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Tuberculosis (TB) ravaged the Hungarian town of Vac in the 18th century. Nearly all of the young and middle-
aged adults buried in the Dominican Church were infected with TB. Therefore, most women were likely infected
with Mycobacterium tuberculosis (MTB) during pregnancy. In rodents, disruptions in early gestation, when the
head-to-tail patterning of the embryo occurs, often result in an increased incidence of cervical ribs. Because TB
severely disrupts pregnancy, we hypothesized that these disruptions would result in an increased number of
cervical ribs in Vac residents. We examined 58 skeletons and found, as predicted, that the incidence of cervical
ribs is exceptionally high in this population. Cervical ribs are approximately twenty-five times more common
than in the healthy general population and shifts of the thoracolumbar boundary two to five times more com-
mon. Cervical ribs are usually associated with other congenital anomalies, including other homeotic vertebral
transformations. Homeotic transformations at different vertebral boundaries were usually in the same direction
and sometimes involved three boundaries. This implies a prolonged disruption of pregnancy and alterations in
multiple Hox gene expression domains. Our study emphasizes that a high incidence of cervical ribs indicates
vulnerability. Our data support the idea that cervical ribs can be induced not only by genetic changes, but also by
infectious diseases and thus by environmental perturbations of pregnancy.

1. Introduction Ages and became epidemic in the 18th and 19th centuries (Daniel, 2006;

Ziircher et al., 2016; Barberis et al., 2017). In Hungary, in the wealthy

Tuberculosis (TB) has been present in the Carpathian Basin for at
least 35-36 thousand years (Lee et al., 2023; Plfi et al., 2023). It was
also present in the Neolithic and Bronze Age (Masson et al., 2013; Gémes
et al., 2023) and became widespread in the Avar period (6th-9th cen-
turies) and after a lower incidence in the 10th and 11th centuries when
the population was smaller (Hungarian conquest period and early part of
the Arpadian dynasty), the number of cases continued to increase after
the 11th century (Marcsik et al., 2006; Kiss et al., 2023). In Europe in
general, the number of infections increased similarly after the Middle

pre-industrial town of Vac, tuberculosis was found to be an epidemic
among residents buried in the Dominican Church in the 18th and 19th
centuries (Fletcher et al., 2003; Donoghue et al., 2011). During the
renovation of the church in 1994-95, a large number of naturally
mummified and well-preserved individuals was discovered in sealed
crypts that had been used for burials for more than a century, between
1731 and 1838 (Pap et al., 1997, 1999). The mummies were
well-documented and came from several middle-class families and
clerics. Names and ages at death could be determined for 199 of the 265
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mummies, and in many cases, family relationships could be established
(Pap & Szikossy, 2015). A remarkably high Mycobacterium tuberculosis
(MTB) infection rate of 67.7 % was found in a study that examined
mummified and skeletal tissues from 232 individuals for the presence of
MTB DNA (Donoghue et al., 2011). Approximately half of the deceased
children had infected tissues (46.5 %), while almost all deceased young
and middle-aged adults were positive (89.7 %) and two-thirds of those
over 65 years old (69.6 %). Some of the individuals had highly localized
and probably latent infections, but at least 35 % of the individuals had
active infections that had spread to several tissues. The overall high
prevalence of 67.7 % is most likely an underestimate: when single sites
were sampled from an individual, 55.8 % of them were found to be
positive, whereas when multiple sites were sampled 78.5 % of in-
dividuals were found to be positive (Donoghue et al., 2011). Thus, a
positive diagnosis is more certain than a negative diagnosis.

Tuberculosis is a serious disease and often affects pregnancy out-
comes with greatly increased rates of fetal and maternal mortality and
morbidity (Figueroa-Damian & Arredondo-Garcia, 2001; Sobhy et al.,
2017; Miele et al., 2020). For example, Miele et al. (2020) found a
threefold increase in maternal deaths and a ninefold increase in mis-
carriages among pregnant women with active TB infection. As infection
rates were particularly high among young deceased adults at Vac
(Donoghue et al., 2011), it is likely that many of the mothers of the
mummified individuals had active TB infections during their pregnan-
cies. As a result, these pregnancies may well have been affected.

When pregnancies end in miscarriage or stillbirth, a remarkably high
number has been shown to have a disturbed vertebral pattern. Cervical
ribs in particular are extremely common (approximately 50 % or more,
McNally et al., 1990, Galis et al., 2006; Ten Broek et al., 2012, Schut
et al., 2016). Cervical ribs are ribs on the seventh, normally rib-less
vertebra, indicating a homeotic transformation of a cervical rib-less
vertebra into a thoracic rib-bearing one (Fig. 1). The result is a reduc-
tion in the number of cervical vertebrae. The number of cervical
vertebrae in humans is normally seven, as in virtually all mammals,
regardless of the length of their necks (Cuvier, 1835; Leboucq, 1898;
Starck, 1979; Varela-Lasheras et al., 2011). Deviations from this highly
conserved number of seven are associated with disease, congenital
anomalies and stillbirths in humans and other mammals (Gladstone &
Wakeley, 1932; Adson & Coffey, 1927; Keeling & Kjaer, 1999; Tubbs
et al., 2006; Bates & Nale, 2005; Steigenga et al., 2006; Galis et al., 2006;
Reumer et al., 2014; van der Geer & Galis, 2017).

Cervical ribs

Developmental Biology 528 (2025) 27-33

Cervical ribs are induced by environmental or genetic perturbations
of early organogenesis, at around the time that the neck-trunk boundary
is established (Galis et al., 2021). Teratology experiments in mice and
rats have shown that environmental perturbations such as heat shock,
boric acid, valproic acid, salicylate and retinoic acid, can induce shifts in
the expression of Hox genes in the embryonic tissue from which the
vertebrae develop (somatic mesoderm) and concomitantly in the
development of the cervical ribs (Li & Shiota, 2000; Wéry et al., 2003;
Chernoff & Rogers, 2004; Steigenga et al., 2006). Cervical ribs and other
displacements of the cervicothoracic boundary are caused by earlier
perturbations of embryogenesis than more caudal displacements (Kessel
& Gruss, 1991; Rogers & Mole, 1997; Li & Shiota, 2000; Rengasamy &
Padmanabhan, 2004). Therefore, when multiple regions of the vertebral
column are affected by transformations, the disruption of early
embryogenesis is likely to have lasted for a longer time (ten Broek et al.,
2012). The timing and duration of the disruption of the vertebral
patterning appear to be more important than the specific nature of the
disruption (Wilson, 1965; Lubinsky, 2015).

We hypothesized that because pregnancies are severely affected by
TB, we should find an increased incidence of vertebral patterning de-
fects. Particularly in the early vulnerable period of cervical patterning,
this should result in an increased incidence of cervical ribs and rudi-
mentary or absent first thoracic ribs. In this study, we tested this hy-
pothesis by examining the head-to-tail pattern of the vertebral column in
58 of the Vac mummies. We focused not only on changes in the number
of cervical vertebrae, but also on changes in the number of thoracic and
lumbar vertebrae and the total number of presacral vertebrae that are
due to later disturbances of the pregnancy. Abnormalities in these latter
numbers are also of interest, as we have previously found in deceased
human fetuses and neonates that disturbances often occurred along a
longer part of the vertebral column, indicating a longer duration of the
disturbance (ten Broek et al., 2012). We found that the more vertebral
regions had been affected, the stronger the association with medical
problems (op. cit.). Therefore, we determined how many vertebral re-
gions had been affected.

We also examined the hypothesis that cervical ribs may be associated
with a higher incidence of positive MTB diagnosis than those without
cervical ribs. The rationale is that if a pregnant mother is infected with
MTB, not only is her child more likely to have cervical ribs, but the child
is also more likely to be infected.

Normal C7 and T1

Fig. 1. Examples of cervical ribs (A-D), A) Bilateral large cervical ribs that are fused to the transverse processes of the 7th vertebra (Vac no. 195), B) Small cervical
rib on the right, with fusion to the transverse process of the 7th vertebra still visible (Vac no. 153), C) Small cervical rib fused to the transverse process of the 7th
vertebra on the left, D) Large cervical rib on the left, fused to the first thoracic rib, so that together they have become a forked rib (Vac no. 146), E) A normal 7th

cervical and first thoracic vertebra (Vac no. 156).
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2. Methods

We analyzed the vertebral columns of 58 Vac mummies kept in the
Hungarian Natural History Museum. Age and sex were known for most
individuals from the Dominican Church archives (Suppl. Table 1). For
individuals without parish records, age and sex were estimated using
standard bioarchaeological methods (Buikstra & Ubelaker, 1994). Most
of the mummies, 52 (87.93 %), were adults (>20 years old), of which 20
were female, 24 were male and 7 were of unknown sex (n.a.). There
were 2 young adults (18-20 years old, 1 female, 1 male) and 5 children
(5-14 years old, 2 females, 2 males, 1 n. a.). Only vertebral columns
where the number of cervical and/or presacral vertebrae could be
determined were included in the analysis. The position of the cervico-
thoracic boundary could be determined for 54 skeletons (Suppl.Table 1),
the position of the thoracolumbar vertebra for 55 skeletons, the position
of lumbosacral boundary for 53 skeletons, and the complete presacral
formula for 51 skeletons. The MTB infection status of 36 skeletons was
known (raw data from Donoghue et al., 2011, listed in Suppl. Table 1).

2.1. Variations in vertebral identity and number

If a seventh vertebra had a rib, it was considered to be a transitional
cervicothoracic (CT) vertebra which is an anteriorization of the CT
boundary. If there was a fusion of a small rudimentary cervical rib with
the transverse process of the seventh vertebra (often called an apophy-
somegaly), a conservative approach was taken and the vertebra was
counted as a transitional cervicothoracic vertebra only if the transverse
process was at least 15 % longer than that of the first thoracic vertebra
(Fig. 1). We checked for rudimentary or absent ribs on the eighth
vertebra, but such a posteriorization of the CT boundary did not occur.

Ribs on the 19th or 20th vertebra were considered rudimentary if
they were less than half the length of the rib on the adjacent thoracic
vertebra and these vertebrae were considered to be transitional thor-
acolumbar (TL) vertebrae (Fig. 2G). Rudimentary or absent ribs on the
19th vertebra (Fig. 2G) are an anteriorization of the TL boundary and
rudimentary or full ribs on the 20th vertebra are a posteriorization of the
TL boundary.
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Partially sacralized lumbar vertebrae were considered transitional
lumbosacral vertebrae (LS) if, on at least one side the transverse process
was enlarged and fused to, or touched the adjacent sacral vertebra or
ilium (Fig. 2G). Partially lumbarised sacral vertebrae were considered to
be transitional lumbosacral vertebrae (LS) if, on at least one side, the
transverse process had no bony connection with the adjacent sacral
vertebra or ilium (Fig. 2F). A partially or fully sacralized 24th vertebra
represents an anteriorization of the lumbosacral boundary, while a
partially or fully lumbarized 25th vertebra represents a posteriorization
of the lumbosacral boundary.

For the number of vertebrae in a vertebral region, transitional
vertebrae were counted as having half the identity of the two adjacent
regions, e.g., transitional cervicothoracic vertebrae were counted as half
cervical/half thoracic.

The presacral number was determined as the sum of the cervical,
thoracic and lumbar vertebrae. Sometimes one or more vertebrae were
missing, but the absence could be determined by their shape and by
fitting all the vertebrae together in order. Such missing vertebrae are
indicated in Suppl. Table 1 with the actual number present followed by a
"+" sign and the inferred missing number, e.g., "6 + 1" for 6 cervical
vertebrae and one inferred missing cervical vertebra.

2.2. Shifts of one or more vertebral boundaries

We coded where the vertebral boundary shifts occurred, with the
presence of a cervical rib being coded as a CT shift (rudimentary or
absent first thoracic ribs, which also represent a CT shift, were absent in
this study, as noted above), a shift at the TL boundary as a TL shift
(rudimentary or absent 12th rib, or rudimentary or complete lumbar
ribs), a shift at both the cervicothoracic and thoracolumbar boundaries
as CT_TL shifts, a shift at all three boundaries as CT_TL_LS, and so on; A
regular presacral pattern of 7 cervical, 12 thoracic and 5 lumbar verte-
brae is indicated as R (no shifts).

2.3. Statistics

Exact 95 % binomial confidence intervals (Clopper & Pearson, 1934)

Fig. 2. Congenital anomalies associated with cervical ribs. A) Spina bifida occulta, a neural tube defect that causes the neural spines not to close (indicated by arrow;
Véc no. 153), B) Asymmetric 6th cervical vertebra (Vac no. 178), C) Fused 7th cervical and 1st thoracic vertebra (Vac no. 153), D) Fused 2nd and 3rd cervical
vertebrae (Vac no. 153), E) Fused 1st and 2nd thoracic vertebrae (Vac no. 180), F) Sacrum with an asymmetric transitional lumbosacral vertebra (indicated by the
arrow). This is due to lumbarization of the 1st sacral vertebra on the right (i.e. the right part of the vertebra has a more lumbar shape, with the transverse process not
fused laterally to the ilium and not fused caudally to the adjacent sacral vertebra; Vac no. 260), G) Part of a vertebral column showing symmetric homeotic
transformations and asymmetry in the length of lumbar transverse processes. The most caudal lumbar vertebra (indicated by the vertical arrow) has been sacralized
on the left (i.e. it has a more sacral shape and is fused to the sacrum) and the twelfth thoracic vertebra (indicated by the horizontal arrow) has been lumbarized on the
left (on the left a lumbar transverse process and on the right a rib articulation). There is a strong asymmetry in the length of the transverse processes of the first and
fourth lumbar vertebrae (Vac no. 195), H) Sternum with asymmetrical left and right first ribs (Vac no. 153).

29



F. Galis et al.

were calculated for the probabilities of occurrence of cervical ribs in this
study and compared to reported occurrences in the literature for adults
of the general population, estimated from dry skeleton studies and ra-
diographs, excluding estimates from patient populations (Galis et al.,
2006).

We tested for an association between positive MTB status and
changes in the number of cervical vertebrae and presacral vertebrae
using Fisher’s exact test (Fischer, 1934). The hypotheses were tested at
a = 0.05 significance level. Furthermore, we performed simulations to
assess the power of this test for association at the given sample sizes
(Script added as Supplementary Material). Data sets were simulated
with different probabilities of observing a cervical rib when the MTB test
was positive (values ranging from zero to one in increments of 0.01),
while preserving the number of patients with and without a positive
MTB test result, and keeping the probability of having a cervical rib
when the MTB test result was negative constant (at 0.154). One hundred
replicate data sets were simulated for each probability, and a Fisher test
was applied to each data table. We plotted the percentage of significant
tests as a function of the probability of having a cervical rib when the
TBC result is positive. These percentages represent the dependence of
the power of the test on these probabilities of association. The proba-
bility of a cervical rib among individuals with a positive MTB result was
0.304 in the data.

3. Results
3.1. Cervicothoracic boundary shifts

All cervicothoracic boundary shifts involved cervical ribs at the
seventh vertebra, resulting in an anterior shift of the cervicothoracic
boundary. There were no absent or rudimentary first thoracic ribs
(posterior shift of the cervicothoracic boundary). In this population in
which almost everyone had been infected with tuberculosis, the inci-
dence of cervical ribs (Fig. 1) was extremely high at 24.07 % (13 of 54).
This incidence is much higher than that estimated in large-scale studies
of the general adult population based on dry skeletons and radiographs.
Estimates from patient populations were excluded. In skeletal studies,
the incidence varied from 0 to 1.07 %, with almost all shifts occurring in
the cranial direction (Ancel & Sencert, 1902; Bardeen, 1904; Steinbach,
1889; Staderini, 1894; Bianchi, 1894; Paterson, 1893; Topinard, 1877;
Fishel, 1906; Lanier, 1944; Spear et al., 2023). In radiological studies,
the incidence was between 0.05 and 1 %, including both cranial and rare
caudal shifts (Sycamore, 1944; Southam & Bythell, 1924; Steiner, 1943;
Crimm, 1952; Henderson, 1913; Berner, 1944). The highest incidence
reported in these studies was 1.07 % (all cranial shifts, Lanier, 1944).
There is a significant difference between our results and those of Lanier’s
study (24.07 %, confidence interval 13.5-37.6 vs 1.07 %, confidence
interval 0.39-2.32).

Cervical ribs were present bilaterally in all cases except one. In most
cases, they were asymmetrical in shape and length (Fig. 1C and D).

3.2. Thoracolumbar boundary shifts

Thoracolumbar boundary shifts were as common as cervical ribs (13
out of 55, 23.64 %), and included both cranial and caudal shifts. Eleven
of the 13 skeletons had rudimentary ribs on the 19th vertebra, while two
had 13 thoracic vertebrae, due to the presence of ribs on the 20th
vertebra (lumbar ribs). This incidence is two to five times higher than
that observed in large-scale studies of the adult general population,
based on dry skeletons (4.74 % Bardeen, 1904 [N =908], 12.4 % Lanier,
1944 [N = 559], 12.34 %, 9.52 % Spear et al., 2023 [N = 893). The
pairwise differences with the general populations are significant, except
for the study of Lanier (1944) where there is an overlap in confidence
intervals (23.64 %, confidence interval 13.23-37.02 % (our study), 4.74
%, confidence interval 3.45-6.33 % (Bardeen, 1904), 12.34 %, confi-
dence interval 9.73-15.36 % (Lanier, 1944), 9.52 %, confidence interval
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7.67-11.64 % (Spear et al., 2023).
3.3. Lumbosacral boundary shifts

Lumbosacral boundary shifts (i.e., changes in the number of pre-
sacral vertebrae) occurred in both cranial and caudal directions (Fig. 2F
and G). They occurred in fewer cases than shifts of the cervicothoracic
and thoracolumbar boundaries, namely in 8 out of 54 cases (14.81 %),
but the probability was not significantly different from the other
boundaries (Fisher’s exact test p = 0.35 in both cases). The number of
presacral vertebrae varied between 23 and 25. Most of the changes were
due to a transitional lumbosacral vertebra (scored as half lumbar and
half sacral, three cases of sacralization of L5 and two cases of lumbari-
zation of S1) and three were due to an additional or missing lumbar
vertebra (once 23 and twice 25). 15.09 % (confidence interval:
6.75-27.59 %) is not significantly different from the 9-13.5 % incidence
found in large samples of the general population, based on dry skeletons
(Bardeen, 1904; Fischel, 1906; Willis, 1923; Spear et al., 2023). Studies
with patient populations were excluded, as well as studies that did not
record transitional lumbosacral vertebrae as a boundary shift.

3.4. Co-occurrence and direction of vertebral boundary shifts

When all three presacral regions of an individual could be evaluated,
slightly more than one-third of the skeletons (19 of 51, 37.25 %) had an
abnormal number of vertebrae in at least one vertebral region (Suppl.
Table 1), while 32 of the 51 skeletons (62.74 %) had a regular pattern
with 7 cervical, 12 thoracic, and 5 lumbar vertebrae. In almost half of
the cases with abnormal patterning (10 of 19), there was an abnormal
number in only one region (5x CT, 4x TL, 1xLS), and in the remaining 9
of 19, there was seven times a shift at two boundaries (3x CT-TL, 3x TL-
LS, 1x CT-LS) and twice a shift at all three boundaries (CT-TL-LS). When
the cervicothoracic shifts coincided with a thoracolumbar boundary
shift, they were both anteriorly oriented, i.e., with rudimentary or ab-
sent twelfth thoracic ribs at the thoracolumbar boundary. The two in-
dividuals with shifts at all three boundaries were also all in the same
direction, i.e., three in anterior direction (cervical ribs and missing
twelfth ribs and a decrease in the number of presacral vertebrae). All
three cases with shifts at the thoracolumbar and lumbosacral boundaries
also involved shifts in the same direction, once in the anterior direction
(rudimentary twelfth ribs and a decrease in the number of presacral
vertebrae) and twice in the posterior direction (lumbar ribs at the
thoracolumbar boundary and an increase in the number of presacral
vertebrae). In the one case with a shift at the cervicothoracic and
lumbosacral boundaries, the shifts were in opposite directions, an
anteriorization of the cervicothoracic boundary coinciding with a pos-
teriorization of the lumbosacral boundary (increase in the number of
presacral vertebrae). Thus, shifts at multiple boundaries were in the
same direction in all but one case (8 out of 9).

3.5. Sex and vertebral boundary shifts

There appears to be no difference in sex and vertebral boundary
shifts. In 11 of the 13 CT shifts the gender was known, 5 times female
and 6 times male. The same is true for TL shifts, 5 of the 11 thor-
acolumbar shifts were female and 6 were male. Of the six LS shifts with
known sex, three were female and three were male.

3.6. Infectious status and vertebral boundary shifts

The percentage of individuals with a cervical rib and a positive
infection status was almost twice (1.83) the percentage of individuals
with a cervical rib and a negative infection status (7 out of 23, 30.43 %
versus 2 out of 12, 16.67 %). Despite the frequency of cervical ribs being
higher, the difference was not significant (Fisher’s exact test, p = 0.427).
However, the simulations show that the power of the Fisher test only
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rises above 80 % for large probabilities of having a cervical rib when the
MTB test is positive, i.e. at probabilities above 0.6 (Supplementary
Fig. 1). For the observed probability, the power of the test was weak
(below 20 %).

Of the 7 individuals with a cervical rib and a shift over a larger part of
the vertebral column (CT-TL, CT-LS and CT-TL-LS) the infectious status
was only known in 3 cases (two positive, one negative).

Of the eight cases with an abnormal presacral number, six had a
known infectious status, three of them were positive (50 %) and three of
them negative (50 %).

4. Discussion
4.1. Extremely high incidence of cervical ribs

We hypothesized that we would find an increased incidence of cer-
vical ribs in this population from Véc, where almost all young adults had
been infected with tuberculosis. Many of the mothers of the mummified
individuals were likely to have had active tuberculosis (TB) infections
during pregnancy, and TB often severely affects pregnancies. Cervical
ribs are known to be caused by disturbances of early pregnancy. Here we
find strong support for our hypothesis. The incidence of cervical ribs is
extremely high, about 25 times higher than the estimated 1 % in the
healthy general population (Bardeen, 1904; Fishel, 1906; Lanier, 1944;
Galis et al., 2006; Galis et al., 2021). This is despite our conservative
approach of only counting the seventh vertebra as having a fused cer-
vical rib if its transverse process was at least 15 % longer than that of the
first thoracic vertebra. This 15 % safety margin is usually not taken into
account in human studies. The seventh vertebra is generally considered
to have a fused cervical rib if its transverse process is longer than that of
the first thoracic vertebra (Pionnier & Depraz, 1956; Merks et al., 2005;
Brewin et al., 2009).

In individuals with cervical ribs, it is likely that TB affected the early
embryonic head-to-tail patterning and Hox gene expression, causing a
homeotic transformation of the seventh vertebra (Gaunt, 1994; Burke
et al., 1995; Deschamps & Duboule, 2017). Our results further support
that cervical ribs can be induced by environmental perturbations during
early organogenesis, as previously shown in rodents (Rogers and Mole,
1997; Abdulrazzaq et al., 1997, Li & Shiota, 2000; Rengasamy & Pad-
manabhan, 2004, Massa et al., 2005).

Homeotic transformations at the thoracolumbar boundary were
about as frequent as at the cervicothoracic boundary and two or more
times as frequent as in the general adult population. Homeotic trans-
formations at the lumbosacral boundary were only slightly more com-
mon than in the general population, but not significantly so.

Overall, there were many more homeotic vertebral transformations
in this population than in the general population. By far the most dra-
matic increase was in the presence of cervical ribs, followed by a
considerable increase in shifts at the thoracolumbar boundary and no
increase at the lumbosacral boundary. This can be explained by looking
at the stage of organogenesis at which cervical ribs can be induced. This
early stage, sometimes called the phylotypic stage, is extremely
vulnerable due to the strong global interactivity throughout the devel-
oping embryo. At later stages development becomes increasingly com-
partmentalized and more robust to perturbations (Galis & Metz, 2001;
Galis et al., 2021).

4.2. Homeotic transformations occurring simultaneously and in the same
direction

It has been shown previously that homeotic transformations of
vertebrae are not isolated events, but are usually accompanied by other
homeotic transformations in adjacent vertebrae (Fishel, 1906; Oostra
et al., 2005; Galis et al., 2006; Varela-Lasheras et al., 2011; ten Broek
et al., 2012). In fact, cervical ribs are in many cases accompanied by
homeotic transformations at the thoracolumbar and/or lumbosacral
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boundary. Thus, these transformations involved a large portion of the
vertebral column, sometimes including three vertebral boundaries. This
is indicative of a patterning perturbation which persisted for a long time,
as perturbations affecting the cervicothoracic boundary are induced at
an earlier stage than those affecting the lumbosacral boundary
(Rengasamy & Padmanabhan, 2004; Rogers & Mole, 1997; Galis et al.,
2021). The multiple boundary shifts also indicate that alterations in
multiple Hox gene expression domains must have occurred (Favier &
Dollé, 1997; Mclntyre et al., 2007; Guerreiro et al., 2013; Deschamps &
Duboule, 2017).

Interestingly, shifts at multiple boundaries were usually in the same
direction (8 out of 9), also in the two cases with shifts at all three
vertebral boundaries. There were 7 times anteriorizations and one
posteriorization. Such simultaneous homeotic transformations in the
same direction have also been found in mice that had been exposed to
retinoic acid during development (Kessel & Gruss, 1991). There, ante-
riorizations of all four vertebral boundaries, accompanied by anterior
shifts of Hox gene expression domains, were found when exposure
occurred at the end of gastrulation and the onset of organogenesis
(embryonic day 7.3). When exposure occurred about one day later
(embryonic day 8.5) this induced posteriorizations of the thoracolumbar
and lumbosacral boundaries.

4.3. Cervical ribs and infectious status

We hypothesized that if a mother had had TB during pregnancy, not
only would her child be more likely to have cervical ribs, but the child
would also be more likely to be infected. We found that individuals with
positive MTB infection tests were indeed nearly twice as likely to have
cervical ribs as those with negative tests. However, this difference was
not significant. This lack of statistical significance, however, is not
particularly informative, due to a combination of factors. First, our
simulations show that the small sample size makes achieving signifi-
cance nearly impossible for our data (Supplementary Fig. 1). Second, the
results are confounded by the uncertainty of the negative infection
status. Often only one tissue was sampled from an individual, and when
more than one tissue was sampled, the infection rate was much higher
(78.5 vs 55.8 %). Another confounding factor is that, when a mother is
infected during pregnancy, it can occur that her child will not contract
the infection (Cohen, 1946; Ormerod, 2001). Furthermore, when an
individual becomes infected in utero or as a neonate, there is a consid-
erable risk of dying shortly after birth and skeletons of such a young age
were not available to us (Figueroa-Damian & Arredondo-Garcia, 2001;
Ormerod, 2001).

4.4. Cervical ribs are associated with other congenital anomalies and
indicate vulnerability

Cervical ribs are often associated with other skeletal abnormalities
and a variety of congenital defects and diseases in humans (Galis, 1999;
Galis et al., 2006; Furtado et al., 2011; ten Broek et al., 2012; Schut et al.,
2016, 2020) and a wide range of other mammalian species, including
Afrotherians and Xenarthrans (Varela-Lasheras et al., 2011), racing
horses (cervical ribs described as bicipital and flared first ribs, May--
Davis, 2017), domestic dogs (Brocal et al., 2018), Pere David deer
(Cuxart Erruz et al., 2024) and extinct woolly mammoths, woolly
rhinoceroses and giant deer (Reumer et al., 2014; van der Geer & Galis,
2017; Cuxart Erruz et al., 2024). The strong interactivity during the
early head-to-tail patterning is most likely the cause of the frequent and
variable side-effects (Galis et al., 2006; Galis, 2023). Consistently, we
found not only a high incidence of cervical ribs in the skeletons of this
study, but also an abundance of skeletal anomalies, including abnor-
mally shaped bones, marked bone asymmetry, vertebral fusions
throughout the spine and the other homeotic vertebral transformations
mentioned above (Fig. 2). One young man, who died at the age of
eighteen, had so many abnormalities that he had never been able to
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walk.

The association of cervical ribs with vulnerability is also supported
by the increased incidence of cervical ribs in inbred populations of
humans, pedigree dogs, racehorses, minipigs and Pere David deer
(Palma and Carini, 1990; Breit and Kunzel, 1998; Jgrgensen, 1998;
Brocal et al., 2018; Cuxart Erruz et al., 2024) and shortly before their
extinction or extirpation during the Late Pleistocene, woolly mammoths,
rhinoceroses and giant deer (Reumer et al., 2014; van der Geer & Galis,
2017; Cuxart Erruz et al., 2024). When inbreeding depression occurs,
the frequent occurrence of congenital abnormalities is thought to be due
to an increase in the prevalence of homozygous genotypes of recessive
deleterious alleles after a genetic bottleneck (Charlesworth & Charles-
worth, 1999; Hoglund, 2009; Bundgaard et al., 2021). This increase in
maladaptive genotypes is presumably involved in the disturbance of the
strong interactivity during the early head-to-tail patterning (Cuxart
Erruz et al., 2024).

Therefore, our data support the idea that in humans, cervical ribs and
associated abnormalities can be caused by both environmental and ge-
netic changes, as has been previously found in rodents. Our data on this
population during a TB epidemic and the data on inbred humans and
other mammals support the hypothesis that cervical ribs are part of a set
of associated congenital defects that arise very early in organogenesis
and, more generally, indicate vulnerability.

CRediT authorship contribution statement

Frietson Galis: Conceptualization, Formal analysis, Methodology,
Project administration, Writing — original draft, Writing — review &
editing. Alexandra A.E. van der Geer: Formal analysis, Investigation,
Methodology, Validation, Writing — review & editing. Tom J.M. Van
Dooren: Data curation, Methodology, Software, Writing — review &
editing. Tamas Szeniczey: Formal analysis, Investigation, Writing —
review & editing. Tamas Hajdu: Formal analysis, Investigation, Writing
- review & editing. Krisztian Kiss: Investigation, Writing — review &
editing. Ildiké Pap: Conceptualization, Data curation, Investigation,
Methodology, Resources, Writing — review & editing.

Funding sources

TSz was supported for this study by the Hungarian Research,
Development and Innovation Office (PD 146612). TH was supported for
this study by the Boyai Scholarship of the Hungarian Academy of
Sciences.

Acknowledgements

We thank Sandor Evinger, David Carrier and Kitti Kohler for
generous and insightful comments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ydbio.2025.08.019.

Data availability
The data are in the manuscript and supplementary data

References

Abdulrazzaq, Y.M., Bastaki, S.M.A., Padmanabhan, R., 1997. Teratogenic effects of
vigabatrin in TO mouse fetuses. Teratology 55, 165-176.

Adson, A.W., Coffey, J.R., 1927. Cervical rib: a method of anterior approach for relief of
symptoms by division of the Scalenus anticus. Ann. Surg. 85 (6), 839-857.

Ancel, P., Sencert, L., 1902. De quelques variations dans la nombre des vertebres chez
I’homme. Leur interpretation. J. Anat. Physiol. 38, 218-2257.

Developmental Biology 528 (2025) 27-33

Barberis, 1., Bragazzi, N.L., Galluzzo, L., Martini, M., 2017. The history of tuberculosis:
from the first historical records to the isolation of Koch’s bacillus. J. Prev. Mec. Hyg.
58, E9-E12.

Bardeen, C., 1904. Numerical vertebral variations in the human adult and embryo. Anat.
Anzeiger 25, 497-519.

Bates, A.W., Nale, K., 2005. Segmentation defects of the human axial skeleton without
dysostoses or skeletal dysplasia. Fetal Pediatr. Pathol. 24, 121-127.

Berner, F., 1944. iiber Rippenanomalien auf Grund von 6 Millionen Reihenbildern.
Fortschr. Rontgenstr. 69, 202-221.

Bianchi, S., 1894. Sulla frequenza della anomalie numeriche vertebrali nello scheletro
dei normali e degli alienati. Atti R. Accad. Fisiocrit. Siena 7, 21-31.

Breit, S., Kunzel, W., 1998. Osteologische Besonderheiten an Wirbelsdulen von
Rassehunden: eine rontgenologische und morphologische Studie. Wien. Tierarztl.
Monatsschr. 85, 340-350.

Brewin, J., Hill, M., Ellis, H., 2009. The prevalence of cervical ribs in a London
population. Clin. Anat. 22, 331-336.

Brocal, J., De Decker, S., José-Lopez, R., Manzanilla, E.G., Penderis, J., Stalin, C.,
Bertram, S., Schoenebeck, J.J., Rusbridge, C., Fitzpatrick, N., Gutierrez-Quintana, R.,
2018. C7 vertebra homeotic transformation in domestic dogs - Are Pug dogs
breaking mammalian evolutionary constraints? J. Anat. 223, 255-265.

Buikstra, J.E., Ubelaker, D.H., 1994. Standards for data collection from human skeletal
remains. Arkansas Archeological Survey, Fayetteville.

Bundgaard, J., Loeschcke, V., Schou, M.F., Bijlsma, K.R., 2021. Detecting purging of
inbreeding depression by a slow rate of inbreeding for various traits: the impact of
environmental and experimental conditions. Heredity 127, 10-20.

Burke, A.C., Nelson, C.E., Morgan, A.A., Tabin, C., 1995. Hox genes and the evolution of
vertebrate axial morphology. Development 121, 333-346.

Charlesworth, B., Charlesworth, D., 1999. The genetic basis of inbreeding depression.
Genet. Res. Camb. 74, 329-340.

Chernoff, N., Rogers, J.M., 2004. Supernumerary ribs in developmental toxicity
bioassays and in human populations: incidence and biological significance.

J. Toxicol. Environ. Health B. Crit. Rev. 7, 437-449.

Clopper, C.J., Pearson, E.S., 1934. The use of confidence or fiducial limits illustrated in
the case of the binomial. Biometrika 26, 404-413. https://doi.org/10.2307/
2331986.

Cohen, R.C., 1946. Pulmonary tuberculosis and pregnancy. Br. J. Tubercul. Dis. Chest 40,
10-48.

Cuxart Erruz, R., van Dooren, T.J.M., van der Geer, A.A.E., Galis, F., 2024. Increased
incidences of cervical ribs in deer indicate extinction risk. Proc. Natl. Acad. Sci. USA
121, e2406670121. https://doi.org/10.1073/pnas.2406670121.

Crimm, P.D., 1952. Evaluation of a five year minifilm program. Am. J. Roentg. 68,
240-246.

Cuvier, G., 1835. Lecons D’Anatomie Comparée, second ed. Crochard, Paris.

Daniel, T.M., 2006. The history of tuberculosis. Respir. Med. 1000, 1862-1870.

Deschamps, J., Duboule, D., 2017. Embryonic timing, axial stem cells, chromatin
dynamics, and the hox clock. Gene Dev. 31, 1406-1416.

Donoghue, H.D., Pap, L, Szikossy, I., Spigelman, M., 2011. Detection and
characterization of Mycobacterium tuberculosis DNA in 18th century hungarians with
pulmonary and extra-pulmonary tuberculosis. In: Gill-Frerking, H., Rosendahl, W.,
Zink, A., Piombiono-Mascali, D. (Eds.), Yearbook of Mummy Studies Volume 1.
Verlag Dr. Friedrich Pfeil, Munich, pp. 51-56.

Favier, B., Dollé, P., 1997. Developmental functions of Mammalian hox genes. Mol. Hum.
Reprod. 3, 115-131.

Figueroa-Damian, R., Arredondo-Garcia, J.L., 2001. Neonatal outcome of children born
to women with tuberculosis. Arch. Med. Res. 32, 66-69.

Fisher, R.A., 1934. Statistical Methods for Research Workers, fifth ed. Oliver & Boyd,
Edinburgh.

Fishel, A., 1906. Untersuchungen iiber die Wirbelsaule und den Brustkorb des Menschen.
Anat. Hefte 31, 462-588.

Fletcher, H.A., Donoghue, H.D., Holton, J., Pap, L., Spigelman, M., 2003. Widespread
occurrence of Mycobacterium tuberculosis DNA from 18th-19th century hungarians.
Am. J. Phys. Anthropol. 120, 144-152.

Furtado, L.V., Thaker, H.M., Erickson, L.K., Shirts, B.H., Opitz, J.M., 2011. Cervical ribs
are more prevalent in stillborn fetuses than in live-born infants and are strongly
associtated with fetal aneuploidy. Pediatr. Dev. Pathol. 14, 431-437.

Galis, F., 1999. Why do almost all mammals have seven cervical vertebrae?
Developmental constraints, hox genes, and cancer. J. Exp. Zool. B (Mol. Dev. Biol.)
285, 19-26.

Galis, F., 2023. Evolvability of body plans: on phylotypic stages, developmental
modularity and an ancient metazoan constraint. In: Hansen, T.F., Houle, D.,
Pavlicev, M., Pélabon, C. (Eds.), Evolvability: A unifying concept in Evolutionary
Biology. Chapter 16. MIT Press, Cambridge, MA.

Galis, F., Metz, J.A.J., 2001. Testing the vulnerability of the phylotypic stage. J. Exp.
Zool. B. (Mol. Dev. Evol.) 291, 195-204.

Galis, F., Schut, P.C., Cohen-Overbeek, T.E., ten Broek, C.M.A., 2021. Evolutionary and
developmental issues of cervical ribs. In: Illig, K.A., et al. (Eds.), Thoracic Outlet
Syndrome. Springer, pp. 23-35. https://doi.org/10.1007/978-3-030-55073-8 4.

Gémes, A., Mateovics-Laszlo, O., Anders, A., Raczky, P., Szabo, G., Somogyi, K., Keszi, T.,
Gyenesei, K.E., Kovacs, L.O., Marcsik, A., Szabd, L.D., Kiss, K., Kohler, K.,
Zoffmann, Z.K., Szeniczey, T., Hajdu, T., 2023. Tuberculosis in prehistory in eastern
central Europe (hungary) — chronological and geographical distribution.
Tuberculosis 143, 102396. https://doi.org/10.1016/j.tube.2023.102396.

Galis, F., Van Dooren, T.J., Feuth, J.D., Metz, J.A., Witkam, A., Ruinard, S., Steigenga, M.
J., Wijnaendts, L.C., 2006. Extreme selection in humans against homeotic
transformations of cervical vertebrae. Evolution 60, 2643-2654. https://doi.org/1
0.1111/j.0014-3820.2006.tb01896.x.


https://doi.org/10.1016/j.ydbio.2025.08.019
https://doi.org/10.1016/j.ydbio.2025.08.019
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref1
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref1
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref2
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref2
http://refhub.elsevier.com/S0012-1606(25)00236-2/optjSSHlGWSXL
http://refhub.elsevier.com/S0012-1606(25)00236-2/optjSSHlGWSXL
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref3
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref3
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref3
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref4
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref4
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref5
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref5
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt6UhNWuVQnk
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt6UhNWuVQnk
http://refhub.elsevier.com/S0012-1606(25)00236-2/optpgsFnyBuq3
http://refhub.elsevier.com/S0012-1606(25)00236-2/optpgsFnyBuq3
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref8
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref8
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref8
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref9
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref9
http://refhub.elsevier.com/S0012-1606(25)00236-2/optO5Qa3gImiJ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optO5Qa3gImiJ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optO5Qa3gImiJ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optO5Qa3gImiJ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optlxhkRcJUNb
http://refhub.elsevier.com/S0012-1606(25)00236-2/optlxhkRcJUNb
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref11
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref11
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref11
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref12
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref12
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref13
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref13
http://refhub.elsevier.com/S0012-1606(25)00236-2/optbS6f2LmpIZ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optbS6f2LmpIZ
http://refhub.elsevier.com/S0012-1606(25)00236-2/optbS6f2LmpIZ
https://doi.org/10.2307/2331986
https://doi.org/10.2307/2331986
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref16
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref16
https://doi.org/10.1073/pnas.2406670121
http://refhub.elsevier.com/S0012-1606(25)00236-2/optxTM8m1BAoq
http://refhub.elsevier.com/S0012-1606(25)00236-2/optxTM8m1BAoq
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref18
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref19
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref20
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref20
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref21
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref21
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref21
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref21
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref21
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref22
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref22
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref23
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref23
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref24
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref24
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref25
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref25
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref26
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref26
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref26
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref27
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref27
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref27
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref28
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref28
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref28
http://refhub.elsevier.com/S0012-1606(25)00236-2/optMJAn3reWt5
http://refhub.elsevier.com/S0012-1606(25)00236-2/optMJAn3reWt5
https://doi.org/10.1007/978-3-030-55073-8_4
https://doi.org/10.1016/j.tube.2023.102396
https://doi.org/10.1111/j.0014-3820.2006.tb01896.x
https://doi.org/10.1111/j.0014-3820.2006.tb01896.x

F. Galis et al.

Gaunt, S.J., 1994. Conservation in the hox code during morphological evolution. Int. J.
Dev. Biol. 38, 549-552.

Gladstone, R.J., Wakeley, C.P.G., 1932. Cervical ribs and rudimentary first thoracic ribs
considered from the clinical and etiological standpoints. J. Anat. 66, 334-370.
Guerreiro, I., Nunes, A., Woltering, J.M., Casaca, A., Novoa, A., Vinagre, T., 2013. Role of
a polymorphism in a Hox/pax-Responsive enhancer in the evolution of the

vertebrate spine. Proc. Natl. Acad. Sci. USA 110, 10682-10686.

Henderson, M.S., 1913. Cervical rib: report of thirty-one cases. Am. J. Orthop. Surg. 11,
408-430.

Hoglund, J., 2009. The extinction vortex, is genetic variation related to extinction? Evol.
Conserv. Genet. 6, 45-66.

Jorgensen, K., 1998. Minipig in reproducton toxicology. Scand. J. Lab. Anim. Sci. 25,
63-76.

Keeling, J.W., Kjaer, 1., 1999. Cervical ribs: useful marker of monosomy X in fetal
hydrops. Pediatr. Dev. Pathol. 2, 119-123.

Kessel, M., Gruss, P., 1991. Homeotic transformations of murine vertebrae and
concomitant alteration of hox codes indued by retinoic acid. Cell 67, 89-104.

Kiss, K., Balint, M., Gémes, A., Marcsik, A., David, A., Evinger, S., Grof, P., Gréh, D.,
Gyenesei, K.E., Janos, 1., Koozsi, B., Kovacs, L.O., Mateovics-Laszl6, O., Libor, C.,
Merczi, M., Molndr, E., Németh, C.E., Pélfi, G., Perémi, A., Racz, Z., Spekker, O.,
Szdke, B.M., Téth, 1.Z., Téth, Z., Hajdu, T., Szeniczey, T., 2023. More than one
millennium (2nd-16th century CE) of the white plague in the carpathian Basin— new
cases, expanding knowledge. Tuberculosis 143, 102387. https://doi.org/10.1016/j.
tube.2023.102387.

Lanier, R.R., 1944. Length of first, twelfth, and accessory ribs in American whites and
negroes: their relationship to certain vertebral variations. Am. J. Phys. Anthropol. 2,
137-146.

Leboucq, H., 1898. Recherches sur les variations anatomiques de la premiere cote chez
I’homme. Arch. Biol. 15, 9-178.

Lee, 0.Y.C., Wu, H.H.T., Besra, G.S., Minnikin, D.E., Jaeger, H.Y., Maixner, F., Zink, A.,
Gasparik, M., Pap, 11, Bereczki, Z., Palfi, G., 2023. Sensitive lipid biomarker detection
for tuberculosis in late Neanderthal skeletons from subalyuk cave, Hungary.
Tuberculosis 143, 102420 sppl.

Li, Z.L., Shiota, K., 2000. Stage-specific homeotic vertebral transformations in mouse
fetuses induced by maternal hyperthermia during somitogenesis. Dev. Dyn. 216,
336-348. https://doi.org/10.1002/(SIC1)1097-0177(199912)216:4/5<336::AID-
DVDY3>3.0.CO, 2-5.

Lubinsky, M., 2015. Blastogenetic associations: general considerations. Am. J. Med.
Genet. A. 167A, 2589-2593.

Marcsik, A., Molnar, E., Szathmary, L., 2006. The Antiquity of Tuberculosis in Hungary:
the Skeletal Evidence, 101. Memorias do Instituto Oswaldo Cruz, pp. 67-71.

Massa, V., Cabrera, R.M., Menegola, E., Giavini, E., Finnell, R.H., 2005. Valproic acid-
induced skeletal malformations: associated gene expression cascades.
Pharmacogenet. Genom. 15, 787-800.

Masson, M., Molnar, E., Donoghue, H.D., Besra, G.S., Minnikin, D.E., Wu, H.H.T., Lee, O.
Y.-C., Bull, L.D., Palfi, G., 2013. Osteological and biomolecular evidence of a 7000-
year-old case of hypertrophic pulmonary osteopathy secondary to tuberculosis from
Neolithic Hungary. PLoS One 8 (10), e78252. https://doi.org/10.1371/journal.
pone.0078252.

May-Davis, S., 2017. Congenital malformations of the first sternal rib. J. Equine Vet. Sci.
49, 92-100.

Mclntyre, D.C., Rakshit, S., Yallowitz, A.R., Loken, L., Jeannotte, L., Capacchi, M.R.,
Wellik, D.M., 2007. Hox patterning of the vertebrate rib cage. Development 134,
2981-2989. https://doi.org/10.1242/dev.0075667.

McNally, E., Sandin, B., Wilkins, R.A., 1990. The ossification of the costal element of the
seventh cervical vertebra with particular reference to cervical ribs. J. Anat. 170,
125-129.

Merks, J.H., Smets, A.M., Van Rijn, R.R., Kobes, J., Caron, H.N., Maas, M., Hennekam, R.
C., 2005. Prevalence of rib anomalies in normal Caucasian children and childhood
cancer patients. Eur. J. Med. Genet. 48, 113-129.

Miele, K., Morris, S.B., Tepper, N.K., 2020. Tuberculosis in pregnancy. Obstet. Gynecol.
135, 1444-1453.

Oostra, R.J., Hennekam, R.C., de Rooij, L., Moorman, A.F., 2005. Malformations of the
axial skeletonin museum vrolik. I. Homeotic transformations and numerical
anomalies. Am. J. Med. Genet. A. 134, 268-281.

Ormerod, P., 2001. Tuberculosis in pregnancy and the puerperium. Thorax 56, 494-499.

Palma, A., Carini, F., 1990. Variation of the transverse apophysis of the 7% cervical
vertebra: anatomo-Radiological study of an isolated population. Arch. Ital. Anat.
Embriol. 95, 11-16.

Palfi, G., Molnar, E., Bereczki, Z., Coqueugniot, H., Dutour, O., Tillier, A.-M.,
Rosendahl, W., Sklanitz, A., Mester, Z., Maixner, F., Zink, A., Minnikin, D.E., Pap, L,
2023. Re-examination of the subalyk neanderthal remains uncovers signs of
probable TB infection (subalyuk cave, Hungary). Tuberculosis 123 (Suppl. 1),
102419.

Pap, L., Susa, E., Jozsa, L., 1997. Mummies from the 18th and 19th century Dominican
church of vac, Hungary. Acta Biol. Szeged. 42 (107), el2.

33

Developmental Biology 528 (2025) 27-33

Pap, 1., Jozsa, L., Repa, L., Bajzik, G., Lakhani, S.R., Donoghue, H.D., Spigelman, M.,
1999. 18-19th century tuberculosis in naturally mummified individuals (vac,
Hungary). In: Pélfi, G., Dutour, O., Dedk, J., Hutas, I. (Eds.), Tuberculosis past and
Present. Golden Book Publisher Ltd. Tuberculosis Foundation, pp. 421-428.

Pap, 1., Szikossy, 1., 2015. The mummies of the Hungarian natural history museum in
different exhibitions in Hungary and other countries. Annales historico-naturalies
Musei nationalis hungarici 107, 375-398.

Paterson, A.M., 1893. The human sacrum. Trans. R. Dub. Soc. 5, 123-204.

Pionnier, R., Depraz, A., 1956. Les anomalies costales d’origine congénital (étude
statistique d’apres 10000 radiographies). Radiol. Clin. 25, 170-186.

Rengasamy, P., Padmanabhan, R.R., 2004. Experimental studies on cervical and lumbar
ribs in mouse embryos. Congenital. Anom. 44, 156-171.

Reumer, J.W.F.,, ten Broek, C.M.A., Galis, F., 2014. Extraordinary incidence of cervical
ribs indicates vulnerable condition in late Pleistocene mammoths. PeerJ 2, e318.
https://doi.org/10.7717 /peerj.318.

Rogers, J.M., Mole, M.L., 1997. Critical periods of sensitivity to the developmental
toxicity of inhaled methanol in the CD-1 mouse. Teratology 55, 364-372.

Schut, P.C., Cohen-Overbeek, T.E., Galis, F., ten Broek, C.M.A., Steegers, E.A., Eggink, A.
J., 2016. Adverse fetal and neonatal outcome and an abnormal vertebral pattern: a
systematic review. Obstet. Gynecol. Surv. 71, 741-750.

Schut, P.C., Brosens, E., Van Dooren, T.J.M., Galis, F., ten Broek, C.M.A., Baijens, .M.M.,
Dremmen, M.H.G., Tibboel, D., Schol, M.P., de Klein, A., Eggink, A.J., Cohen-
Overbeek, T.E., 2020. Exploring copy number variants in deceased fetuses and
neonates with abnormal vertebral patterns and cervical ribs. Birth Defects Res 112,
1513-1525. https://doi.org/10.1002/bdr2.1786.

Sobhy, S., Babiker, Z., Zamora, J., Khan, K.S., Kunst, H., 2017. Maternal and perinatal
mortality and morbidity associated with tuberculosis during pregnancy and the
postpartum period: a systematic review and meta-analysis. BJOG 124 (5), 727-733.

Southam, A.H., Bythell, O.B.E., 1924. Cervical ribs in children. Br. Med. J. 844-845. Nov.
8.

Spear, J.K., Grabowski, M., Sehavati, Y., Costa, C.E., Goldstein, D.M., Petrullo, L.A.,
Petrullo, L.A., Peterson, A.L., Lee, A.B., Shattuck, M.R., Gomez-Olivencia, A.,
Williams, S.A., 2023. Evolution of vertebral numbers in Primates, with a focus on
hominoids and the last common ancestor of hominins and panins. J. Hum. Evol. 179,
103359.

Staderini, R., 1894. Ricerche statistische sulla frequenza delle varieta numeriche delle
vertebre nell;uomo. Monit. Zool. Ital. 5, 56-95.

Starck, D., 1979. Vergleichende Anatomie Der Wirbeltiere. Springer Verlag.

Steigenga, M.J., Ruinard, S., de Koning, J., Helmerhorst, F.M., Tijssen, A.M.1., Galis, F.,
2006. Evolutionary conserved structures as indicators of medical risks: increased
incidence of cervical ribs after ovarian hyperstimulation in mice. Anim. Biol. 56,
63-68. https://doi.org/10.1163/157075606775904696.

Steinbach, E., 1889. Die Zahl den Caudalwirbel beim Menschen. Ph.D. diss. University of
Berlin, Berlin.

Steiner, H.A., 1943. Roentgenologic manifestations and clinical symptoms of rib
abnormalities. Radiology 40, 175-178.

Sycamore, L.K., 1944. Common congenital anomalies of the bony thorax. Am. J. Roent.
51, 593-599.

Ten Broek, C.M.A., Bakker, A.J., VarelaLasheras, I., Bugiani, M., Van Dongen, S.,

Galis, F., 2012. Evo-devo of the human vertebral column: on homeotic
transformations, pathologies and prenatal selection. Evol. Biol. 39, 456-471.
https://doi.org/10.1007/511692-012-9196-1.

Topinard, P., 1877. Des anomalies de nombre de la colonne vertébrale chez I'’homme.
Rev. Anthropol. 6, 575-659.

Tubbs, R.S., Salter, E.G., Oakes, W.J., 2006. Klippel-feil anomaly with associated
rudimentary cervical ribs in a human skeleton: case report and review of the
literature. Folia Morphol. (Warsz) 65, 92-95.

van der Geer, A.A.E., Galis, F., 2017. High incidence of cervical ribs indicates vulnerable
condition in late Pleistocene woolly rhinoceroses. PeerJ 5, e3684.

Varela-Lasheras, 1., Bakker, A.J., van der Mije, S.D., Metz, J.A., van Alphen, J., Galis, F.,
2011. Breaking evolutionary and pleiotropic constraints in mammals: on sloths,
manatees and homeotic mutations. EvoDevo 2 (1), 11.

Wéry, N., Narotsky, M.G., Pacico, N., Kavlock, R.J., Picard, J.J., Gofflot, F., 2003. Defects
in cervical vertebrae in boric acid-exposed rat embryos are associated with anterior
shifts of hox gene expression domains. Birth Defects Res. Part A Clin. Mol. Teratol.
67, 59-67. https://doi.org/10.1002/bdra.10031.

Wilson, J.G., 1965. Methods for administering agents and detecting malformations in
experimental animals. In: Wilson, J.G., Wakany, J. (Eds.), Teratology: Principles and
Techniques. University of Chicago Press, Chicago.

Willis, T.A., 1923. The lumbo-sacral vertebral column in man, its stability of form and
function. Am. J. Anat. 32, 95-123.

Ziircher, K., Zwahlen, M., Ballif, M., Rieder, H.L., Egger, M., Fenner, L., 2016. Influenza
pandemics and tuberculosis mortality in 1889 and 1918: analysis of historical data
from Switzerland. PLoS One 11, e0162575.


http://refhub.elsevier.com/S0012-1606(25)00236-2/sref31
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref31
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref32
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref32
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref33
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref33
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref33
http://refhub.elsevier.com/S0012-1606(25)00236-2/optqkCFLo00rR
http://refhub.elsevier.com/S0012-1606(25)00236-2/optqkCFLo00rR
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref34
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref34
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref35
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref35
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref36
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref36
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref37
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref37
https://doi.org/10.1016/j.tube.2023.102387
https://doi.org/10.1016/j.tube.2023.102387
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref39
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref39
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref39
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref40
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref40
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref41
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref41
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref41
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref41
https://doi.org/10.1002/(SICI)1097-0177(199912)216:4/5<336::AID-DVDY3>3.0.CO
https://doi.org/10.1002/(SICI)1097-0177(199912)216:4/5<336::AID-DVDY3>3.0.CO
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref43
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref43
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref44
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref44
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref45
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref45
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref45
https://doi.org/10.1371/journal.pone.0078252
https://doi.org/10.1371/journal.pone.0078252
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref47
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref47
https://doi.org/10.1242/dev.0075667
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref49
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref49
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref49
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref51
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref51
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref51
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref52
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref52
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref53
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref53
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref53
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref54
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref55
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref55
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref55
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref56
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref56
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref56
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref56
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref56
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref57
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref57
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref58
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref58
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref58
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref58
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref59
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref59
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref59
http://refhub.elsevier.com/S0012-1606(25)00236-2/optvDs7rJdyh1
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref60
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref60
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref61
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref61
https://doi.org/10.7717/peerj.318
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref63
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref63
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref64
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref64
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref64
https://doi.org/10.1002/bdr2.1786
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref66
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref66
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref66
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt2cERLzVrU0
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt2cERLzVrU0
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref67
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref67
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref67
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref67
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref67
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref68
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref68
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref69
https://doi.org/10.1163/157075606775904696
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt9NKv1Pc0rt
http://refhub.elsevier.com/S0012-1606(25)00236-2/opt9NKv1Pc0rt
http://refhub.elsevier.com/S0012-1606(25)00236-2/opttYzriwcUDf
http://refhub.elsevier.com/S0012-1606(25)00236-2/opttYzriwcUDf
http://refhub.elsevier.com/S0012-1606(25)00236-2/optJvNOmhczzy
http://refhub.elsevier.com/S0012-1606(25)00236-2/optJvNOmhczzy
https://doi.org/10.1007/s11692-012-9196-1
http://refhub.elsevier.com/S0012-1606(25)00236-2/opth0mXA5H79h
http://refhub.elsevier.com/S0012-1606(25)00236-2/opth0mXA5H79h
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref72
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref72
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref72
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref73
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref73
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref74
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref74
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref74
https://doi.org/10.1002/bdra.10031
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref76
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref76
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref76
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref77
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref77
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref78
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref78
http://refhub.elsevier.com/S0012-1606(25)00236-2/sref78

	Unusually high prevalence of cervical ribs in an 18th-Century Hungarian town: The impact of a tuberculosis epidemic
	1 Introduction
	2 Methods
	2.1 Variations in vertebral identity and number
	2.2 Shifts of one or more vertebral boundaries
	2.3 Statistics

	3 Results
	3.1 Cervicothoracic boundary shifts
	3.2 Thoracolumbar boundary shifts
	3.3 Lumbosacral boundary shifts
	3.4 Co-occurrence and direction of vertebral boundary shifts
	3.5 Sex and vertebral boundary shifts
	3.6 Infectious status and vertebral boundary shifts

	4 Discussion
	4.1 Extremely high incidence of cervical ribs
	4.2 Homeotic transformations occurring simultaneously and in the same direction
	4.3 Cervical ribs and infectious status
	4.4 Cervical ribs are associated with other congenital anomalies and indicate vulnerability

	CRediT authorship contribution statement
	Funding sources
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


