Het evalueren van de patroon profielen kan helpen bij
het maken van een juiste syndroom diagnose.
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HOOFDSTUK 5

In dit hoofdstuk worden opeenvolgende volume opnamen van 30 zwangere vrouwen onder-
zocht op zichtbaarheid van de foetale schedelnaden en fontanellen in de tweede helft van
de zwangerschap. Behalve de pijlnaad en de achterste fontanel, waren alle schedelnaden en
fontanellen regelmatig zichtbaar. Zichtbaarheid werd het meest beinvloed door een aan de
zwangerschap gerelateerde afname in kwaliteit van de 3D plaatjes. Op een sagittale en trans-
versale opname konden de meeste schedelnaden en fontanellen zichtbaar worden gemaakt.
Driedimensionale echoscopie is een betrouwbare techniek voor het in beeld brengen van de
foetale schedelnaden en fontanellen in de tweede helft van de zwangerschap.
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List of syndromes mentioned
in thesis'

(MOST CHARACTERISTIC FEATURES)

Achondroplasia: short limbs, low nasal bridge, caudal narrowing of spinal canal
Bardet-Biedl syndrome: retinal pigmentation, obesity, polydactyly

Beckwith-Wiedemann syndrome: macroglossia, omphalocele, macrosomia, ear creases
Brachmann-de Lange syndrome/ Cornelia de Lange syndrome: synophrys, thin downturn-
ing upper lip, micromelia, mental retardation

Camptomelic dyplasia: bowed tibiae, hypoplastic scapulae, flat facies

Cat-eye syndrome: coloboma of iris, down-slanting papebral fissures, anal atresia caused by
duplication of chromosome 22q11 region.

CHARGE association: coloboma, heart disease, atresia choanae, retarded growth and devel-
opment and/ or central nervous system anomalies , genital anomalies and/or hypogonadism,
and ear anomalies and/ or deafness

Chondrodysplasia punctata: short humeri and femora, coronal cleft in vertebrae, punctate
epiphyseal mineralization, mental deficiency

Congenital ichthyosis: thickened keratin layer of skin, flattened ears, diffuse platelike scales,
lethal disorder?

Crouzon syndrome: shallow orbits, premature craniosynostosis, maxillary hypoplasia
Diastrophic dysplasia: short tubular bones (especially first metacarpal), joint limitation with
talipes, hypertrophied auricular cartilage

Fetal alcohol syndrome: prenatal onset growth deficiency, microcephaly, short palpebral
fissures caused by (severe) alcohol exposure in utero

4p- syndrome (deletion 4p syndrome): ocular hypertelorism with broad and beaked nose,
microcephaly and/or cranial asymmetry, low-set simple ear with preauricular dimple and se-
vere mental deficiency caused by partial deletion of the short arm of chromosome 4.
Frontonasal malformation (frontonasal dysplasia sequence): unknown primary defect in
midfacial development with incomplete anterior appositional allignment of eyes (hypertelor-
ism, cranium bifidum occultum, nose abnormalities)

Fryns syndrome: diaphragmatic abnormalities, coarse facies, distal digital hypoplasia
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Goldenhar syndrome (oculo-auriculo-vertebral spectrum/ hemifacial microsomia): pre-
dominant (asymmetric) defects (nonrandom) in morphogenesis of first and second branchial
arches.

Holoprocencephaly sequence: arhinencephaly, cebocephaly, cyclopia, primary defect in
prechordal mesoderm

Hypohidrotic ectodermal dysplasia syndrome: defect in sweating, alopecia, hypodontia
Larsen syndrome: Multiple joint dislocation, flat facies, short fingernails

Noonan syndrome: webbing of the neck, pectus excavatum, cryptorchidism, pulmonic
stenosis

Oculoauriculofrontonasal syndrome: features of both oculoauriculovertebral spectrum
and frontonasal syndrome?

Otocephaly: extreme hypoplasia/ absence mandible, synotia, microstomia and aglosia, lethal
anomaly*

Pfeiffer syndrome: brachycephaly, mild syndactyly, broad thumbs and toes

Pierre Robin sequence: micrognathia, glossoptosis, cleft soft palate, primary defect-early
mandibular hypoplasia

Smith-Lemni-Opitz: anteverted nostrils and/or ptosis of eyelids, syndactyly of second and
third toes, hypospadias, cryptorchidism, mental deficiency caused by defect in cholesterol
biosynthesis

Thanatophoric dysplasia: short limbs, flat vertebrae, large cranium with low nasal bridge,
usually die short after birth

Treacher Collins syndrome: malar hypoplasia with down-salnting palpebral fissures, defect
of lower lid, malformation of external ear
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1. Jones KL. Smith’s Recognizable Patterns of Human Malformation. W.B. Saunders Company: Phila-
delphia, 1997;
2. Vohra N, Rochelson B, Smith-Levitin M. Three-dimensional sonographic findings in congenital
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riculofrontonasal syndrome by three-dimensional ultrasound. Ultrasound Obstet Gynecol 2005; 25:
184-186.

4. Lin HH, Liang RI, Chang FM, Chang CH, Yu CH, Yang HB. Prenatal diagnosis of otocephaly using
two-dimensional and three- dimensional ultrasonography. Ultrasound Obstet Gynecol 1998; 11:
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Figure A1: Fetal skull height (mm) relative to gestational age (weeks). Curves represent fitted mean values
with 5™ and 95™ percentiles.
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Figure A2: Fetal total facial height (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5% and 95" percentiles.
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Figure A3: Fetal upper facial height (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5% and 95" percentiles.
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Figure A4: Fetal lower facial height (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5% and 95" percentiles.
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Figure A5: Fetal bizygomatic breadth (mm) relative to gestational age (weeks). Curves represent fitted
mean values with 5" and 95™ percentiles.
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Figure A6: Fetal nasal width (mm) relative to gestational age (weeks). Curves represent fitted mean values
with 5™ and 95™ percentiles.
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Figure A7: Fetal palatal length (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5" and 95" percentiles.
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Figure A8: Fetal bigonial breadth (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5" and 95" percentiles.
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Figure A9: Fetal outer palate width (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5% and 95" percentiles.
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Figure A10: Anterior skull base/ palatal plane agle (degrees) relative to gestational age (weeks). Curves
represent fitted mean values with 5" and 95" percentiles.
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Figure A11: Anterior skull base/ mandibular plane angle (degrees) relative to gestational age (weeks).
Curves represent fitted mean values with 5" and 95 percentiles.
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Figure A12: Fetal biparietal distance (mm) relative to gestational age (weeks). Curves represent fitted
mean values with 5" and 95" percentiles.
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Figure A13: Fetal fronto-occipital distance (mm) relative to gestational age (weeks). Curves represent
fitted mean values with 5% and 95t percentiles.
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Figure A14: Fetal head circumference (mm) relative to gestational age (weeks). Curves represent fitted
mean values with 5" and 95™ percentiles.
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Figure A15: Fetal inter ocular distance (mm) relative to gestational age (weeks). Curves represent fitted

mean values with 5" and 95" percentiles.
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Figure A16: Fetal outer ocular distance (mm) relative to gestational age (weeks). Curves represent fitted

mean values with 5" and 95" percentiles.
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Figure A17: Sella- nasion (mm) relative to gestational age (weeks). Curves represent fitted median values

with 5™ and 95™ percentiles.
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Figure A18: Upper facial depth (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 51" and 95" percentiles.
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Figure A19: Fetal bitragal breadth (mm) relative to gestational age (weeks). Curves represent fitted mean
values with 5% and 95" percentiles.
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Figure A20: Fetal ear length (mm) relative to gestational age (weeks). Curves represent fitted mean values
with 5™ and 95™ percentiles.
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Appendix regression equations
The regression equations (mean/ median) and standard deviation around the curves of cran-
iofacial measurements relative to gestational age minus 20 (x or halfway point):

Figure A1: Skull height
Mean: 31.04 + 2.084x — 0.0544x?
Standard deviation: v/(8.17-0.106x+0.082x2-0.0030x3)

Figure A2: Total facial height
Mean: 27.94 + 2.130x — 0.0407x?
Standard deviation: v/(5.2540.63x-0.025x2-0.0014x3+0.00014x*)

Figure A3: Upper facial height
Mean: 10.62 + 0.916x — 0.0236x?
Standard deviation: v/(1.83-0.093x+0.052x?-0.0070x3+0.00033x")

Figure A4: Lower facial height
Mean: 17.36 + 1.203x — 0.0164x?
Standard deviation: v/(4.10+0.58x-0.0029x2-0.0046x3+0.00030x")

Figure A5: Fetal bizygomatic breadth
Mean: 30.27 + 2.145x
Standard deviation: v/(10.61+0.324x+0.0200x?)

Figure A6: Nasal width
Mean: 10.72 + 1.153x -0.0329x?
Standard deviation: /(2.38+0.188x-0.0148x%-0.00088x3+0.000081x*)

Figure A7: Palatal length
Mean: 15.07 + 0.763x
Standard deviation: v/(3.69-0.026x+0.024x?)

Figure A8: Bigonial breadth
Mean: 23.16 + 1.392x
Standard deviation: v/(8.42+0.076x+0.0306x2)

Figure A9: Outer palate width

Mean: 20.46+1.585x -0.0182x?
Standard deviation: v/(5.58-0.22x+0.0091x2-0.016x>+0.00010x")
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Figure A10: Anterior cranial base/ palatal plane angle
Mean: 28.09
Standard deviation: 2.63

Figure A11: Anterior cranial base/ mandibular plane angle
Mean: 31.07
Standard deviation: 2.64

Figure A12: Biparietal distance
Mean: 49.49 + 3.446x — 0.0348x?
Standard deviation: v(6.99+0.954x-0.0480x2-0.00646x3+0.000619x*)

Figure A13: Fronto-occipital distance
Mean: 62.29 + 4.816x — 0.0818x?
Standard deviation: v/(10.60+1.29x-0.096x%-0.0043x3+0.00094x*)

Figure A14: Head circumference
Mean: 179.07 +13.57x - 0.207x?
tandard deviation: v/(73.92+6.122x-0.5108x2-0.01884x3+0.00470x*)

Figure A15: Inter ocular distance
Mean: 13.564+ 0.622x — 0.0057x?
Standard deviation: v/(1.11+0.146x-0.011x2-0.0001x3+0.000064x*)

Figure A16: Outer ocular distance
Mean: 30.82 + 1.932x — 0.0270x?
Standard deviation: /(2.72+0.253x-0.0070x%-0.0018x3+0.00021x*%)

Figure A17: Sella- nasion

Median: 10"*

Standard deviation: 10 #

*Y=1.3106+ 0.02664x —0.00078x>
$7=+/(0.0014-0.00016x+0.000026x2-0.0000008x)

Figure A18: Upper facial depth

Mean: 30.63 + 1.938x-0.0142x?
Standard deviation: v/(7.18+0.49x-0.034x2+0.0004x3+0.00035x%)
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Figure A19: Bitragal breadth
Mean: 49.98 + 2 .754x
Standard deviation: v/(18.24-0.211x+0.098x?)

Figure A20: Ear length

Mean: 14.40 + 1.310x —0.0158x?
Standard deviation: v/(0.022-0.008x-0.0042x2+0.0005x3+0.00002x")
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