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Contribution

What are the novel findings of this work?

There is a substantial heterogeneity and a low to moderate methodological quality among the included
studies reporting fetal brain charts at MRI, as previously reported for ultrasound studies.

What are the clinical implications of this work?
Further large prospective studies aiming at constructing longitudinal growth charts for different fetal

brain structures at MRI are needed to improve prenatal diagnosis and counseling of fetal CNS

anomalies.
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ABSTRACT

Objectives: To evaluate the methodology of studies reporting reference charts of fetal brain structures
at magnetic resonance imaging (MRI).

Methods: MEDLINE, EMBASE, CINAHL and the Web of Science databases were searched
electronically up to December 31, 2020. The primary outcome was to evaluate the methodology of
the studies investigating the biometry and growth of the fetal brain. A list of 26 quality criteria divided
into two domains according to either “study design”, “reporting and statistical methods” and “specific
relevant MRI aspects” was developed to evaluate the methodological appropriateness of the included
studies. The overall quality score was defined as the sum of risk of bias marks, with the range of
possible scores being 0-26, and then expressed as a percentage (the lowest the percentage, the highest
the risk of bias). This quality assessment was applied to each individual study reporting reference
ranges of fetal brain structures at MRI.

Results: Fifteen studies were included. The overall mean quality score of the studies evaluated in this
review was 48.7%. When focusing on each domain, the mean quality score was 42% for “study
design”, 59.4% for “statistical and reporting methods” and 33.3% for “specific relevant MRI aspects”™.
For the “study design” domain, the sample size calculation and the consecutive enrollment of women
were the items found at the highest risk of bias. For the “statistical and reporting methods” domain,
the presence of regression equations for mean and SD for each measurement, the number of
measurements taken for each variable and the presence of postnatal assessment information were the
items found at the highest risk of bias. For the “specific relevant MRI aspects” domain, a whole fetal
brain assessment was performed in none of the included studies and therefore was considered as the
“m at the highest risk of bias.

Conclusions: Most of the previously published charts evaluating fetal brain charts at MRI show a
high heterogeneity and a low to moderate quality in terms of methodology, as already reported for

ultrasound.
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INTRODUCTION

Advances in prenatal diagnostic techniques have allowed a more comprehensive assessment of fetal
brain anatomy. Ultrasound is commonly used as the primary tool to assess the fetal central nervous
system (CNS), while fetal magnetic resonance (MRI) is performed to confirm the diagnosis and to
look for associated anomalies which might impact the short- and long-term prognosis of these
children.!

Despite this, the actual role of fetal MRI has been subject of debate for a long time, with several
studies reporting a higher diagnostic accuracy of fetal MRI compared to ultrasound in detecting CNS
anomalies while others reporting a negligible contribution of such technique in assessing brain
anatomy. We have recently reported that MRI is a fundamental diagnostic tool to assess fetal anatomy
following a detailed ultrasound assessment (the so called “neurosonography”) of the brain in case of
suspected fetal anomalies and that integration of the two techniques is warranted to improve the
predictive accuracy of CNS malformations prenatally.®”’

Apart from the assessment of the morphology, biometric evaluation of brain structures is a
fundamental part of both the screening and detailed assessment of fetal CNS. Several CNS anomalies
are suspected based on a reduced size of a given brain structure, such as microcephaly, cerebellar
vermis or corpus callosum hypoplasia. We have recently reported that most previously published
studies reporting ultrasound fetal brain charts suffers from poor methodology and are at high risk of
bias.®

Of note, the methodological robustness of fetal brain MRI charts has yet to be elucidated. Regardless
of the imaging technique, previous studies showed that suboptimal methodology when focusing on
fetal size charts is likely to hamper the possibility of discriminating the healthy from pathological
conditions, thus highlighting the intuitive importance of standardization and quality control also for
the assessment of fetal brain structures.’

The aim of this systematic review was to evaluate the methodological consistency of studies reporting

reference charts for the different fetal brain structures at MRI.

This article is protected by copyright. All rights reserved.



METHODS

Protocol, information sources and literature search

This systematic review was performed according to an a-priori designed protocol and recommended
for systematic reviews and meta-analysis.!®'> MEDLINE, EMBASE, CINAHL and the Web of
Science databases were searched electronically up to December 31, 2020 using the following search
terms (as words in the title/abstract), combined in various strings: (1) fetal brain charts OR fetal brain
reference range OR fetal brain measurement® OR fetal brain biometry OR fetal brain growth OR fetal
brain nomogram* OR fetal brain curve*; (2) corpus callosum reference range OR corpus callosum
reference charts OR corpus callosum measurement®* OR corpus callosum biometry OR corpus
callosum growth OR corpus callosum nomogram* OR corpus callosum curve*; (3) cerebellum
reference range OR cerebellum reference charts OR cerebellum measurement® OR cerebellum
biometry OR cerebellum growth OR cerebellum nomogram* OR cerebellum curve*; (4) cavum septi
pellucidi reference range OR cavum septi pellucidi reference charts OR cavum septi pellucidi
measurement®* OR cavum septi pellucidi biometry OR cavum septi pellucidi growth; (5) cisterna
magna reference range OR cisterna magna reference charts OR cisterna magna measurement® OR
cisterna magna biometry OR cisterna magna growth; (6) thalamus reference range OR thalamus
reference charts OR thalamus measurement®* OR thalamus biometry OR thalamus growth OR
thalamus nomogram®*; (7) brain ventricle reference range OR brain ventricle reference charts OR
brain ventricle biometry OR brain ventricle growth; sylvian fissure measurement*; parieto-occipital
fissure measurement*.

The search and selection criteria were restricted to English language. Reference lists of relevant
articles and reviews were hand searched for additional reports. PRISMA guidelines were followed.'-
15

Outcomes measures, study selection and data collection

The primary aim of this systematic review was to evaluate the methodology of the studies reporting
the growth of different fetal brain structures at MRI throughout gestation.

In particular, the biometry data variables assessed were:

- biparietal diameter (BPD)

- fronto-occipital diameter (FOD)

- transverse cerebellar diameter (TCD)

- vermis height

- anteroposterior diameter of the vermis

- cerebellar volume

- cisterna magna width
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- width of the posterior horn of the lateral ventricle

- third ventricle width

- cavum septi pellucidi length

- cavum septi pellucidi width

- corpus callosum length (CC)

- anteroposterior diameter of the pons

- total brain volume

Observational longitudinal or cross-sectional studies reporting growth charts for different fetal brain
structures were included. Case—control studies, as well as those where the primary aim was not to
construct specific fetal brain structure growth charts or evaluating biometry of fetuses with already
known anomalies, were excluded from the analysis.

Two authors reviewed all abstracts independently. Agreement regarding potential relevance was
reached by consensus. Full text copies of those papers were obtained, and the same two reviewers
independently extracted relevant data regarding study characteristics and pregnancy
outcome. Inconsistencies were discussed by the reviewers and consensus reached or by discussion

with a third author.

Methodological quality assessment

The methodological quality of the included studies was assessed by the same reviewers and a medical
statistician. A list of methodological quality criteria (Table 1) was developed by consensus among
the authors. These quality criteria are based on the available published research!®!® and are divided
into three domains: (1) study design, (2) reporting and statistical methods (3) specific relevant MRI
aspects. In total, 26 quality criteria were evaluated.

This quality assessment was applied to each individual study reporting reference ranges for fetal brain

structures assessed using MRI.

Data extraction and synthesis

Following the review of the included studies, all study details were entered into a dedicated Microsoft
Excel 2019 spreadsheet. Every study was assessed against each of the criteria within the checklist
and was scored as either O or 1 if there was a high or low risk of bias, respectively. The overall quality
score was defined as the sum of risk of bias marks - with the range of possible scores being 0-26 —
and then expressed as a percentage (the lowest the percentage, the highest the risk of bias). Statistical
analyses were performed using Microsoft Excel 2019 and IBM SPSS Statistics version 20 (IBM,
Armonk, NY, USA).
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RESULTS

Study selection and characteristics

One-hundred and forty articles were identified, thirty were assessed with respect to their eligibility
for inclusion and 15 studies were included in the systematic review (Table 2, Figure 1, Supplementary
Table 1).1%-3

25,29

These 15 studies included two cross-sectional studies, while the type of data collection was

unclear in the other 13 studies.!®-242¢2830-33 Fleven studies were retrospective,!*2>28:30-31.33 two were

27,29 26,32

prospective,””“” while the nature of two studies was unclear in two other studies.
These studies took place in six countries, with the oldest study published in 2003'° and the most
recent ones in 2021.%* The median sample size was 169 fetuses, with the smaller sample size including
20 fetuses?® and the larger one 589 fetuses.?

Only three studies reported any data on the correlation between antenatal and postnatal imaging.'®2!-

22

Synthesis of the results

The overall mean quality score of the studies evaluated in this review was 48.7%. When focusing on
each domain, the mean quality score was 42% for “study design”, 59.4% for “statistical and reporting
methods” and 33.3% for “specific relevant MRI aspects” (Supplementary Tables 2-4).

For the “study design” domain, the sample size calculation (item 1.05) and the consecutive enrollment
of women (item 1.07) were the items found at the highest risk of bias, as these two items were reported
in none of the included studies. The study design (item 1.01) and the prospective data collection (item
1.04) were also at high risk of bias, both with a quality score of 13.3% (Figure 2). The overall quality
score for the “indication for MRI” item (item 1.03) was 73.3%.

For the “statistical and reporting methods” domain, the presence of regression equations for mean
(and SD if relevant) for each measurement (item 2.11), the number of measurements taken for each
variable (at least three measures per fetus per scan) (item 2.08) and the presence of postnatal
assessment information (item 2.01) were the items found at the highest risk of bias, with a quality
score of 0%, 6.7% and 26.6% (Figure 3).

Finally, for the “specific relevant MRI aspects” domain, a whole fetal brain assessment was
performed in none of the included studies (item 3.01) and therefore was considered as the item at the
highest risk of bias. The reported concordance between ultrasound and MRI (if reported) (item 3.02)
and the concordance of imaging planes taken at US and MRI (if reported) (item 3.02) were also at
high risk of bias, with a quality score of 13.3% and 20%, respectively (Figure 4). Conversely, all the
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included studies provided unambiguous details of measurement technique (item 3.04), thus being at

the lowest risk of bias.
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DISCUSSION
Main findings
The findings from this systematic review showed that there is substantial heterogeneity and a low
moderate methodological quality among the included studies reporting fetal brain charts at MRI, as
previously reported for ultrasound studies. Most of these studies were retrospective and did not report
any valuable information of the concordance between ultrasound and MRI, in terms of both

quantitative and qualitative assessment.

Strengths and limitations
To our knowledge, this is the first systematic review assessing methodological criteria of studies
reporting fetal brain charts at MRI. The robust methodology and the quality score checklist which

was modified and integrated from that used in previous studies'®!®

represent the major strengths of
this study.

The main limitations of this systematic review are those inherent in the included studies, and in
particular the heterogeneity of the methodology and the differences among the indications for MRI,

as well as the differences in MRI techniques and level of expertise of the operators in each study.

Clinical and research implications

Fetal MRI is nowadays a mainstay of prenatal imaging and diagnosis of fetal anomalies adjunct to
ultrasonography, and mainly for the assessment of fetal brain development.’

In the last decade, the superiority of MRI over ultrasound in the detection of fetal CNS anomalies has
been largely debated, after the findings of few studies reporting a significantly higher diagnostic
accuracy of MRI compared to ultrasound in case of fetal brain abnormalities.*3*

However, these results have been subsequently questioned when fetal MRI was compared with expert
neurosonography, thus demonstrating that the difference in the detection rate between MRI and
ultrasound is clearly lower when focusing on two imaging modalities both requiring high levels of
expertise.! Despite this, integration between the two imaging techniques is recommended for more
accurate phenotyping and counselling in case of suspected CNS anomalies.

Aside from qualitative assessment, quantitative evaluation is also pivotal when focusing on fetal
brain, as several in-utero developmental abnormalities are associated with a poor, postnatal

neurological outcome, thus also highlighting the importance of the biometric assessment of a

suspected brain structure at both ultrasound and MRI examination.
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The finding from this study shows that most of the previously published charts evaluating fetal brain
structures’ growth at MRI share a low to moderate quality in terms of methodology, thus leading to
potential risk of bias, possibly affecting prenatal diagnosis and counselling.

One possible explanation for that could be the generally rather limited access to fetal MRI and its
higher overall costs. Due to limited data regarding imaging safety in fetal MRI, institutional review
boards have traditionally been restrictive in allowing large prospective trials including representative
cohorts of low-risk pregnancies, thus potentially explaining the low rate of consecutive inclusions of
normal subjects. However, the findings from this systematic review emphasizes the importance of
future prospective MRI studies, mostly aiming at assessing biometrical measurements in normal

pregnancies.

Of note, the suboptimal quality was particularly noted when focusing on concordance between
ultrasound and MRI quantitative and qualitative findings. In the authors’ opinion, this is highly
remarkable, as a potential methodological bias in a study reporting a biometric chart for a fetal brain
structure may be associated with potential misdiagnoses of CNS anomalies, thus leading to inaccurate
prenatal counselling. We believe that the main aim of prenatal diagnosis should be to provide an
objective counselling on which parents will base their decision about the management of the
pregnancy.*®” Therefore, the integration of ultrasound and MRI, rather than the comparison between
the two techniques, should be considered as the key for an accurate anatomical evaluation of the fetus
when faced with suspected CNS anomalies.

In this scenario, further studies providing a longitudinal growth assessment of fetal brain structures
at MRI, sharing a rigorous methodology are needed in order to provide robust growth charts for the
different fetal CNS structures in order to improve prenatal diagnosis of brain anomalies. To provide
unbiased reference data, these prospective studies should ideally compare high quality
neurosonography and expert fetal MRI, include only fetuses at low risk of growth impairment or CNS
anomaly (i.e. normal karyotype, normal infection screening), provide the exact definition of image
quality and postnatal documentation using postnatal neurocognitive tests and mostly correlate

antenatal and postnatal imaging.

Conclusion
Most published charts evaluating fetal brain biometry and growth using MRI share a low to moderate
methodological quality, thus leading to potential risks of bias, particularly when focusing on

concordance between ultrasound and MRI quantitative and qualitative findings. Further large
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prospective studies aiming at constructing longitudinal growth charts for different fetal brain
structures at MRI are needed to improve prenatal diagnosis and counseling of fetal CNS anomalies.
Disclosure: Authors report no conflict of interest.

Funding: No funding was received for this study.
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Figure legend

Figure 1. Prisma flow diagram

Figure 2. Quality score bar chart for the “study design” domain

Figure 3. Quality score bar chart for the “statistical and reporting methods” domain

Figure 4. Quality score bar chart for the “specific relevant MRI aspects” domain
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Table 1. Methodological quality criteria for qualitative assessment of fetal brain structure growth charts

Domain
1. Study design

1.01 Design

1.02 Population

1.03 Indication for MRI
1.04 Prospective data

collection

1.05 Sample size

1.06 Recruitment period
1.07 Consecutive
enrolment

1.08
Inclusion/exclusion

criteria

Low risk of bias

Clearly described as either cross-sectional or
longitudinal

Women reported as coming from population of low
risk of fetal anomalies

Indications clearly described

Prospective study and MRI data collected
specifically for purpose of constructing charts of
different fetal brain structures

A -priori determination or calculation of sample size
and justification

Reported

Consecutively included patients

Made clear that women at high risk of fetal
anomalies were not included and that women with
abnormal outcome were excluded, i.e. an effort was

made to include as normal an outcome as possible

High risk of bias

Not reported

Mixture of cross-sectional and longitudinal data

Women from unselected population; or selected; or at high risk of
fetal anomalies; or not reported

Unclear reason for MRI

Retrospective study, data not collected specifically for purpose of
constructing charts of different fetal brain structures, or unclear
(e.g., use of routinely collected data)

Lack of a-priori sample size determination or calculation and
justification

Not reported or unclear

Did not include patients consecutively

Study population included both low- and high- risk pregnancies,

or women with abnormal outcome were not excluded
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1.09 Method of dating

pregnancy

1.10 Multicenter study

As a minimum, the study population should exclude:
multiple pregnancy; fetuses with congenital,
structural or chromosomal anomaly; fetal
death/stillbirth; women with disorders that may
affect fetal brain growth; pregnancy complications
(at least pre-eclampsia, SGAAUGR, prematurity,

diabetes mellitus); delivery prior to 37 weeks

Clearly described known LMP and sonogram before
14 weeks' gestation demonstrating crown—rump
length that corroborates LMP dates (within how
many days unspecified)

Study performed with more than one center

collaborating

2. Reporting and statistical methods

2.01 Postnatal
assessment

2.02 Gestational age
range

2.03 MRI machines and
protocols used

2.04 Reported operators

Collected and reported prospectively either by US or
MRI
Reported

Clearly specified

Number of operators reported

Study population did not exclude fetuses or pregnancies with the

characteristics described in the ‘low risk’ column

Exclusions which would have a direct effect on fetal brain growth
Not specified or unclear
Gestational age assessment at >14 weeks or gestational age

assessment not including ultrasonographic verification

Performed at only one hospital

Not reported or unclear

Not reported or unclear

Not clearly specified or unclear

Not clearly specified or unclear
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2.05 Radiologist
experience

2.06 Blinded
measurements

2.07 Quality control
measures

2.08 Number of

measurements taken for
each variable

2.09 Statistical methods
2.10 Report of mean
(and eventually SD) of
each measurement and
sample size for each
week of gestation

2.11 Report of
regression equations for
mean (and SD if

relevant) for  each

measurement

Experienced or specifically trained radiologist
clearly reported
Operator were blinded

Should assessment of

of

include the following:

intraobserver variability; assessment
interobserver variability; image review; image
scoring; image storage

At least three measures per fetus per scan

Clearly described and identified

Presented in a table or clearly described

Reported

Not clearly specified or unclear

Not clearly specified or unclear

No quality control measures

Single measure or not specified

Not clearly described and identified

Not presented in a table or not clearly described

Not reported or unclear
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2.12 Scatter diagram Study included fetal brain structure charts with mean
and SD or centiles (at least 5™, 50" and 95™ centiles)

3. Specific relevant MRI aspects

3.01 Whole fetal brain All brain structures assessed and measured

assessment

302 US and MRI Reported concordance between US and MRI

concordance measurements

3.03 Imaging plane Reported concordance of imaging planes taken at

concordance US and MRI

3.04 MRI protocol Study described sufficient and unambiguous details
of measurement techniques used for fetal brain

structure parameters

Fetal brain structure charts not included

Assessment related only to few fetal brain structures

No data on concordance between US and MRI

No data on concordance of imaging planes

Study did not describe sufficient and unambiguous details of

measurement techniques used for fetal brain structure parameters

SGA, small for gestational age; [IUGR, intrauterine growth restriction; LMP, last menstrual period; US, ultrasound, MRI, magnetic resonance imaging;

SD, standard deviation.
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Table 2. General characteristics of the included studies

Author Year Country Period Study design Number Brain districts Reason for MRI Data Type of post
considered of evaluated collection natal
fetuses assessment
Garel 2003 France NR Retrospective 225 FOD, BPD, CC length, NR US or MRI
TCD, vermis height,
anteroposterior
diameter of the vermis
Hatab 2008 USA NR Retrospective 93 Cerebellar volume Extra-CNS disorders
Parazzini 2001-2006 = Retrospective 84 BPD, FOD, TCD, CNS disorder in previous US or MRI
anteroposterior pregnancy or extra-CNS
diameter of the pons, problems
vermian surface area,
vermian height, CC
length, anteroposterior
diameter of the vermis
Tilea 2009 France 2002-2009  Retrospective 589 BPD, FOD, TCD, Increased risk of cerebral US or MRI

anteroposterior

diameter of the vermis,
superoinferior diameter
of the vermis,
laterolateral diameter of

the vermis, CC length,
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pathology (including
suspicion of infectious
fetopathy, suspicion of
cerebral abnormality on
ultrasound, positive

family history, clubfoot,



Ber

2015

Israel

2007-2013  Retrospective 215

cisterna magna width,
interhemispheric

distance, ventricular
atria diameter, third

ventricle diameter

TCD, anteroposterior
diameter of the vermis,
vermian height,
vermian perimeter,
vermian cross-sectional
area, pontine
anteroposterior

diameter
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cleft lip and/or palate,
cerebral biometry at the
lower limit of the norm on
ultrasound,
polyhydramnios,
maternal disease (with

possible consequences for

fetal cerebral
development) and
decreased fetal
movements)

Mild lateral ventricular
asymmetry and/or
ventriculomegaly on US,
suspected anomaly on
US, maternal CMV
infection, extra-CNS
anomalies on US, genetic
disorder, disorders in the
family or in previous

pregnancies

NR

No postnata

assessment



Jarvis 2016

Katorza 2016

Kyriakopoulou 2017

United
Kingdom

Israel

United

Kingdom

NR

2011-2013

2007-2013

Retrospective

Retrospective

Unclear

132

151

108

Total brain volume

Cerebellar

superoinferior diameter,

cerebellar
anteroposterior
diameter

Supratentorial brain
tissue volume, lateral
ventricles volume,
cortex volume,
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NR ("fetuses with no
brain or somatic
abnormalities")

Increased risk of
suspected cerebral
pathology, including
suspected infectious
fetopathy, suspected
sonographic cerebral
abnormality, positive

family history, a previous
pregnancy with CNS
abnormality, decreased
fetal movements,
polyhydramnios, and
extracranial ~ anomalies
such as club foot, cleft lip

and or palate

Healthy volunteer,
previous  child  with
confirmed disability,
suspected fetal

NR

Cross-

sectional

NR

NR

NR

NR



Link

Conte

2017

2018

Israel

Italy

2012-2014  Prospective

2005-2016 = Retrospective

199

169

cerebellum volume,
extra-cerebral CSF

Total brain volume

BPD, FOD, TCD, CC
length, ventricular atria
diameter,

mesencephalic antero-

posterior diameter,
vermian antero-
posterior diameter,

vermian cranio-caudal
diameter, cerebellar

latero-lateral diameter,
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abnormality on US, mild
non-CNS abnormality

Family history of
malformations, suspected
problems unrelated to the
brain, maternal CMV
with no structural brain
abnormalities, maternal
disease with possible

consequences for fetal

cerebral  development,
suspected mild
ventriculomegaly

Unclear CNS findings at
US; extra-CNS disease or
malformation; previous
child with a confirmed

CNS malformation

NR

NR

NR

NR



Zhao

Jarvis

Cai

2018 China

2019  United
Kingdom
2020 China

2014-2016  Prospective 20

NR Retrospective 200

2015-2018  Retrospective 98

latero-lateral diameter
of the posterior cranial
fossa, pontine antero-
posterior diameter and
pontine  cranio-caudal
diameter, and
clivo-supraoccipital
angle

Anteroposterior
diameter of  fetal
vermis, craniocaudal
diameter of  fetal
vermis, median surface
area, brainstem-
vermian angle,
brainstem-tentorium
angle

BPD, FOD, ventricular
volume

BPD, FOD, TCD,
cerebellum volume,

lateral ventricle volume
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Suspected extra-CNS = Cross-

defects or increased risk sectional

of  suspected CNS

abnormalities

Volunteer, low risk NR
women

NR ("normal fetuses") NR

NR

NR

NR



Jarvis 2020 United 2014-2017  Unclear 200 CSP length and width, Clinical study NR NR

Kingdom CV width
Kertes 2021 Israel 2005-2017 = Retrospective 307 CSP length, height and No intracranial anomalies NR NR
width with the exclusion of mild
ventriculomegaly.
Isolated extra-CNS
anomalies, maternal
CMYV without evidence of

fetal infection and normal
fetuses with maternal
history of anomalies in
previous gestation were

included

NR, not reported; FOD, fronto-occipital diameter; BPD, biparietal diameter; CC, corpus callosum; TCD, transverse cerebellar diameter; CNS, central

nervous system; US, ultrasound; MRI, magnetic resonance imaging; CSF, cerebrospinal fluid; CSP, cavum septi pellucidi, CV, cavum vergae.
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)

Identification

[

)

Eligibility Screening

Included

PRISMA 2009 Flow Diagram

Records identified through
databases’ searching
(n = 140)

A 4

Records after duplicates removed
(n = 140)

A 4

Records screened at
Title/Abstract level
(n=109)

A\ 4

Full-text articles assessed

(n = 30)

v

Studies included in
qualitative synthesis
(n=15)

for eligibility >

Full-text articles excluded, with
reasons (n = 15)

- Not designed to construct specific
fetal brain structure growth charts
(13)

- Mixed data from fetuses with and
without brain anomalies (1)

- Only postnatal data (1)
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