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Abstract

Objectives: Craniofacial phenotype-genotype correlations prenatally remain
subjective, and detailed evaluation with 3D ultrasound is challenging and time-
consuming. Recent methods for automating MRI fetal brain biometry have shown
technical feasibility. Using 3D motion-corrected, slice-to-volume reconstructed
(SVR) fetal MRI, we developed an automated landmark propagation pipeline
specifically for a large set of cranial and facial measurements.

Methods: A literature review and expert consensus identified 31 craniofacial
biometrics for fetal MRI. A 3D spatiotemporal SVR fetal MRI atlas was used
to define anatomical landmark points and as a template for subject registration,
auto-labelling and finally landmark-based biometric calculation. Visual inspec-
tions of subject-level landmark labels, as well as multivariate and univariate



analyses, were performed in 108 healthy control fetuses and 24 fetuses with Down
syndrome, T21, (gestational age, GA, 29-36 weeks), to assess differences between
groups and identify meaningful landmarks in T21. Reliability and reproducibility
were assessed in 10 random datasets by four observers.

Results: Automated labels were produced for all 132 subjects, with a 0.03%
major error rate. Significant differences in biometrics were found between T21
and control groups (MANOVA, p<0.001). There were significant differences with
large effect sizes for seven measurements (ANOVA, p<0.001), including the ante-
rior base of skull length and maxillary length. Manual measurements took 25-35
minutes per case, while automated extraction took approximately 5 minutes.
Bland-Altman plots showed a relative mean bias and limits of agreement within
the ranges seen for manual observers except for the mandibular width, which had
an agreement threshold for manual observers of good (ICC = 0.904, 95% CI =
0.677-0.975) versus moderate for automated plus manual observers (ICC = 0.635,
95%, CI = 0.176-0.888). Extended GA growth charts (19-39 weeks) based on 280
control fetuses were produced for all craniofacial biometrics and made publicly
available for future research.

Conclusion: We present the first automated atlas-based protocol using 3D
motion-corrected MRI for fetal craniofacial biometrics and, using this method,
accurately characterise differences in craniofacial morphology in Downs syndrome
fetuses, with findings consistent with the known phenotype. Future work should
include studies to improve measurement reliability, larger clinical cohort stud-
ies, technical development of craniofacial optimised MRI sequences and 3D deep
learning for anatomical landmarking. Future development may reduce clinical
reporting time, improve accuracy, increase understanding of prenatal develop-
ment and enhance personalised prenatal care with accurate genotype-phenotype
correlations.
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1 Introduction

Comprehensive prenatal characterisation of craniofacial development remains a chal-
lenge for obstetric ultrasound due to limitations caused by fetal position, artefacts, and
technical difficulties in the 2D and 3D domain. Currently, clinical imaging techniques
broadly rely on subjective assessment of facial features, and in high-risk cases, quanti-
tative linear measurements, facial angles, and indexes, have been proposed for use with
prenatal ultrasound [1-4]. Prenatal detection of face, ear and neck anomalies are low
during universal second-trimester ultrasound screening in pregnancy. Indeed, a recent
systematic review found them to have the lowest detection rate of 46 organ groups
assessed, with a sensitivity of 32.3% [5]. Prenatal detection of facial anomalies, even
in high-risk groups referred for a targeted specialist ultrasound, are even more likely
to remain undetected if isolated, or, if presenting with an additional non-genetic body
structural anomaly [6]. The fetal MRI craniofacial clinical literature usually describes
subjective imaging assessments, and are often clinical reviews or case studies, however,



its complementary role to ultrasound is often highlighted. For example, a recent his-
torical cohort study of 45 patients referred to fetal MRI for a wide range of suspected
craniofacial malformations at an anomaly level, e.g. cleft lip and palate, craniosyn-
ostosis, hyper/hypotelorism, ear structure anomalies, facial cysts and masses, found
MRI was more likely to make a confident diagnosis and less likely to over-diagnose
when compared to ultrasound [7].

1.1 Imaging craniofacial development in-utero

Imaging the craniofacial complex prenatally requires expert image acquisition, pre-
cise 2D image planes, or, 3D data that can be aligned to the region of interest
(ROI). A quantitative assessment, for a prenatal phenotypic characterisation, is thus
time-consuming and subject to observer variation. International guidelines for routine
mid-trimester ultrasound, performed at approximately 20 weeks gestational age, GA,
suggests the facial examination should be limited to a qualitative assessment of the
upper lip, orbits, and an optional examination of the mid-sagittal facial profile and
nasal bone [8].

The increased use of 3D data in fetal ultrasound and the expanding applications of
structural fetal MRI have resulted in the feasibility of using extended biometrics meth-
ods to better characterise and/or diagnosis subtle craniofacial dysmorphology [9, 10].
In an expert consensus paper, Merz et al (2012) suggested a targeted craniofacial exam-
ination to include 3D ultrasound, with multiplanar and aligned 2D views to allow the
biometric assessment of the nasal bone, NB, frontomaxillar facial angle, FMA, inferior
facial angle, IFA, orbital diameters, OD, interorbital distance, IOD, and outer orbital
distance, (or bi-orbital distance, BOD), maxilla width, MxW, and mandibular width,
MdW (all in addition to standard head biometry i.e. head circumference, HC, occip-
itofrontal diameter, OFD, and biparietal diameter, BPD) [1]. However, few antenatal
imaging studies have sought to comprehensively assess multiple craniofacial biometric
profiles, often focussing on fetal estimated weight parameters (i.e. HC, OFD, BPD,
in addition to abdominal circumference, and femur length), orbital and mandibular
regions [3, 11-15].

1.2 Fetal MRI for craniofacial assessment

Toren et al in (2020), confirmed the feasibility of multiple manually extracted fetal
MRI craniofacial biometrics [16]. The authors reviewed the use of eight fetal MRI 2D
measurements related to the mandible and nasal cavity, these included the, previously
cited measurements, IFA, BPD, and IOD, and four new measurements, the mandibu-
lar anterior-posterior diameter, mandibular vertebral length, maximum nasal length,
septal height, and septal length. The authors highlighted the additional need for struc-
tural radiological biomarkers to characterise fetal facial development and, importantly,
noted that 70% (843 MRI scans) had to be excluded from their final sample due to
motion artefact that degraded the image quality or the absence of a true orthogonal
plane to produce the required measurement.

Except for the established cranial vault measurements (HC, OFD, BPD), there are
limited examples of fetal MRI craniofacial reference ranges. Noteable anatomical areas



examined are the orbits [17{19], and includes our previous work on the automated
extraction of fetal 2D orbial biometry from 3D volumes [20]; the mandible [21] and
more recently maxillary sinuses [22]. A reason for slower development of the MRI cran-
iofacial literature may be because 3D fetal MRI has focused on brain development and
assessment. Indeed, the rst step would be to accurately de ne MRI landmarks for
any new measurements and to ensure that image quality enables the accurate locali-
sation of rarely assessed structures in-vivo. Furthermore, there is also a known lack of
clear consensus on formalisation of fetal MRI biometry protocols, nomogram model
formulas and measurement techniques for MRI between di erent clinical centres [23].
T2-weighted MRI is considered the optimal choice of image contrast for fetal structural
assessment due to the faster acquisition times and good uid tissue di erentiation. The
e ect of eld strength (1.5 Tesla compared to 3 Tesla, T) on brain biometry has been
shown to produce small absolute di erences for some measurements. This is likely due
to the increased spatial resolution at 3T and resulting in larger discrepancies particu-
larly for smaller structures [24]. In addition, whilst brain and facial anatomical detail
are diagnostically acceptable at both 1.5T and 3T, however image quality may be be
better at 3T or vary according to acquisition parameters [25]. There are, of course
additional sources of error due to clinician training and experience, reporting software
and environment, maternal breathing and fetal motion leading to imprecise acquisi-
tion planes and calliper placement that result in increased intra- and inter-observed
variability.

1.3 Automation of biometry for fetal MRI

Motion correction methods, based on 3D slice-to-volume registration (SVR) [26], par-
tially resolves these challenges since the 3D reconstructed images can be reoriented
to any plane. 3D-derived biometric measurements are reportedly comparable with 2D
slice-wise biometry [27, 28]. Yet, there may be considerable operator variability when
placing landmarks in a 3D volume due to the requirement to choose the correct plane
for the measurement and then de ne the anatomical landmarks in 3D space.

Theoretically, in addition to being faster, automation of biometry should also allow
reproducible biometric measurements. Recently, there have been several proposed
methods for automated fetal MRI biometry with deep learning brain measurements
such as biparietal and transverse cerebellar diameters and atrial diameters [29, 30] in
2D slices and ocular measurements using registration and deep learning [20, 31] in 3D
motion-corrected images. However, outside of the cranial vault, there have been no
reported automated solutions for craniofacial measurements for fetal MRI.

1.4 Contributions

In this study, we formalise the rst landmark-based protocol for craniofacial biometry

for 3D T2w fetal head MRI in the atlas space and develop the rst automated pipeline
for extraction of 31 craniofacial biometry measurements based on label propagation.
The performance of the pipeline is extensively evaluated with respect to traditional
direct measurements by expert observers as well as the analysis of common errors and
the e ects of MRI image quality and eld strength. Next, the utility of the proposed



biometry protocol is assessed by quantitative comparison of 108 normal control and 24
T21 subjects, characterised by well-known craniofacial dysmorphology prenatally. In

addition, we generated normal craniofacial biometry growth charts from 280 control

subjects from 19 to 38 weeks GA range.

2 Methods
2.1 Fetal MRI datasets and preprocessing

Participants were scanned between 2014 and 2024 at a single site (St. Thomas' Hospi-
tal, London, UK) and all maternal participants gave written informed consent for the
use of data acquired under one of eight ethically approved MRI research studies. The
datasets were acquired under di erent research studies: The Placental Imaging Project
(PIP, REC 14/L0/1169) !; the Intelligent Fetal Imaging and Diagnosis (iFIND, REC
14/L0O/1806); the quanti cation of fetal growth and development with MRI study
(fetal MRI, REC 07/H0707/105) 2; the fetal CMR service at Evelina London Children's
Hospital (REC 07/H0707/105); the developing human connectome project (dHCP,
REC 14/L0/1169); the early brain imaging in Down syndrome study (eBiDS, REC
19/LO/0667); the Individualised risk prediction of adverse neonatal outcome in preg-
nancies that deliver preterm using advanced MRI techniques and machine learning
study (PRESTO: REC 21/SS/0082); and the Cardiac and Placental Imaging in Preg-
nancy project (CARP; REC 08/LO/1958). The inclusion criteria for case selection
included: singleton pregnancy, fetal MRI stacks with full ROI coverage, acceptable
quality whole head SVR output. The normal control cohort included 314 cases with-
out reported fetal or maternal anomalies with moderate to excellent image quality
from four di erent acquisition protocols, from 19 to 39 weeks GA. The T21 cohort
was curated primarily based on the availability of datasets with research consent and
acceptable 3D head SVR reconstruction quality. In total, we selected 24 T21 cases
from 3 di erent acquisition protocols and 29 - 36 weeks GA range.

2.1.1 MRI acquisition protocols

The included datasets were acquired with di erent MRI acquisition protocols depend-
ing on the recruiting study:

" 4 DS and 34 healthy control subjects scanned on a 1.5T Philips Ingenia MRI system
using 28-channel torso coil with TE=80ms, 1.25x1.25mm resolution, 2.5mm slice
thickness, -1.25mm gap and 9-11 stacks (iFIND, FCMR studies);

" 17 DS and 106 healthy control subjects were scanned on 3T Philips Achieva MRI

system using a 32-channel cardiac coil with TE=180ms, 1.25 x 1.25mm resolution,

2.5mm slice thickness, -1.5mm gap and 5-6 stacks (PIP, PRESTO, eBIDs studies);

3 DS and 130 healthy control subjects were scanned on 3T Philips Achieva MRI

system with a 32-channel cardiac coil using a dedicated dHCP fetal acquisition

protocol with TE=250ms, 1.1 x 1.1mm resolution, 2.2mm slice thickness, -1.1mm
gap and 6 stacks (dHCP, fetal MRI studies).

LPiP project: https:/placentaimagingproject.org/project/
2iFIND project: https:/www.i ndproject.com/



Fig. 1 : a. GA distribution of control subject datasets in the study per MRI protocol; b.
proportional distribution of MRI protocols in the whole control group (MRI protocol
(eld strength/TE) = 1.5T/ 180ms; 1.5T/ 80ms; 3T/ 180ms; or, 3T/ 250ms); and
examples of a 3D SVR fetal head reconstructions at di erent acquisition parameters.



" 44 healthy control subjects scanned on a 1.5T Philips Ingenia MRI system using 28-
channel torso coil with TE=180ms, 1.25x1.25mm resolution, 2.5mm slice thickness,
-1.25mm gap and 9-11 stacks (PIP, CARP studies).

Fig. 2 : Image examples of SVR head image quality scoring for inclusion in the dataset,
scores of 3 or 4 were considered adequate quality for inclusion in the study.

2.1.2 3D SVR head reconstruction

All datasets were reconstructed for the whole head using two di erent automated SVR
methods: the dedicated SVR pipeline developed for dHCP project [32] and the opti-
mised automated version [33] of the classical 3D SVR reconstruction method [34] in
SVRTK package® # [35]. The reconstructed 3D head images have 0.8 mm isotropic res-
olution and are reoriented to the standard radiological space (see examples in Fig. 1).
In order to account for the small dimensions of some of the biometrics, we applied
additional resampling of 0.5mm isotropic resolution to all 3D reconstructions prior to
landmark label propagation.

The 3D whole head MRI image quality scoring protocol is shown in Fig. 2 similar to
that proposed in our previous qualitative 3D MRI assessments [10]. An image score of

3SVRTK toolbox: https://github.com/SVRTK/SVRTK
4 Automated SVRTK-based analysis tools: https:/github.com/SVRTK/auto-proc-svrtk



'‘good'’ or 'excellent’ was given when the brain could be visualised with no, or minimal,
image or reconstruction artefacts, in addition, the mid and lower facial region and the
facial pro le should be included within the image volume.

2.2 Formalisation of 3D MRI craniofacial biometry protocol

Following an extensive literature search (JM), two 3-hour consensus workshops (JM,
MR, AEC, AL, SA) were held which included an image review of proposed 3D land-
marking points. A set of 31 biometric measurements (35 points) were agreed as relevant
to clinical craniofacial assessment and feasible/reliable in terms of landmark visibility
in 3D fetal MRI and included distance, angular and area measurements of the deep
viscerocanial and cranial vault regions, see Fig. 3 for a visual representation of the 3D
point cloud.

Fig. 3 : Visual representation of 3D landmarks placed within a 3D population-averaged
MRI atlas (31 weeks GA)

The formalised biometry protocol, with abbreviations used in this work, is sum-
marised in Tab. 1 along with citations of publications that directly relate to the
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