Received: 20 February 2020

Revised: 3 July 2020

Accepted: 21 July 2020

DOI: 10.1002/bdr2.1786

RESEARCH ARTICLE

Exploring copy number variants in deceased fetuses and
neonates with abnormal vertebral patterns and cervical ribs
Pauline C. Schut1
| Erwin Brosens2
| Tom J. M. Van Dooren3,4
Frietson Galis3 | Clara M. A. ten Broek3 | Inge M. M. Baijens1 |

|

Marjolein H. G. Dremmen5 | Dick Tibboel6 | Martin P. Schol2 |
Annelies de Klein2 | Alex J. Eggink1 | Titia E. Cohen-Overbeek1
1

Department of Obstetrics and
Gynecology, Division of Obstetrics and
Fetal Medicine, Erasmus MC, University
Medical Center Rotterdam, Rotterdam,
The Netherlands

2

Department of Clinical Genetics,
Erasmus MC, University Medical Center
Rotterdam, Rotterdam, The Netherlands

3

Naturalis Biodiversity Center, Leiden,
The Netherlands

4

CNRS, Institute of Ecology and
Environmental Sciences iEES Paris,
Sorbonne University, Paris, France

5

Abstract
Background: Cervical patterning abnormalities are rare in the general population, but one variant, cervical ribs, is particularly common in deceased
fetuses and neonates. The discrepancy between the incidence in the general
population and early mortality is likely due to indirect selection against cervical ribs. The cause for the co-occurrence of cervical ribs and adverse outcome
remains unidentified. Copy number variations resulting in gain or loss of specific genes involved in development and patterning could play a causative role.
Methods: Radiographs of 374 deceased fetuses and infants, including terminations
of pregnancies, stillbirths and neonatal deaths, were assessed. Copy number profiles
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of 265 patients were determined using single nucleotide polymorphism array.
Results: 274/374 patients (73.3%) had an abnormal vertebral pattern, which

6

Department of Paediatric Surgery,
Erasmus MC, Erasmus University Medical
Center Sophia Children's Hospital,
Rotterdam, The Netherlands

188/374 (50.3%) and were more common in stillbirths (69/128 [53.9%]) and terminations of pregnancies (101/188 [53.7%]), compared to live births (18/58,
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rent or overlapped with candidate genes for vertebral patterning.

was associated with congenital abnormalities. Cervical ribs were present in

31.0%). Large (likely) deleterious copy number variants and aneuploidies were
prevalent in these patients. None of the rare copy number variants were recurConclusions: The large variety of copy number variants in deceased fetuses
and neonates with similar abnormalities of the vertebral pattern probably
reflects the etiological heterogeneity of vertebral patterning abnormalities. This
genetic heterogeneity corresponds with the hypothesis that cervical ribs can be
regarded as a sign of disruption of critical, highly interactive stages of embryogenesis. The vertebral pattern can probably provide valuable information
regarding fetal and neonatal outcome.
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1 | INTRODUCTION
The human vertebral column normally consists of 7 cervical, 12 thoracic, 5 lumbar, 5 sacral and 3–4 coccygeal vertebrae. Only the thoracic vertebrae are rib-bearing.
Deviations from this vertebral pattern are rare in healthy
individuals, particularly in the cervical region
(Galis, 1999); (Henry et al., 2018). However, variations in
cervical patterning, including (rudimentary) cervical ribs,
have been described to be common in specific populations
(Brewin, Hill, & Ellis, 2009; Etter, 1944). In case of cervical
ribs, a partial or full posterior homeotic transformation of
the seventh cervical vertebra has occurred, because the
vertebra has features of a rib-bearing thoracic vertebra.
This results in a change in the number of true cervical and
thoracic vertebrae and consequently to a shift of the
cervicothoracic boundary (Bots et al., 2011).
It has been hypothesized that the lack of variation in
cervical vertebral patterning in the general population is
the result of strong selection against changes (Galis
et al., 2006; Narita & Kuratani, 2005; Ten Broek
et al., 2012; Varela-Lasheras et al., 2011). The low prevalence of cervical ribs in healthy pediatric or adult
populations, compared to the high prevalence in deceased
fetuses and neonates, supports this hypothesis of selection
(Galis et al., 2006; Schut et al., 2016). A high prevalence of
abnormalities in vertebral patterning is also found in children with specific pediatric malignancies (Loder, Huffman,
Toney, Wurtz, & Fallon, 2007; Merks et al., 2005;
Schumacher, Mai, & Gutjahr, 1992; Zierhut, Murati, Holm,
Hoggard, & Spector, 2011). Galis et al. (2006) concluded
that the majority of individuals with cervical ribs are not
expected to reach reproductive age. While the presence of
cervical ribs is usually not direct life-threatening, cervical
ribs could be regarded as markers of disadvantageous
embryonic development, which in turn can result in an
adverse outcome (Furtado, Thaker, Erickson, Shirts, &
Opitz, 2011). The underlying causal mechanism of the
association between abnormalities in vertebral patterning
and other adverse developmental effects is currently
unknown, but the strong interactions between anterior–
posterior patterning and the development of different
organ systems at early embryonic stages are thought to play
a key role (Schut et al., 2019; Ten Broek et al., 2012). Disruption of the cervical vertebral pattern is expected to be
more harmful than disruptions at the thoracic or lumbar
level, because the caudal regions of the vertebral column
develop later, during less vulnerable and interactive stages
(Galis et al., 2006; Ten Broek et al., 2012).
Abnormal Homeobox (HOX) gene expression is known
to be a causal factor (Galis, 1999). HOX genes are a group of
highly conserved genes that have an important function in
various developmental processes, including anteroposterior
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patterning and determination of vertebral identity (Lappin,
Grier, Thompson, & Halliday, 2006; Mallo, Wellik, &
Deschamps, 2010; Quinonez & Innis, 2014). A large body of
experiments on mice, chicks and other animals, have
shown that changed expression of specific HOX genes leads
to homeotic transformations of vertebrae and abnormalities
in different organ systems (Horan, Wu, Wolgemuth, &
Behringer, 1994; Mallo et al., 2010; Manley &
Capecchi, 1998; Wellik, Hawkes, & Capecchi, 2002). Altered
HOX gene expression has also been associated with the
development of a large number of malignancies (Li,
Huang, & Wei, 2019; J. Smith, Zyoud, & Allegrucci, 2019).
The expression of HOX genes can be influenced by a
large variety of genetic and non-genetic factors (Casaca,
Santos, & Mallo, 2014; Giampietro et al., 2013), and
mechanisms involved in the timing of HOX gene expression have also been shown to influence vertebral patterning (Casaca et al., 2014). We therefore predict that similar
abnormalities of the vertebral pattern in different individuals can have different genetic or non-genetic causes.
To detect chromosomal anomalies, copy number profiling has largely replaced karyotyping in the prenatal
detection of chromosomal aberrations. Microarray diagnostic yield is 3–9% in patients with a structural anatomical anomaly on ultrasound and 1–2% without (de Wit
et al., 2014; Wapner et al., 2012). The diagnostic yield
depends on the type and number of anatomical systems
affected (de Wit et al., 2014) and we hypothesize that the
prevalence of an abnormal vertebral pattern is similarly
indicative of the presence of structural and/or chromosomal anomalies. We aimed to study the possible impact
of DNA Copy Number Variations (CNVs) in coding
regions and/or disturbing enhancers on the development
of the pattern of the vertebral column in a cohort of
deceased fetuses and neonates, of whom, based on the literature (Ten Broek et al., 2012), most are expected to
have an abnormal vertebral pattern.
The presence of various CNVs in patients with similar
abnormalities of the vertebral pattern and the absence of a
unifying CNV would support the expected genetic heterogeneity of vertebral patterning abnormalities. Other aims
of the current study were to determine whether abnormal
vertebral patterns or cervical ribs are associated with (specific) structural anomalies, or whether these seem to be
independently associated with stillbirth in this cohort.

2 | METHODS
2.1 | Study population
The cohort consisted of fetuses and infants, younger than
1-year-old, deceased between 2009 and 2015 in the

SCHUT ET AL.

Erasmus University Medical Center Sophia Children's
Hospital, of whom a babygram, autopsy report and/or
SNP Array was available. Spontaneous intrauterine fetal
demise and medically indicated terminations of pregnancies were included. Medical information about mothers,
fetuses and neonates were retrieved from electronic medical records. Pregnant women were routinely questioned
concerning their smoking behavior and the periconceptional use of folic acid at their initial appointment
and this information was also collected from the
medical file.
Babygrams were made routinely if autopsy was performed. Autopsies were performed according to the
national guidelines.(“https://www.nvk.nl/Nieuws/Dossiers/
NODO,” September 12th 2018) Congenital anomalies were
categorized according to the European Registry of Congenital Anomalies and Twins (Eurocat) classification system.
(EUROCAT, 2012) If autopsy had not been performed, the
presence of malformations was based on the report of the
prenatal advanced ultrasound scan, pre- or postnatal radiographic investigations or post-mortem external inspection.
If none of these investigations had been requested, or
the results were inconclusive (e.g., due to maceration), the
presence of congenital anomalies was categorized as nonavailable.
Babygrams were evaluated for assessment of the vertebral pattern. Radiographs were made both ventrally
and laterally (5.6–12.6 mAs, 40–50 kV, Philips Optimus
ZBM3/NZR91, Philips Medical Systems, Eindhoven, the
Netherlands). Radiographs performed at other hospitals
were requested. All radiographs were assessed by one
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reviewer (PS), who was blinded for the autopsy results
and the results of genetic investigations. Rudimentary
ribs and the vertebral pattern were defined following Ten
Broek et al. (2012): if a rib on the most cranial or most
caudal thoracic vertebra had a length of less than half of
the rib of the adjacent thoracic vertebra, it was considered rudimentary. Rudimentary cervical ribs were scored
if the length of the transverse processes of the seventh
cervical vertebra was more than the transverse process of
the first thoracic vertebra, but less than half of the first
thoracic rib. If the rib was longer than half of the first
thoracic rib, it was considered a (complete) cervical rib.
Deviations from the normal vertebral pattern were classified as more severe when cranially located vertebral
regions and multiple vertebral regions were involved
(Figure 1).
A subset of 30 randomly chosen radiographs was
assessed twice by the same reviewer and by a second
reviewer (SH), to determine the intraobserver and interobserver variability.
The study protocol was approved by the institutional
ethics committee (Medical Research Ethics Committee
Erasmus MC, MEC-2014-098). All methods were performed in accordance with relevant guidelines and
regulations.

2.2 | Analysis of copy number variation
DNA was isolated from material that was collected in
patients opting for invasive prenatal or postnatal

F I G U R E 1 Overview of different vertebral columns and number on severity scale. From left to right: R, Regular pattern, severity scale
value 0; CT, shift at the cervicothoracic boundary, severity scale value 4; CT_TL, shift at the cervicothoracic and thoracolumbar boundary,
severity scale value 6; CT_TL_LS, shift at cervicothoracic, thoracolumbar and lumbosacral boundary, severity scale value 7
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diagnostic tests. We determined genome wide CNV profiles in all coding and non-coding regions of patients
(n = 265) using methods and analysis settings previously
described (Brosens et al., 2016). We focused on relatively
large CNVs (>50 kb) that are present in less than 1 in
4,000 unaffected individuals (Coe et al., 2014; Cooper
et al., 2011), as it is unlikely that more prevalent large
CNV contribute to structural anatomical malformations.
CNV profiles were inspected visually in Biodiscovery
Nexus CN8.0. (Biodiscovery Inc., Hawthorne, CA). Rare
CNVs were classified as (likely) deleterious, variants of
uncertain significance or likely benign (see Table 1) and
inspected for overlap with candidate genes, such as
HOX genes and genes previously reported to be associated with vertebral anomalies in VACTER-L patients
(Chen et al., 2016; Solomon et al., 2012). A Gene Ontology term enrichment analysis was performed in order to
determine whether genes impacted by the rare CNVs
were enriched for relevant biological processes compared to the Homo sapiens reference gene set in three
groups of patients: patients with extra cervical ribs and
vertebral patterning abnormalities (CNVn = 42, group
1), patients without extra cervical ribs but with other
vertebral patterning abnormalities (CNVn = 23, group
2) and patients without cervical ribs nor other vertebral
patterning abnormalities (CNVn = 23, group 3). A more
detailed description of this analysis can be found in the
Supporting Information.
TABLE 1

Rare CNVs in prenatal cohort

Copy number loss

Number
of CNVs

Deleterious

≥2 Mba

10

Likely
deleterious

≥1 Mb

6

VOUS

≤1 Mb inheritance
unspecified

20

Likely benign

Present in DDD controls

7
43

Copy number gain
Deleterious

≥3 Mb or overlapping
dominant disease genes

4

Likely
deleterious

≥2 Mb

3

VOUS

≤1 Mb inheritance
unspecified

17

Likely benign

Present in DDD controls

5
29

a
The rare CNVs at 6q27 are classified as Deleterious.
Abbreviations: CNV, copy number variant; DDD, deciphering
developmental disorders.

2.3 | Statistical analysis
Statistical analysis was performed using SPSS Statistics
(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.) and R
(RCT 2017). Descriptive statistics were used to evaluate
outcome occurrences. To study associations while
accounting for the overall relative occurrences of each
outcome, we carried out log-linear statistical modeling of
the numbers of observations for each combination of categorical variables (Agresti, 2018). These analyses started
from maximal log-linear models fitted to the data including up to three-way interactions between variables (vertebral pattern, presence of congenital anomalies and other
explanatory variables). We subsequently tested using
likelihood ratio tests whether interactions could be
removed from the model. Interactions were also removed
when their parameter estimates were very imprecise
(standard deviations orders of magnitude larger than estimates). An iterative simplification procedure of this kind
resulted in models for associations that only contained
significant interactions between variables, which we
inspected and interpreted. Main effects were never
removed. Our main interest was in associations involving
vertebral and congenital anomalies. Any remaining
third-order interactions in the selected models involving
them were interpreted following Elliott (1988): the associations between these anomalies for each level of the third
variable involved were estimated and compared. In order
to limit the number of models to compare and tests to
perform, the number of categories for many variables
was reduced, which also applied to the categories of the
vertebral pattern. Separate log-linear models for the presence of an abnormal vertebral pattern and for the presence of a cervical rib among the cases with an abnormal
vertebral pattern were thus compared. In addition, to
study non-additive and cumulative effects of the presence
of different congenital anomalies on vertebral patterning,
models that included interactions between the presence
of each category of congenital anomaly or regression
slopes of the number of organ systems affected by congenital anomalies were fitted. To assess the effects of
maternal BMI and gestational age, logistic regressions for
the presence of an abnormal vertebral pattern or the
presence of a cervical rib among the cases that included
these variables were fitted. For data assessment, differences between groups were assessed using independent
sample t-tests for continuous data and chi-squared tests
and Fisher's exact tests for categorical data. To assess
effects and associations in the logistic regressions and
log-linear models, we carried out z-tests on the parameter
estimates of the models. Tail probabilities below 0.05
were considered statistically significant. Kappa's test was
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performed in order to determine the interobserver and
intraobserver reliability. Kappa values between 0.61 and
0.80 were considered to be substantial and kappa values
between 0.81 and 1.00 were considered almost perfect
(Landis & Koch, 1977).

3 | R E SUL T S
The study population consisted of 374 fetuses and 71 neonates. In 71 fetuses and neonates (16.0%), the vertebral
pattern could not be reliably assessed by radiography.
This was due to inadequate positioning of the fetus or
neonate, overprojection of the maxilla, clavicles or umbilical cord clamp, or low quality of the babygram. Excluding these 71 patients, 316 fetuses and 58 neonates were
available for analysis of the pattern of the vertebral column. No statistically significant differences were found
between the included and excluded patients in gestational age, presence or type of congenital anomaly and

TABLE 2

pregnancy outcome (Table S1). Of the 374 included
fetuses and neonates, 188 (50.3%) pregnancies were terminated because of medical reasons, mostly (suspected)
fetal structural, chromosomal or other genetic anomalies
(N = 180/188, 95.7%). Other medical indications for pregnancy terminations were severe fetal growth restriction
(N = 1, 0.5%), preterm premature rupture of membranes
(N = 3, 1.6%) or poor maternal condition in pregnancies
with early onset severe pre-eclampsia or HELLP syndrome (N = 4, 2.1%). The second largest group consisted
of miscarriages or intrauterine fetal demises (128/374,
34.2%). The majority of the 58 neonatal deaths was
related to structural anomalies (43/58, 74.1%). Most other
causes of neonatal death were associated with prematurity (Table S2).
An overview of maternal, fetal and neonatal characteristics is provided in Table 2. The inclusion of multiple
pregnancies and more than one pregnancy per mother
resulted in a total number of 366 included mothers.
Autopsy was performed in the majority of patients

Characteristics of mothers, fetuses and neonates with a known vertebral pattern of the fetuses and neonates

Mothers
Age (years)
2

BMI (kg/m )
Missing

N (366) (%)

Fetuses/neonates

31.0 (15–44)

Sex

N (374) (%)

23.6 (16.4–44.6)

Male

208 (55.6)

73

Female

166 (44.4)

Smoking

Pregnancy outcome

Yes

44 (12.0)

Miscarriages and stillbirths

128 (34.2)

Quit

15 (4.1)

Live births

58 (15.5)

No

259 (70.8)

Unknown

48 (13.1)

Parity

Neonatal death < 1wk

45 (77.6)

Termination of pregnancy

188 (50.3)

Gestational age at birth (weeks)

22.7 (11.9–41.3)

Primigravida

125 (34.2)

Live births

30.9 (22.3–41.3)

Multigravida

239 (65.3)

Miscarriages and stillbirths

22.6 (13.6–40.3)

Unknown

2 (0.5)

Terminations of pregnancy

22.0 (11.9–33.6)

Folic acid

Multiple pregnancies

Yes, preconception

140 (38.3)

Single

347 (92.8)

Yes, postconception

118 (32.2)

Twins

26 (7.0)

No

38 (10.4)

Triplets

1 (0.3)

Unknown

70 (19.2)

Conception

Birth weight

Spontaneous

289 (79.0)

<p5

125 (33.4)

IVF

7 (1.9)

P5-p95

192 (51.3)

ICSI

7 (1.9)

>p95

31 (8.3)

Other

12 (3.3)

Unknown

26 (7.0)

Unknown

51 (13.9)

Note: Data are presented as number (percentage) or median and (range).
Abbreviations: BMI, body mass index; ICSI, intracytoplasmic sperm injection; IVF, in vitro fertilization.
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F I G U R E 2 The distribution of
structural abnormalities in the total
study population and subgroups of live
births, stillbirths and terminations of
pregnancy. CT, shift at the
cervicothoracic boundary; CT_LS, shift
at cervicothoracic and lumbosacral
boundary; CT_TL_LS, shift at
cervicothoracic, thoracolumbar and
lumbosacral boundary; CT_TL, shift at
the cervicothoracic and thoracolumbar
boundary; TL_LS, shift at thoracolumbar
and lumbosacral boundary

(N = 305, 81.6%). In 35 of the 69 patients in whom no
autopsy was performed, an advanced ultrasound examination was carried out (9.4%). The presence of structural
abnormalities could not be ascertained in 40 patients.
This included 31 still births, 6 terminations of pregnancy
and 3 live births. In 33 of these patients, neither autopsy
nor advanced ultrasound examination had been performed. In 7 patients, the results of autopsy or advanced
ultrasound examination were inconclusive.
Structural anomalies were present in a large proportion of the group (256/334, 76.6%) and the prevalence
was highest in the subgroup of pregnancy terminations
(173/182, 95.1%), compared to 43/55 (78.2%) in live births
and 40/97 (41.2%) in stillbirths. In more than half of the
patients with a structural anomaly, more than one organ
system was affected (146/256, 57.0%). The most frequently affected organ systems were the cardiovascular
(N = 90), nervous (N = 85), craniofacial (N = 82), limbs
(N = 71) and urogenital (N = 66) system (Figure 2).
A regular vertebral pattern was identified in approximately one quarter of patients (100/374, 26.7%, Figure 3).
Of the 274 patients (73.3%) with an abnormal vertebral
pattern, the cervicothoracic (CT) region was most often
affected (N = 195/274, 71.2%), either exclusively, or in
combination with thoracolumbar (TL) and/or lumbosacral (LS) shifts (CT (N = 80, 21.4%), CT_LS (N = 15,
4.0%), CT_TL (N = 84, 22.5%), CT_TL_LS (N = 16,
4.3%)). Cervical ribs were seen in approximately half of
the patients (188/374, 50.3%). In the majority, cervical
ribs were bilateral (N = 128, 68.1%); of the unilateral

F I G U R E 3 The distribution of the different patterns of the
vertebral column in the total study population (N = 374). CT, shift
at the cervicothoracic boundary; CT_LS, shift at cervicothoracic
and lumbosacral boundary; CT_TL, shift at the cervicothoracic
and thoracolumbar boundary; CT_TL_LS, shift at cervicothoracic,
thoracolumbar and lumbosacral boundary; TL_LS, shift at
thoracolumbar and lumbosacral boundary

cervical ribs, most were left sided (N = 37/60, 61.7%).
Figure 4 shows a babygram of a fetus with rudimentary
cervical ribs and rudimentary twelfth thoracic ribs, and a
babygram of a neonate with a regular vertebral pattern.
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The distribution of the vertebral pattern categorized
according to structural abnormality is shown in Figure 5.
The prevalence of a regular vertebral pattern ranged
between 18.6 and 33.3% and was highest in the group
without structural abnormalities (26/78) and lowest in
the group with bronchopulmonary abnormalities (8/43,
18.6%). Changes involving the cervicothoracic region
occurred most frequently in patients with skeletal abnormalities (17/24, 70.8%), abnormalities involving the digestive system (28/46, 60.9%) and limb defects (43/71,
60.6%). The most disturbed vertebral pattern (CT_TL_LS)
was frequently seen in patients with ventral body wall
defects (3/17, 17.6%), skeletal (3/24, 12.5%) and craniofacial (9/82, 11.0%) abnormalities.
The log-linear analyses started from models with
interactions between the presence of an abnormal vertebral pattern (respectively the presence of a cervical rib
among these cases) and the presence of a congenital
anomaly, a history of smoking (current smoking or quit
smoking during pregnancy), birth outcome, fetal gender,
assisted pregnancy and periconceptional supplementation of folic acid. A positive association was found
between the occurrence of an abnormal vertebral pattern
and a congenital anomaly (χ 2[1] = 6.16, p = .013). Abnormalities of the vertebral pattern were more frequent in
the presence of a congenital anomaly (parameter estimate 1.01 (SE 0.41), z-test p = .014). The presence of
abnormalities of the vertebral pattern was negatively

F I G U R E 4 Babygram of a fetus at 20.1 weeks' gestation (left)
and a deceased term neonate (right). The babygram on the left
shows rudimentary 12th thoracic ribs (orange arrows) and the
presence of rudimentary cervical ribs (yellow arrows); the
babygram on the right shows 12 thoracic rib pairs and the absence
of cervical ribs
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associated with smoking in individuals who did not use
periconceptional folic acid (parameter estimate −2.61729
(SE 0.84328), p(>|z}) = .002). However, this group consisted of only 39 individuals and an association between
smoking and the vertebral pattern was not found in the
two groups with the largest number of individuals (nonsmoking (n = 218) or smoking (n = 45) and periconceptional supplementation of folic acid). Within the
smoking group, there was a positive association between
the presence of a vertebral patterning anomaly and the
supplementation of folic acid (estimate 2.07273 (SE
0.90766) p(>|z|) = .022). Among the non-smokers there
was a trend for a negative association which was not significant (−1.18420 (SE 0.63883) p(>|z|) = .064). The prevalence of a normal vertebral pattern differed between the
birth outcomes ((χ 2[2] = 11.81, p = .003). The proportion
of fetuses and neonates with a regular vertebral pattern
was significantly higher in live births (25/58, 43.1%),
compared to stillbirths (29/128, 22.7%) and terminations
of pregnancies (46/188, 24.5%). From the logistic regressions we conclude that maternal BMI and gestational age
did not explain the presence of a normal vertebral
pattern.
Among the patients with an abnormal vertebral pattern, the presence of a cervical rib was associated in a
three-way interaction with the presence of a structural
anomaly and a history of smoking (X2 = 5.02, p = .03).
Among the individuals in the largest group of observations (non-smoking and abnormal vertebral pattern,
n = 193), the association between the presence of a cervical rib and a structural anomaly was negative (−1.68 estimate [SE 0.76], p = .027). This implies that other
vertebral patterning anomalies were more positively associated with structural anomalies in this dataset. In the
small group of smokers (n = 38), we could not demonstrate a significant association with the occurrence of a
cervical rib, see Figure 6.
When we removed this three-way interaction from a
model for the overall occurrence of cervical ribs as a
check, the presence of a cervical rib and a structural
anomaly were not significantly associated. Marginal chisquared tests were in agreement with this last conclusion:
the prevalence of cervical ribs did not differ significantly
between fetuses and neonates with and without structural anomalies in the total group (126/256 vs. 40/78, X2
[1] = 0.10, p = .80), nor in the subgroups of live births
(13/43 vs. 4/12, p = 1.0), stillbirths (21/40 vs. 32/57, X2
[1] = 0.13, p = .72), or terminations of pregnancies
(92/173, vs. 4/9, p = .74). Cervical ribs were significantly
more common in stillbirths (69/128 (53.9%) and terminations of pregnancies (101/188 (53.7%), compared to live
births (18/58, 31.0%, χ 2[2] = 12.38, p = .002). The distribution of the vertebral pattern in these subgroups is
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F I G U R E 5 The pattern of the
vertebral column in fetuses and
neonates categorized according to
the presence and type of structural
anomaly. The total number of cases
in each group is depicted above the
bars. CT, shift at the cervicothoracic
boundary; CT_LS, shift at
cervicothoracic and lumbosacral
boundary; CT_TL, shift at the
cervicothoracic and thoracolumbar
boundary; CT_TL_LS, shift at
cervicothoracic, thoracolumbar and
lumbosacral boundary; R, regular
pattern; TL_LS, shift at
thoracolumbar and lumbosacral
boundary

F I G U R E 6 The proportion of fetuses and neonates with and
without cervical ribs according to the presence of a structural
abnormality and a history of smoking. Among the individuals in
the largest group of observations (non-smoking and abnormal
vertebral pattern, n = 193), the association between the presence of
a cervical rib and a structural anomaly was negative (−1.68
estimate [SE 0.76], p = .027). In the small group of smokers
(n = 38), a significant association with the occurrence of a cervical
rib was not demonstrated. The size of the box reflects the group size

shown in Figure 7. The four live births with cervical ribs,
but without structural abnormalities died because of a
subgaleal hemorrhage, sepsis, asphyxia and uterine rupture, respectively. Autopsy was performed in all of these
neonates. The asphyctic neonate had mild dysmorphic
features, but a normal karyotype. The pregnancy in
which a uterine rupture occurred was complicated by
polyhydramnios and macrosomia. Maternal diabetes was
ruled out. The macrosomic neonate had mild dysmorphic
features and was suspected of having an overgrowth

syndrome, but additional DNA-testing did not reveal a
genetic mutation. Chromosomal or genetic analyses were
not performed in the remaining 2 neonates.
No statistically significant association was found
between the prevalence of cervical ribs and fetal gender
(109/208 vs. 79/166, marginal χ 2 [1] = 0.86, p = .36).
Interactions between the presence of a cervical rib and
assisted conception or the periconceptional use of folic
acid were not retained in the log-linear models. Gestational age at birth (M = 23.5 weeks, SD = 6.2,
vs. M = 23.7 weeks, SD = 6.3) and maternal BMI
(M = 24.8, SD = 5.3, vs. M = 24.7, SD = 4.7) were not significantly different between fetuses and neonates with
and without cervical ribs and these variables did not predict the presence of a cervical rib, neither in interactions
with other variables nor as a main effect.
We did not find any significant associations between
the presence of an abnormal vertebral pattern or a cervical rib and separate categories of congenital anomalies.
The prevalence of an abnormal vertebral pattern or the
presence of a cervical rib among these cases was not significantly associated with the number of affected organ
systems, see Figure S1. The intra-observer reliability was
almost perfect for determination of the number of thoracic ribs (Kappa = 0.84) and substantial for assessment
of the presence of cervical ribs (Kappa = 0.78). The interrater reliability was substantial for both determination of
the number of thoracic ribs (Kappa = 0.77) and cervical
ribs (Kappa = 0.74).
Karyotype was available in 221 (59.1%) patients.
Aneuploidies were detected in 15 (6.8%) patients;
10 (66.7%) of these had cervical ribs. Microarray tests
were performed in 265 (70.9%) of patients. Neither
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90%

Percentage of fetuses and neonates

F I G U R E 7 The distribution of the
vertebral pattern in terminations of
pregnancies, still births and live births.
The total number of cases is depicted
above the bars. CT, shift at the
cervicothoracic boundary; CT_LS, shift
at cervicothoracic and lumbosacral
boundary; CT_TL, shift at the
cervicothoracic and thoracolumbar
boundary; CT_TL_LS, shift at
cervicothoracic, thoracolumbar and
lumbosacral boundary; R, Regular
pattern; TL_LS, shift at thoracolumbar
and lumbosacral boundary
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karyotype nor array was available in 54 patients (14.4%).
In 31 patients (31/265, 11.7%) microarray showed an
abnormality. Cervical ribs were present in 20/31 (64.5%)
patients with an abnormal microarray result. The presence of cervical ribs in patients with a pathogenic or
(likely) deleterious CNV was 50.0% (6/12) and 57.1%
(4/7), respectively. These data are summarized by subgroup in Table S3.

Group 3) did not show statistical significant overrepresentation in Group 1. In Group 2 and Group 3 several
immune response and neuronal signaling functions were
overrepresented, which was not considered relevant for
the occurrence of vertebral patterning abnormalities. Full
results are depicted in Table S6.

4 | DISCUSSION
3.1 | CNV profiling
The prevalence of large (likely) deleterious CNV
(Table 1) and aneuploidies was high. However, there
were no recurrent or overlapping rare CNVs. Some of the
rare CNVs have overlap with dominant disease genes
(see Table S4). There was no overlap with candidate
genes (e.g., the HOX gene cluster). An overview of all
genes that are involved in the rare CNVs identified in the
cohort is provided in Table S5. Pathway enrichment analysis of genes affected by a rare CNV did not provide evidence of enrichment of relevant pathways. Analysis of
the gene content of the rare CNVs of patients with extra
cervical ribs and vertebral patterning abnormalities
(CNVn = 42, Group 1), patients without extra cervical
ribs but with other vertebral patterning abnormalities
(CNVn = 23, Group 2) and patients without cervical ribs
nor other vertebral patterning abnormalities (CNVn = 23,

An abnormal pattern of the vertebral column, in particular the presence of cervical ribs, was frequently found in
deceased fetuses and neonates. The prevalence was
noticeably higher in this population, compared to living
children or adults without identified structural, chromosomal or genetic abnormalities, as reported in the literature (Schut et al., 2016). These findings are in line with
the study of Ten Broek et al., who included a similar
study population (Ten Broek et al., 2012). The differences
in vertebral pattern between subgroups categorized into
affected organ system were less striking compared to the
study of Ten Broek et al. (2012), which could be due to
the smaller number of included patients in our study.
Although a significant difference was not found, the frequency of the most severely disturbed vertebral pattern
in the subgroups with ventral body wall defects, craniofacial malformations and skeletal malformations was high.
The co-occurrence of an abnormal vertebral pattern and
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these abnormalities could be explained by the close spatial relationship and the intense interaction of signaling
pathways between the embryonic precursors of these
organ systems and the vertebral column in early embryogenesis (Mekonen, Hikspoors, Mommen, Kohler, &
Lamers, 2015; Rajion et al., 2006; Sonnesen, 2010). For
instance, signaling from the somites influences the
migration of neural crest cells, from which the craniofacial skeleton is derived, whereas somites themselves give
rise to the vertebrae and ribs, ventral body wall skeleton,
abdominal muscles, skeletal muscles and cartilage.
Because of the intense interactions between developmental processes during somitogenesis, this period is considered as extremely vulnerable (Galis & Metz, 2001;
Lubinsky, 2015). Consequently, disruptions in vertebral
patterning would often be accompanied by disruptions of
other developmental processes. As expected, the most
severely disturbed vertebral pattern was most frequent in
patients with more than four affected organ systems. This
might be due to a prolonged disturbance of developmental processes.
A higher prevalence of abnormal vertebral patterns
was found among fetuses and neonates with congenital
anomalies. The prevalence of cervical ribs was not significantly different between the total group of fetuses and
neonates with and without structural abnormalities. This
is in contrast to Galis et al. (2006) and Ten Broek
et al. (2012), which may be due to the smaller study population in the current study. Other support for the association between cervical ribs and congenital abnormalities
comes from studies on live patients (Naik, Lendon, &
Barson, 1978; Schut et al., 2019) and various mammalian
species (Varela-Lasheras et al., 2011).
Alternatively, the presence of cervical ribs might not
only be associated with the presence of structural abnormalities, but also with the occurrence of intrauterine fetal
demise itself. This has been suggested by Furtado
et al. (2011), who found cervical ribs to be associated with
stillbirth, but did not observe a significant association
between congenital abnormalities and the presence of
cervical ribs. The significantly higher prevalence of cervical ribs in the subpopulation of stillbirths compared to
live births is in line with this theory. In addition, structural abnormalities or other signs of disturbed embryonic
development resulting in fetal or neonatal death may not
always be detected by autopsy. This is illustrated by a
study on patients with limb reduction defects; in 15% of
the patients who died within the first year of life associated abnormalities were not identified, while these
patients presumably did not die because of the limb
reduction defect itself (Froster-Iskenius & Baird, 1989).
Considering the high percentage of unexplained stillbirths in the general population (Dudley et al., 2010;
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Lawn et al., 2011; G. C. Smith & Fretts, 2007), the high
frequency of cervical ribs in stillbirths warrants further
attention and may help in directing further research on
the pathophysiology of unexplained stillbirths.
The relatively high prevalence of cervical ribs within
the subpopulation of deceased neonates without proven
structural abnormalities (4/11, 36.4%) remains
unexplained, although these neonates were not proven to
be healthy and died. The regression of cervical ribs later
in fetal life or childhood has also been considered, but
seems less plausible, as cervical ribs are frequently
encountered in specific (adult) patient groups (Merks
et al., 2005; Weber & Criado, 2014; Zierhut et al., 2011)
and rare in the general population. In addition, no ageeffect is seen in the prevalence of cervical ribs (Galis
et al., 2006; Schut et al., 2016).
Cervical ribs were detected in the majority of patients
with an aneuploidy or abnormal microarray result. The
reported prevalence of cervical ribs in aneuploidies
ranges between 12.5 and 100% (Furtado et al., 2011;
Schut, Ten Broek, et al., 2018). Studies reporting on cervical ribs in populations with microarray abnormalities are
lacking. A wide variety of aneuploidies and CNV (losses
and gains) were identified in this cohort. Both the
absence of rare recurrent CNVs involving candidate
genes, and the fact that several patients included in this
study population proved to have different chromosomal
or genetic abnormalities are an indication of the genetic
heterogeneity that is involved in the development of an
abnormal vertebral pattern. However, this does not rule
out a common genetic basis for the abnormalities of the
vertebral pattern, because the presence of structural DNA
variations, such as point mutations, are not detected by
SNP array and CNV analyses. Overlapping abnormalities
involving HOX-genes or other candidate genes were not
identified within this cohort. Therefore, it is unlikely that
half of the stillbirths (those with cervical ribs) have had a
common underlying genetic basis. Accumulation of multiple singleton loss of function variants has been shown
to be associated with the risk of structural abnormalities,
such as neural tube defects (Chen et al., 2016). A comparable process could also contribute to the presence of
abnormalities of the vertebral pattern. The low number
of patients with multiple singleton CNVs did not enable
analysis of a possible association between an abnormal
vertebral pattern and accumulation of multiple
singleton CNVs.
The occurrence of similar segmentation anomalies in
patients with various structural, chromosomal and
genetic abnormalities and prenatal exposure to different
teratogens, seems to be a reflection of the different underlying etiologies of vertebral homeotic transformations
(Giampietro et al., 2013; Martinez-Frias, 2004). This

SCHUT ET AL.

heterogeneity can be explained by the intense interaction
during the head-to-tail patterning of the cervical vertebrae, such that many disturbances can disrupt this patterning. The specific timing and duration of the disruption
has greater influence on the type of abnormality than the
cause of the disruption itself (De Sesso, 1996; JG, 1965;
C. C. Lu, Matsumoto, & Iijima, 1979; F. Lu, 1991;
Lubinsky, 1985; Opitz, 1985; Sadler, 1980). Abnormalities
in vertebral patterning, such as cervical ribs, can probably
be regarded as a sign of abnormal embryonic development, irrespective of the causative event. The remarkably
high frequency of cervical ribs and other deviations from
the regular pattern of the vertebral column in this study
population of deceased fetuses and neonates supports the
hypothesized selection against variations in the conserved
process of vertebral patterning.
These findings indicate that assessment of the vertebral pattern is probably of added value in postnatal or
post-mortem examinations of fetuses and neonates with
adverse outcome, such as unexplained stillbirth. Prenatal
assessment of the vertebral pattern, including the detection of rudimentary cervical ribs, using (3-dimensional)
ultrasound seems feasible and warrants further attention.
(Dall'Asta, Paramasivam, & Lees, 2016; Gindes, Benoit,
Pretorius, & Achiron, 2008; Hershkovitz, 2008; Khodair &
Hassanen, 2014; Schut, Verdijk, Joosten, & Eggink, 2018;
Esser, Rogalla, Sarioglu, & Kalache, 2006).
Strengths of the study are the large study population
and the good intraobserver and interobserver reliability
for the assessment of the vertebral pattern and cervical
ribs on radiographs. Limitations are the small sizes of the
subgroups with specific structural, chromosomal or
genetic abnormalities and the fact that autopsy had not
been performed in all patients. Although the presence of
a healthy control group was lacking, literature regarding
the prevalence of cervical ribs in healthy populations was
available for comparison.

5 | C ON C L U S I ON S
The presence of abnormalities in the pattern of the vertebral column, particularly in the cervical region, could be
regarded as a sign of disruption at critical, interactive and
conserved stages of early embryonic development. The
absence of rare recurrent CNVs, and the presence of similar vertebral patterning abnormalities in patients with
different chromosomal or genetic abnormalities are an
indication of the genetic heterogeneity that appears to be
involved in the development of an abnormal vertebral
pattern. Assessment of the vertebral pattern could provide valuable information in fetuses and neonates with
adverse outcome.
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Further studies regarding the feasibility and value of
prenatal (3-dimensional) ultrasound assessment of the
number of vertebrae and ribs are warranted. Whole
exome sequencing on subjects with (isolated) vertebral
patterning abnormalities might provide more insight into
the presumably heterogeneous genetic causes of these
patterning defects.
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