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from occiput to sacrum in pigs with poor back
conformation, and relationship to juvenile
kyphosis
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Abstract

Background: Computed tomography (CT) is used to evaluate body composition and limb osteochondrosis in selec-
tion of breeding boars. Pigs also develop heritably predisposed abnormal curvature of the spine including juvenile
kyphosis. It has been suggested that osteochondrosis-like changes cause vertebral wedging and kyphosis, both of
which are identifiable by CT. The aim of the current study was to examine the spine from occiput to sacrum to map
changes and evaluate relationships, especially whether osteochondrosis caused juvenile kyphosis, in which case

CT could be used in selection against it. Whole-body CT scans were collected retrospectively from 37 Landrace or
Duroc boars with poor back conformation scores. Spine curvature and vertebral shape were evaluated, and all inter-
vertebral, articular process and rib joints from the occiput to the sacrum were assessed for osteochondrosis and other
lesions.

Results: Twenty-seven of the 37 (73%) pigs had normal spine curvature, whereas 10/37 (27%) pigs had abnormal
curvature and all of them had wedge vertebrae. The 37 pigs had 875 focal lesions in articular process and rib joints,
98.5% of which represented stages of osteochondrosis. Five of the 37 pigs had focal lesions in other parts of vertebrae,
mainly consisting of vertebral body osteochondrosis. The 10 pigs with abnormal curvature had 21 wedge vertebrae,
comprising 10 vertebrae without focal lesions, six ventral wedge vertebrae with ventral osteochondrosis lesions and
five dorsal wedge vertebrae with lesions in the neuro-central synchondrosis, articular process or rib joints.

Conclusions: Computed tomography was suited for identification of wedge vertebrae, and kyphosis was due to
ventral wedge vertebrae compatible with heritably predisposed vertebral body osteochondrosis. Articular process
and rib joint osteochondrosis may represent incidental findings in wedge vertebrae. The role of the neuro-central
synchondrosis in the pathogenesis of vertebral wedging warrants further investigation.

Keywords: Helical computed tomography, Juvenile (Scheuermann’s) kyphosis, Neuro-central synchondrosis,
Osteochondrosis, Swine, Vascular failure, Wedge vertebra, Zygapophyseal joint
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imprecisely. In the current report, the term “humpback”
will be used to denote abnormal dorsal deviation and the
term “dipped back” will be used to denote abnormal ven-
tral deviation of the conformation of the back. The terms
“kyphosis, “lordosis” and “scoliosis” will be used when
referring to abnormal dorsal, ventral or lateral curvature
of the spine, respectively. Dipped and humpback can
occur without abnormal spine curvature, in which case
the conformations are most often considered postural
responses to limb pain [2, 3]. The reported prevalence of
humpback is 2.5-11.4% [4] but there are outbreaks where
30-35% of pigs have to be destroyed due to humpback [5,
6]. In one case series, 58% of pigs with humpback showed
no clinical signs [2], but humpback is also associated
with signs of spinal cord compression ranging from dif-
ficulty rising to life-threatening paraplegia [2, 7]. Some
authors note other diseases in the herd around the time
that humpback manifests, including pneumonia [2, 4].
Slower growth rate is documented in pigs with kyphosis,
to the extent that pigs might fail to reach slaughter weight
[4]. Holl et al. [8] describes kyphosis without humpback
at necropsy and considers that the structural abnormali-
ties could cause difficulty boning out and reduced carcass
value. Thus, irrespective of the degree to which hump-
back causes clinical signs, it is an indication of a problem
in the herd and, for sustainable production, the condition
must be addressed [4]. Holl et al. [8] estimates the her-
itability of kyphosis at necropsy at 0.32, meaning that if
humpback is appropriately categorised, it should be pos-
sible to reduce prevalence through selective breeding.

With respect to appropriate categorisation, the litera-
ture contains anatomical descriptions relevant to pigs of
the current examined 146-175-day age range that bears
repetition because it is not well-known and repeating it
will facilitate reading this report. Vertebrae consist of a
body and a neural arch (Fig. 1a-b).

The vertebral body resembles a limb long bone in that
there is a primary, diaphyseal ossification centre in the
middle (Fig. 1c-d) and one secondary, epiphyseal ossi-
fication centre at each of the cranial and caudal ends
(Fig. 1d) [1, 9, 10]. Between the primary and secondary
ossification centres, there is a metaphyseal growth plate
or physis, and between the secondary ossification cen-
tre and the intervertebral, fibrocartilaginous disc joint,
there is epiphyseal growth cartilage (Fig. 1d) [1, 9, 10].
The secondary ossification centres cover the entire cra-
nial and caudal ends of the vertebral body, but the pri-
mary ossification centre is only responsible for forming
the ventral 2/3 of the vertebral mid-body (Fig. 1d) [9,
10]. In the region where the neural arch meets the ver-
tebral body, or centrum, there is a structure known as
the neuro-central synchondrosis (Fig. 1c-d) [9, 10]. The
synchondrosis consists of bidirectional growth cartilage
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(Fig. 1e-f), thus contributing both to the dorsal 1/3 of the
vertebral body and to the neural arch [9, 10]. The neu-
ral arch forms from a separate pair of primary ossifica-
tion centres located within the left and right demi-arches,
respectively (Fig. 1c) [9, 10]. The neural arch has several
protrusions, most notably the cranial and caudal articu-
lar processes that meet at the synovial articular process
joints (Fig. 1b) (synonyms: zygapophyseal or facet joints)
[9, 10]. The articular processes have secondary ossifica-
tion centres (Fig. 1d), meaning that like vertebral bod-
ies, they also have physes and sub-articular epiphyseal
growth cartilage [9, 10]. In the thoracic segment, adjacent
vertebral bodies articulate with the head of a rib at the
caudal and cranial costal foveae near the neuro-central
synchondrosis to form one costo-vertebral joint (Fig. 1b)
[9, 10]. The rib tubercle articulates with the costal foveal
of the transverse process to form one costo-transverse
joint (Fig. 1a-b) [9, 10], and the transverse process has a
secondary ossification centre that is also surrounded by
growth cartilage.

Vertebral growth cartilage has a blood supply
(Fig. le-f), most systematically described in humans
[11, 12] and rabbits [13, 14]. This is relevant because
in the limbs of pigs, the temporary, end-arterial blood
supply to growth cartilage can fail and initiate osteo-
chondrosis [15]. Failure is usually presumed to be her-
itably predisposed, but bacteraemia from acquired
infections can also occlude vessels and trigger the same
pathogenesis as heritable, aseptic vascular failure [16,
17]. In sub-articular epiphyseal growth cartilage, vas-
cular failure leads to ischaemic chondronecrosis [15],
whereas in the physis, it leads to retention of viable
hypertrophic chondrocytes [18] and in both locations,
the areas of de-vascularised cartilage resist replacement
by bone and cause the focal delay in endochondral ossi-
fication that is the definition of osteochondrosis [3, 19].
Articular osteochondrosis can resolve, or progress to
osteochondrosis dissecans (OCD) or subchondral bone
cysts [20]. Physeal osteochondrosis also resolves [21]
but has been associated with valgus/varus angular limb
deformities that manifest some months later [19]. There
are similarities between the bone angulation associated
with physeal osteochondrosis [19] and the vertebral
wedging that occurs in juvenile kyphosis, lordosis and
scoliosis. Nielsen et al. [1] and Corradi et al. [5] noted
that the ventral half of secondary, epiphyseal ossifica-
tion centres was absent in ventrally wedged vertebrae
(excessively short ventral contour) from pigs with juve-
nile kyphosis, which instead contained dysplastic or
degenerated cartilage with failed or obstructed vessels,
potentially analogous to the vascular failure that occurs
in limb osteochondrosis [15, 18]. Osteochondrosis has
been described in the dorsally located articular process
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Fig. 1 Vertebral anatomy, ossification centres and growth cartilage. a-b. Vertebrae consist of a body and a neural arch. b. The cranial and caudal
articular facets (dark and light green) meet at the articular process joints. b. Adjacent vertebral bodies articulate with the head of a rib at the

caudal and cranial costal foveae (dark and light blue) to form the costo-vertebral joint. a-b. The rib tubercle articulates with the costal fovea of the
transverse process (red) to form the costo-transverse joint. ¢-d. The primary ossification centre (1°) is responsible for forming the ventral 2/3 of

the vertebral midbody, whereas d. the secondary ossification centres (2°) cover the entire cranial and caudal ends of the vertebral body. c-d. The
body and arch meet at the neuro-central synchondrosis (labelled). c. The neural arch forms from a pair of primary ossification centres (1°) located
within the left and right demi-arches, respectively, and ¢-d. the spinous process, transverse process and cranial and caudal articular processes have
secondary ossification centres (2°). d-e. Between primary and secondary ossification centres, there are metaphyseal growth plates or physes (P) and
superficial to secondary ossification centres, there is epiphyseal growth cartilage (EGC). e-f. The growth cartilage of the physes and synchondrosis
(S) contains patent vessels or eosinophilic streaks (arrowheads) representing the cartilage canal blood supply. f. The synchondrosis is bidirectional
and contains one proliferative zone (PFZ1) contributing to the neural arch and a second proliferative zone (PFZ2) forming the dorsal 1/3 of the
vertebral midbody. a-b. Tracing of T7 from photograph; a. cranial view, b. lateral view. c-d. Simplified indication of ossification centres from CT scans
on top of tracings; a. mid-body transverse plane, b. lateral view. e-f. Para-sagittal histological section from T4-T5 of a 12 kg mixed-breed piglet; e.

10x; f. 100x magnification, haematoxylin and eosin

joints of pigs [3, 19], but it is not known whether this
can cause dorsal wedging (excessively short dorsal con-
tour) and lordosis. As will be discussed, scoliosis has
been experimentally induced in pigs [22], but this is
usually done through physical tethering and does not
give any information about whether spontaneous lat-
eral wedging (excessively short left or right contour) is
likely to occur by any heritable, osteochondrosis-like

mechanism. Computed tomography (CT) is used to
quantify lean tissue for boar selection in some pig pop-
ulations [23], and it has also been validated as a screen-
ing tool for osteochondrosis in limb joints [24] and
physes [18]. In the literature, there is an understandable
tendency to focus on smaller parts of spine or vertebrae
at a time. We had access to whole-body CT scans and
in this initial study, we wanted to evaluate as much of
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the spine as possible to generate a representative over-
view of lesions and relationships upon which to base
future research and selection efforts.

The aim of the current study was to evaluate the spine
from occiput to sacrum to map changes and evaluate
relationships, especially whether abnormal curvature was
due to osteochondrosis, in which case CT could be used
in selection against it.

Results

Number of pigs, vertebrae, transitional vertebrae

and joints assessed

There were 37 pigs and the conformation score, weight
and breed of each pig are listed in Table 1. Pigs that
received medical treatments were labelled with an aster-
isk, and all available treatment details are listed in Sup-
plemental Table 1.

A total of 1204 vertebrae were counted in the 37 pigs,
corresponding to a median of 33 vertebrae per pig and
a formula of C7+T16+ L6+ S4 (Table 1). The number
of thoracic and sacral vertebrae was fixed. The number
of thoracic vertebrae ranged from 14 to 17 (mean: 15.6).
The number of lumbar vertebrae ranged from 5 to 6, and
all four pigs with five lumbar vertebrae had transitional
vertebrae (Table 1). Transitional vertebrae only occurred
at the thoraco-lumbar junction, represented thoracisa-
tion of lumbar vertebrae/lumbar ribs (Fig. 2) and were
counted with thoracic vertebrae. Transitional vertebrae
occurred in 8/37 (22%) pigs: the four pigs with five lum-
bar vertebrae, and a further four pigs with six lumbar
vertebrae (Table 1). Spine curvature was normal at tran-
sitional vertebrae, even in pigs 4 (Fig. 2b) and 16 where
the transitional vertebra was asymmetric in terms of hav-
ing only one rib. Rib head and tubercle joints tended to
merge into a single articulation from T11, thus a total of
3801 joints were assessed in the 37 pigs (mean: 103 joints
per pig; Table 1 legend).

Pigs with abnormal spine curvature and abnormal
vertebrae
Twenty-seven of the 37 (73%) pigs had normal spine cur-
vature and 10/37 (27%) pigs had abnormal curvatures in
the thoracic segment, listed in Table 2. The 10 pigs had a
total of 22 abnormal curvatures. Kyphosis was the most
common abnormal curvature, present in eight pigs. Pig
8 had just kyphosis and pig 34 had just lordosis, whereas
the remaining eight pigs had multiple abnormalities,
of which kyphosis and lordosis were the most common
combination, present in four pigs (Table 2). Pig 7* was the
only pig that had all three abnormalities kyphosis, lordo-
sis and scoliosis.

At the site of abnormal curvature, the 10 pigs had 21
wedge vertebrae (Table 2). Ventral wedge vertebrae T13
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and T14 in pig 8 represented a block vertebra but were
counted as two vertebrae because there were two primary
ossification centres within the body of the block vertebra
(see below). Left or right wedging was only observed in
combination with dorsal or ventral wedging. Ventral
wedging was most common, occurring in 12 vertebrae,
whereas dorsal wedging occurred in nine vertebrae and
the four times that lateral wedging occurred were dis-
tributed equally as two times in ventral wedge and two
times in dorsal wedge vertebrae (Table 2). Three pigs had
one wedge vertebra, whereas seven pigs had from 2 to 4
wedge vertebrae each. Pig 15* was the only pig that had
four wedge vertebrae.

Focal lesions in articular process and rib head and tubercle
joints — per pig

The 37 pigs had 875 focal lesions in their articular pro-
cess and rib head and tubercle joints, and the distribution
of lesions per pig, important for selection, is shown in
Table 3. Please note that the sum of one-sided and multi-
sided lesions meant that the total number of affected
articulations was 662 (Table 3). The pigs had a mean of
23.6 lesions each (range: 8—94), affecting a mean of 12.5
vertebrae per pig (range: 6—24). When correcting for var-
iation in vertebral number, this corresponded to a mean
percentage of 44.1% affected vertebrae per pig (range:
20-88.9%; Table 3).

Seven pigs were negative in the cervical segment and
one pig was negative in the thoracic segment, but all pigs
had two or more lesions in at least one vertebra of the
lumbar segment (Table 3). In absolute numbers, there
were 114 cervical lesions, 361 thoracic lesions (189 artic-
ular process and 172 rib joint lesions) and 400 lumbar
lesions. In relative terms, there were 30.9% affected ver-
tebrae in the cervical segment, 37.1% affected vertebrae
in the thoracic segment and 77.5% affected vertebrae
in the lumbar segment. This translated to a mean of 1.4
lesions, 1.7 lesions and 2.4 lesions per affected vertebra in
the cervical, thoracic and lumbar segments, respectively,
thus the lumbar segment was over-represented in abso-
lute number of lesions, percentage of affected vertebrae
and number of lesions per affected vertebra (Table 3).

For the entire spine, 39.5% of lesions were left-right
symmetric and 60.5% were asymmetric (averaged from
Table 3), but there were~72-75% asymmetric lesions
in the cervical and thoracic segments, and only 34.5%
asymmetric lesions in the lumbar segments, thus asym-
metry could be greater in some segments than the overall
spine percentage suggested. Conversely, a mean 52.2% of
lesions were one-sided (cranial, rib or caudal side only;
Table 4), and this percentage stayed within +/— 8% of
50% for all segments (Table 4).



Page 5 of 26

(2022) 18:44

Olstad et al. BMC Veterinary Research

- - L e 14 9 Sl L s0inQ Byozl S1esapop eqduiny [43
- - Ll e v 9 Sl L s0inQ o) 91eI3POW reqdwiny L€
- - 4! 7 €g v 9 9l L adeipuer ByozL 91eI19PON yeqduiny 0€
3] <1ybL Ing ‘sapis yiog 9lL 4! €L €€ v 9 9l L aeipueT] Bx0c1 91eI9POIN oeqduinyy 67
- - L Il ce v 9 Sl / >0inQ By 0zL 91RIDPON ypeqduiny 8T
- - 4! €L €€ 4 9 9l L adelpue ByozL 91RISPOW oeqduny LT
- - Ll €l s v 9 Sl L oeIpUE] ByozL 91RISPOW $egdwiny 9T
- - 4l 433 4 9 91 / s0inQ B0zl Seispon $pegdwiny 5T
- - Ll Ll €€ 4 9 91 L 0inQ BrocL  esspony $regdwiny vT
- - L Il €€ v 9 9l / >0inQ ByozL 91eI139PON ypeqduiny £
1461 < 3] Inq 's3PIs Yiog ann 4 €L €€ 4 S Al / ddelpue] Byozt 91eISPOW oeqduinyy R4
- - 4! €L e % 9 Sl L s0inQ o] 91eISPOW oegduwiny ¥
- - Ll Ll ze 4 9 Sl L adelpue ByozL 21ISPOW egdwiny 0T
- - 4! L gg v 9 9l / delpueT Br0z1 91eI3POIN $reqdwiny 6l
EIEVEIN 3oeq paddig
- - Ll 7 €g v 9 9l / delpue] Bx0z1 21913 $egdwiny 8l
- - L lLee ¥ 9 Sl / s0In( Byozl EIEIEN }oeq paddig Ll
Ajuo ya /1L LL €L vE 4 9 Al / ddelpue] B0t RELCN ’oeq paddig 9l
- - 4! €l €€ v 9 ol / aelpueT ByozL BEICN *¥2eq paddig Sl
sapIs yiog Sl L 1 Le 14 S Sl / s0inQ Byozl SIEIEN }oeq paddig vl
- - 4! L ogg v 9 9l / ddelpue ByozL SEICN #2eq paddig €l
- - L 144 4 9 Sl / adeipue £3001 EIEIEN %oeq paddig L
- - Ll vLoo€g 14 9 9l / ddelpue] B3001 SIEIEN ¥2eq paddig Ll
- - Sl gL gg 4 9 9l / adelpue B3001 EIETEN %oeq paddig 0l
- - €l €Loce 4 9 Sl / adeipuer B3001 SIEVEN »peq paddig 6
- - 4! Ll L€ v 9 oSl L s0ing B%001 EIETEN }2eq paddig 38
- - Ll €L ve 4 9 Al / ddelpue] B001 21913 *oeq paddig L
S9pIs Liog olL 4] €€ v 9 ol / Callelllcy B3001 EEICN 2eq paddig 9
- - LL [ 14 9 9l L adelpue] BY001 SIEIEN »eq paddig S
Ajuo ya1 9Ll 4! 43 4 S 9l L adelpue B3001 SIEIEN oeq paddig %
- - Ll vl e v 9 L1 L aelpueT B%001 EIEIEN oeq paddig €
S9pIs yiog 9lL Ll €L ogg v 9 9l L adelpue B001 BIEVEIS oeq paddig R4
- - Ll oL ce v 9 Sl / ddelpue] B3001 SEICN #2eq paddig l
deIgolIdoA  jedbiaw eigDIBA OBI(D)1IOA DRIQOMDIA DICDOMIDA DRI(DLIDA
qry [euonisuel] suofqiy [eulpnuy wns |eides Jequin]  JpeIoy| |es31A1) pasig Wb1IvM 8100§  uolewW.IojuU0) bid
sbid L 3|qeL



Page 6 of 26

(2022) 18:44

Olstad et al. BMC Veterinary Research

Lz 61d Ul BAG31ISA [BUIDIIUE 3U3 JO UOHEIYIUSPI 1991100 UM P3I34I33ul 3Ry Aew BuIBpam [eigalian g

21091I3A 320|q 3Y} 40 APOQ 3Y) Ul S3IIUSD UOIEIYISSO Alewiid OM] 219M 213} 9SNEIIQ SLIGILIDA OM] SB PIIUNOD DISM INQ BIGILSA XD0|g € 0} pasnyalam || pue €11 ‘g bid uj,

L 3|qe] [esuawiajddng Ul paspeWWNS 3Je S|Ie1SP 3|ge|IRAR || HSLIS1Se Ue UM P3][3ge| 3. Ssjuawies) [edlpaw paAedal jeyl sbid

sjulof | 08€ = (syulof ssad0.d Jejndinie 9ey + |[eigamIRAIRIUL 81 7) Sulol Jequun| 59 + (s3utof qu [pabiaw
89¢ + d1esedas z0€] 0£9 + ss9204d Jejndinie 85| | + [BIQIIDAIDIUI 6/G) SIUIO[ D1DRIOY] £OtT + (SIUIOf SS2304d JRINdILIe $i7iy + |RIGR1ISAIDIUL 6GT + [eNdIDD0-01uUR1e £€) SIUIO[ [BDIAIDD Ot/ :PA1BN|EAD SUlOf JO JSqUINN

Gl vl vE 4 9 L1 L Xe
Ll ol L€ 4 S vl / U
L 7L €g ¥ 9 9l L uelpsiy
oLl 44 v 6 961 L uesy

B0zl sbid sz yoq |

>oing el 64001 sbidzl eweispow gl yoeqdwiny gl
Squ 71 sbid g [y ISt vOCL 8yl 81T 645 65 9dBIpURT T s61d /¢ 219N 61 fdeg paddip /| wns
- - IEVEIN 4! L€ 4 9 vl / >0inQ ByocL 31eI9PON peqduwiny L€
- - 4 Cl 143 14 9 Sl / s0inQ 63071 91RISPO soeqdwiny 9¢
13| < b1 Ing ‘sapis yiog 911 Zl 4 4 ¥ S 91 / 9oeIpUET By0cL 91RISPO speqdwiny Ge
- - Ll €l €€ v 9 9l L aeIpUE] B0zl 91RISPOIN peqduwiny vE
- - 4! 4! X3 4 9 vl / >0inQ By ozl 91RISPON pegdwny o€

deICPMI9A e dbiow  eIgRMIDA 9RIQD1I9A DRIQDIISA DJBICRMSIA DRIGINIBA

qiy [euonisuel] suofqiy [eulpnuy wns |eides Jequin]  JpeIoy]  [edIAIR) pasig WbvMm 100§  uonew.loju0) bid

(PanupuOd) | 3jqey



Olstad et al. BMC Veterinary Research (2022) 18:44

Page 7 of 26

curvature is normal. a-b. 3D model, dorsal view

AE. ‘ Right
Fig. 2 Transitional vertebrae with characteristics of both the cranially and caudally adjacent segments. a. Pig 14 has a transitional vertebra T15

at the thoraco-lumbar junction with both a left and a right rib (arrows), and five lumbar vertebrae. The spine curvature is normal.b. Pig 4 has a
transitional vertebra T16 at the thoraco-lumbar junction that is asymmetric in the sense that it only has one rib on the left side (arrow), but spine

The 875 lesions comprised 589 osteochondrosis
lesions (Fig. 3a), 215 OCD lesions (Fig. 3b), 58 cysts
(Fig. 3c) (sum: 862/98.5%) and 13 (1.5%) miscellaneous
other lesions (Table 3). The 13 other lesions included
two cervical and one lumbar articular process joint
with osteoarthritis (Fig. 3e-f) (two-sided; six lesions),
one articular process joint where both sides were short-
ened and widened (two “stumps”) potentially represent-
ing deformity or callus, and five miscellaneous, atypical
lesions in three articular process and rib joints of pig
35: one step deformity (two-sided), one double line and
one “flake” of hyperdense material in the joint space
(two-sided; Table 3). The proportion of osteochondro-
sis lesions was higher at 78.9% in the cervical, compared
to 65.4 and 65.8% in the thoracic and lumbar segments,
respectively.

Focal lesions in articular process and rib head and tubercle
joints - per articulation level

The distribution of the 875 lesions among the 30 articula-
tion levels (articular process and rib joints combined at
each vertebral junction), important for predilection and
pathogenesis, is summarised in Table 4, and the raw data
for Table 4 are in Supplemental Table 2. Not all pigs had
T15-17 or L1, but with the reservation that these articu-
lation levels were not representative, the range of lesions
per level was from 7 to 73 lesions (mean: 29.2). The least
affected level with seven lesions was the atlanto-occipital

joint, whereas the most affected level within the cervi-
cal segment was C3—4 with 26 lesions. The most affected
level in the thoracic segment was T3—4 with 37 lesions,
whereas L2-3 was the most affected level both within
the lumbar segment and the spine overall with 73 lesions
(Table 4).

When shown per location (Table 4) as opposed to per
pig (Table 3), it was clear that whether the left or right
side of the pig was affected remained within +/—6% of
50% in all segments, whereas for single-sided lesions,
the caudal side was affected 8% more often than the cra-
nial side in the cervical segment and the cranial side was
affected ~ 32% more often than the caudal side in the tho-
racic and lumbar segments, respectively.

Focal lesions in parts of vertebrae other than articular
process and rib joints

Five pigs had focal lesions in parts of 13 vertebrae other
than the articular process and rib joints, detailed in
Table 5. There were 21 lesions, comprising 11 osteochon-
drosis lesions and 10 other, variably osteochondrosis-
related lesions.

Pig 5 had lesions at C6-7 without wedging. In the
body of C6, there was an OCD lesion towards the floor
of the vertebral canal, originating in the growth carti-
lage of the neuro-central synchondrosis (Fig. 4), and a
cyst in the right transverse process. The caudal meta-
physeal growth cartilage of C6 was thinner and more
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Table 2 Ten pigs with abnormal curvature
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Pig Abnormal curvature Wedge vertebra Vertebral lesions Articular process and rib  Lesion and curvature
joint lesions match
1 Kyphosis T4 ventral wedge No No No
Lordosis T10 dorsal wedge No Left and right articular Dorsal lesions and wedge
process OC* match
2" Kyphosis T5 ventral wedge No No No
Lordosis T7 dorsal wedge No No No
7 Kyphosis T6 ventral wedge No No No
Lordosis T7 dorsal wedge and Neuro-central synchondro-  No Dorsal lesions and wedge
fracture sis fracture match
Lordosis, scoliosis T8 dorsal and left wedge No No No

T14 left cranio-ventral cyst;
T15 left cranio-ventral OC;
T15 left caudo-ventral scle-

8 Kyphosis T14-15 ventral wedge
block vertebra and right
shift
rosis; multiple transverse
process lesions
11 Kyphosis, scoliosis T16 ventral and right

wedge

Right caudo-ventral right
0oC

12° Kyphosis T3 ventral wedge No
Lordosis T8 dorsal wedge No
15" Kyphosis T4-5 mild ventral wedge No
Lordosis T8-9 mild dorsal wedge No
18" Lordosis, scoliosis T9 dorsal and left wedge No
21 Kyphosis T13 ventral wedge Left cranio-ventral OCD

Kyphosis, scoliosis

T14 ventral and left wedge,
spondylosis

Midline cranio-ventral OCD
and spondylosis; left caudo-
ventral OC

Kyphosis T15 ventral wedge Mid-to-left caudo-ventral
cyst
34 Lordosis T9 dorsal wedge No
10 pigs 22 curvatures: 21 wedge vertebrae: 10 pigs:
10 kyphosis 12 ventral wedge 6 pigs no lesions
8 lordosis 9 dorsal wedge 4 pigs lesions
4 scoliosis 4 lateral wedge

Multiple articular process
joint lesions

No

No
No
No

T8 left articular process OC;
T9 left articular process
ocpP

No
No

No

No

Right side articular process
joint double line

10 pigs:

7 pigs no lesions

3 pigs lesions

Ventral lesions and wedg-
ing match, but also dorsal
lesions

Right ventral lesions and
wedge match

No
No
No

Dorsal lesions and wedge
match; left side mismatch

No

Ventral lesion and wedge
match; left side mismatch

Ventral and left lesions and
wedge match

Ventral lesion and wedge
match:; left side mismatch

Dorsal lesion and wedge
match; right side mismatch
10 pigs:

3 pigs no match

4 pigs match

3 pigs partial match

" Pigs that received medical treatments are labelled with an asterisk
2 OC Osteochondrosis

b OCD Osteochondrosis dissecans

heterogeneous in density than neighbouring growth
plates, potentially compatible with radiological “physi-
tis”, and the ventral parts of C6 and C7 were connected
by a small, bony bridge/spondylosis. In pig 7%, the neuro-
central synchondroses increased symmetrically from
normal thickness cranially to 2-3 times normal thick-
ness caudally within T7 (Fig. 5a-c). This could represent
disturbed ossification, but as the adjacent vertebrae were
prominently wedged (Fig. 5¢-d), it was considered more
likely that the lesion reflected pathological, Type I Salter-
Harris fracture of the synchondroses in T7, secondary to
the adjacent wedging.

Pig 11 had a single, multi-lobulated osteochondrosis
lesion affecting both the physis and the epiphyseal growth
cartilage caudally in T16 (Fig. 6), associated with ventral
and right wedging, kyphosis and lordosis (Table 2). Pig 21
had multi-lobulated osteochondrosis lesions cranio- and
caudo-ventrally in T14 (Fig. 7a-b), an OCD lesion cranio-
ventrally in T13 (Fig. 7a) and a cyst caudally in T15
(Fig. 7a, c), all of which were also ventral wedge vertebrae
associated with kyphosis (Fig. 7d; Table 2). A smooth,
bony spur extended from the cranio-ventral aspect of
T14 towards the caudo-ventral aspect of T13, interpreted
as bone bridge formation/spondylosis (Fig. 7a, d).
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left-dorsal-to-right-ventral oblique view

Fig. 3 Articular process and rib joint osteochondrosis, osteochondrosis dissecans (OCD), cyst and osteoarthritis. a. Pig 20. There is a multi-focal,
sharply demarcated, uniformly hypodense defect (dashed lines) categorised as a multi-lobulated osteochondrosis lesion in the right caudal articular
process of C7. b. Pig 22. There is a mineral hyperdense body (arrow) categorised as an OCD lesion in the joint between the caudal costal facet of T3
and the head of the fourth rib on the left side. c. Pig 24. There is a roughly spherical defect (arrow) categorised as a cyst in the left caudal articular
process of L2. d-e. Pig 24. The joint space is irregular, and there is subchondral bone sclerosis (arrows) and periarticular osteophytes (arrowheads)
categorised as osteoarthritis of the left articular process joint of L3-L4. a-b. Transverse plane. c-d. Dorsal plane. e. 3D model, left and slightly

Pig 8 had a small transverse process on the left side
of C6, apparently fused to the transverse process of
C7, whereas the left transverse process of C5 was large
and matched the right transverse process of C6 in size,
compatible with malformation/“transposition” of the
left transverse process of C6 to C5 (Fig. 8a-b). The disc
and secondary ossification centres were absent between
T13-14, which were fused into a ventrally wedged block
vertebra (Fig. 8c-f). A somewhat oblique, hyperdense line
marked the junction between the primary ossification
centres, and T14 was located slightly to the right of T13,
causing the spinal axis to shift to the right from T14 cau-
dally (Fig. 8d-e). The block vertebra articulated with three

pairs of ribs (Fig. 8e-f), and there were multiple changes
in the transverse processes of T11-15, including absence,
new bone formation and size and shape abnormalities
(listed in the legend of Table 5). There were remnants of
very small osteochondrosis lesions in T13-L1, listed in
Table 5.

Relationship between focal lesions and wedge vertebrae
There were 10 pigs with wedge vertebrae, and of
these, pigs 2% 12* and 18* had focal lesions elsewhere
in the spine (Table 3), but not in the wedge vertebrae
(Table 2).
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Fig. 4 Osteochondrosis dissecans (OCD) in the neuro-central synchondrosis of pig 5. a. There is an OCD lesion (arrow) located towards the floor of
the vertebral canal caudally in Cé. a. The lesion (arrow) is located cranial to the caudal physis of C6, and b-d. near the midline, corresponding to the
neuro-central synchondrosis. a. Sagittal plane. b. Dorsal plane. . Transverse plane. d. 3D model, caudal and slightly right-to-left oblique view

Pigs 11 and 21 had both: osteochondrosis lesions
ventrally in intervertebral joints and: ventral wedging
(Table 2). This included the mismatch that there were
left lesions, without left-sided wedging in T13 and T15
of pig 21. Similar co-localization was apparent between
ventral, left-sided intervertebral osteochondrosis and
ventral wedging, fusion and right-shifting of T13-14
in pig 8, but these ventrally wedged vertebrae also had
small lesions in the dorsally located articular process
joints (Table 2).

Conversely, pigs 1, 15* and 34 had both: osteochondro-
sis lesions in dorsal articular process and rib joints and:
dorsal wedging (Table 2). Of these, pig 1 had symmet-
ric lesions and wedging, whereas pig 15* had left-sided
lesions without left wedging and pig 34 had right-sided
lesions without right wedging. Finally, pig 7* had both a
neuro-central synchondrosis lesion and dorsal wedging
of T7, but it is not known whether the lesion was a conse-
quence, or the cause of the wedging.

In sum, there were 21 wedge vertebrae and on 10 occa-
sions, they contained no lesions, whereas on six occa-
sions, ventral wedge vertebrae contained lesions ventrally
in intervertebral joints and on five occasions, dorsal
wedge vertebrae contained lesions in the dorsally located
synchondrosis, articular process or rib joints.

Discussion

The main finding was that 73% of the pigs with poor
back conformation had normal spines, whereas 27% of
the pigs had abnormal spines and all of them had wedge
vertebrae.

Vertebral number and transitional vertebrae

The number of vertebrae varied, but the current study
contained too few pigs to make any inferences about the
relationship between vertebral number and abnormal
curvature. In Holl et al’s [8] heritability study with > 1500
pigs, there was no correlation between kyphosis and
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Fig. 5 Pathological Type | Salter-Harris fracture of the neuro-central synchondrosis of pig 7*. a. The neuro-central synchondroses (arrows) caudally
inT7 were 2-3 times normal thickness. b. Image of the neuro-central synchondroses (arrows) of T8 for comparison. ¢. The increased thickness
(arrow) was interpreted as a pathological, Type | Salter-Harris fracture of the neuro-central synchondrosis in T7 secondary to the visible ventral
wedging of T6 and dorsal wedging of T8. d. The wedging is associated with marked kyphosis and lordosis. a-b. Transverse plane. c. Sagittal plane. c.

3D model, left view

number of vertebrae or back length. Transitional verte-
brae are rarely reported, so it is difficult to know what to
compare the current 22% prevalence of transitional verte-
brae to. Thoraco-lumbar transitional vertebrae were not
associated with abnormal curvature in the current exam-
ined pigs, but in humans, lumbo-sacral transitional verte-
brae have been associated with lower back pain [25], and
this is worth remembering when considering the rela-
tionship between conformation and spine abnormalities.

Pigs with abnormal spine curvature and abnormal
vertebrae

The fact that there were many more pigs with poor con-
formation than with abnormal spines was anticipated [3,
8] and is readily explainable. Some poor conformation
scores may represent observer error and theoretically,
it could be good to develop a method for automated,
objective conformation scoring. There may have been a

genuine problem within the spine, affecting hypodense
soft tissues rather than bone including the potential pain
from transitional vertebrae mentioned above [25]. Poor
conformation could also represent a postural response to
limb pain [2, 3], and all current examined pigs had elbow
or stifle osteochondrosis (Supplemental Table 3), a preva-
lence that is within the reported range for the included
breeds [26].

The mismatch between conformation scores and
spine abnormality means that there is a risk of classify-
ing poor conformation as being due to spine abnormal-
ity, when it in fact is due to something else, for example
limb osteochondrosis [2, 3]. Misclassification may be of
little practical consequence, as selection against poor
back conformation will still give breeding progress, just
against limb osteochondrosis rather than spine abnor-
mality. In genetic studies, misclassification can be a seri-
ous error, especially if it leads to the conclusion that a
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and slightly left-ventral-to-right-dorsal oblique view

Fig. 6 Ventral vertebral body osteochondrosis and kyphosis in pig 11.a. There is an osteochondrosis lesion (arrow) affecting both the physis and
the epiphysis caudo-ventrally in T16. b. The osteochondrosis lesion (arrow) is located to the right of the midline. c. The lesion (dashed lines) is
located between 5 and 8 o'clock on a clockface (circle and 3, 6, 9 and 12 indicators) superimposed on the vertebral body in the transverse plane. d.
There is mild kyphosis centred at T16 with the osteochondrosis lesion (arrow). a. Sagittal plane. b. Dorsal plane. c. Transverse plane. d. 3D model, left

chromosome region is associated with one disease, when
it is really associated with another. The best way to avoid
such error would be to classify the spine (as well as the
limbs) directly in CT scans, rather than indirectly via
inference from back conformation.

Focal lesions in articular process and rib joints

It was somewhat overwhelming, but not entirely unex-
pected to detect as many as 875 lesions, 98.5% of which
represented stages of osteochondrosis [24], in the articu-
lar process and rib joints of every pig. This agrees with
Reiland detecting osteochondrosis lesions in “synovial
intervertebral joints” in 80% of his pigs, particularly in the
lumbar segment [19]. It is difficult to know if rib joints
were included in Reiland’s synovial joint category [19],
but if they were not, this could explain the even higher
prevalence in the current pigs that were also pre-selected
for having poor back conformation. The current observed

lesions were located towards the epiphyseal ends of artic-
ular and transverse processes and in limbs, this would
correspond to failure of anatomical end arteries during
incorporation of the mid-portion of cartilage canal ves-
sels into the advancing ossification front during growth
[27, 28]. The working hypothesis is that vessels are una-
ble to withstand the micro-mechanical forces in regions
where they traverse the chondro-osseous junction after
incorporation into bone [27, 28]. Based on existing theo-
ries about limb osteochondrosis, it is possible to generate
some hypothetical explanations for characteristics of the
current observed articular process and rib joint lesions:

— Multiple affected vertebrae and symmetrically
affected joints: equine limb osteochondrosis affects
more than one joint simultaneously in >50%
of cases, and multiple affected joints are more
often symmetric than asymmetric [29, 30]. This is
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(arrow). a-c. Sagittal plane. b. Dorsal plane. d. 3D model, left view

Fig. 7 Multiple vertebral body osteochondrosis lesions, osteochondrosis dissecans (OCD), cyst, spondylosis, wedging and kyphosis in pig 21. a.
There are osteochondrosis lesions (arrows) cranio- and caudo-ventrally in T14, an OCD lesion (arrowhead) cranio-ventrally in T13 and a cyst (open
arrow; for non-tangential section, see c.) caudally in T15, all of which are also ventral wedge vertebrae. A smooth, bony spur (open arrowhead)
extends from the cranio-ventral aspect of T14 towards the caudo-ventral aspect of T13, interpreted as bone bridge formation/spondylosis. b.

The osteochondrosis lesion (arrows) cranially in T14 is multi-lobulated and located to the right of the midline. The mineral opacity (arrowhead)
superficial to the lesion is cut tangentially here and in a. and was connected to the parent bone in other planes of section, interpreted as reparative
ossification. ¢. Para-sagittal slice through the centre of the cyst (arrows) caudally in T15. d. There is mild kyphosis centred at the T14-T15 junction

believed to be because the blood supply is config-
ured, develops and is present for the same period of
time in symmetric joints, meaning they have simi-
lar windows of vulnerability to vascular failure [31].
Conversely, asymmetric lesions are believed to be a
result of the balance between the number of lesions
that are initiated, and the proportion that resolves
[32], discussed further below.

— Dredilection segments and sites: in the equine hock
[28], stifle [33] and fetlock joints [34], predilection
sites for osteochondrosis tended to correspond to
sites where the temporary blood supply regressed
last, i.e., sites that had the longest windows of vul-
nerability to vascular failure.

— Different proportion of osteochondrosis lesion

stages between segments: in the pathogenesis, oste-
ochondrosis and cystic lesions represent stages of
increasing duration [15, 24, 35]. Growth closes at
a younger age in distal, compared to proximal limb
joints, meaning there can be early lesions in proxi-
mal limb joints at an age when distal limb lesions are
chronic. Higher proportion of osteochondrosis may
therefore indicate that growth closes at an older age
in the cervical, compared to the thoracic and lumbar
segments [10].

The caudal side was affected more frequently than
the cranial side in the cervical segment, whereas the
reverse was true for the thoracic and lumbar seg-
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d. Dorsal plane

Fig. 8 Cervical transverse process “transposition’, block vertebra and kyphosis in pig 8. a-b. The left transverse process of C6 (arrow) is small and
appears to be fused (arrowhead) to the transverse process of C7. The left transverse process of C5 (open arrow) is large and matches the right
transverse process of C6 (open arrowhead) in size, compatible with malformation/“transposition” of the left transverse process of C6 to C5. c. The
intervertebral disc and secondary ossification centres are absent between the vertebral bodies of T13-14, which are fused into a ventrally wedged
block vertebra. d. An oblique, hyperdense line (between arrows) marks the junction between the primary ossification centres, and T14 is located
slightly to the right of T13, d. e. causing the spinal axis to shift to the right from T14 caudally. e. The block vertebra articulates with rib pairs 13, 14
and 15.f. There is marked kyphosis centred at the T13-14 block vertebra. a, f. 3D models, left views. b, e. 3D models, ventral views. c. Sagittal plane.

ments. It would be interesting to discover whether
the blood supply is different in such a way that it
explains why more lesions may be initiated in cranial,
compared to caudal articular processes. However,
Reiland [19] observed more severe lesions in caudal
than cranial lumbar articular processes, and one of
the most likely explanations for this discrepancy is
that selection has resulted in the 2015-generation of
pigs having longer backs than the 1978-generation of
pigs, making it necessary to consider the influence of
biomechanical force. In this context, it is important
to be aware that the extra-cellular matrix [36] and
subchondral bone [37] were intact at sites of vascu-

lar failure when examined using techniques capable
of detecting disruption. This means that to explain
initiation of (non-septic) osteochondrosis [36, 37],
biomechanical force must be able to disrupt just
cartilage canal vessels, whilst leaving the surround-
ing tissues intact. The natural curvatures of the spine
may involve foci of increased force; cranial and cau-
dal articular processes have slightly different shape;
and the cervical segment is oriented slightly more
vertical than the thoracic and lumbar segments;
and these are just some suggestions for how biome-
chanical forces may be different in such a way that it
explains why fewer lesions may be able to resolve at
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osteochondrosis predilection sites within the spine
[32]. The ultimate way to start investigating some of
the above proposed hypotheses would be to conduct
systematic studies of the development of the blood
supply to growth cartilage at predilection and control
sites, as previously done in the spine of humans [11,
12] and rabbits [13, 14].

Focal lesions in parts of vertebrae other than articular
process and rib joints

Initially, the defect in T7 of pig 7* resembled a fracture
line (Fig. 5a, c), but closer inspection revealed that it was
symmetric and that there were similar, thinner lines in
other vertebrae (Fig. 5b), prompting renewed literature
search and discovery of the neuro-central synchondrosis
[10, 38]. The synchondrosis has a blood supply [11, 13],
and it may therefore be vulnerable to vascular failure and
osteochondrosis. Strictly speaking, the lesion in pig 7*
consisted just of gradual widening of the synchondrosis,
and definitive diagnosis of whether the widening was due
to delayed ossification or fracture would have required
histological validation. However, the OCD lesion in C6 of
pig 5 (Fig. 4) supports that primary osteochondrosis does
indeed occur within the neuro-central synchondrosis
of pigs. Unilateral synchondrosis tethering reliably pro-
duces scoliosis [22, 38, 39], and different tethering tech-
niques have variably been reported to result in rotation,
stenosis and lordosis [22, 38, 39], thus the synchondrosis
clearly warrants further investigation.

The osteochondrosis lesions observed mainly ventrally
in the current examined pigs (Figs. 6, 7 and 8) appear to
be identical to the lesions that were histologically vali-
dated by Reiland [19], Nielsen et al. [1] and Corradi et al.
[5] (own example in Supplemental Fig. 1). After vertebral
osteochondrosis, the second-largest group of changes in
the current pigs was that major parts of vertebrae were
absent: the transverse process of C6, the secondary epi-
physeal ossification centres of the T13—14 block vertebra
(Fig. 8) and several transverse processes from T11-T15
in pig 8. There are three main options for why parts of
the spine may be absent: they may have failed to sepa-
rate properly during embryonic segmentation [40, 41],
they may have segmented, but ossification centres may
have failed to form [1], or ossification centres may have
formed, but been destroyed, for example through dis-
cospondylitis [42]. Vessels are present before and essen-
tial to formation of ossification centres [11-14, 43], thus
vascular failure may theoretically cause centres to fail
to form altogether. However, in limb osteochondrosis,
vascular failure occurs during vessel incorporation into
secondary ossification centres [18, 27, 28], and vessels
cannot possibly fail during incorporation into secondary
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centres that never form as in T13-14 of pig 8 and Nielsen
et al. [1]. Instead, vessels may fail during incorpora-
tion into the advancing ossification front of the primary
ossification centre, made plausible by such incorpora-
tion being visible in the figures of Amato et al. [13] and
Skawina et al. [11]. Failure of vessels during incorpora-
tion into primary ossification centres could then explain
why secondary ossification centres were absent in pig 8.

Relationship between focal lesions and wedge vertebrae
In this cross-sectional study, we were obliged to describe
the lesions that were present in the wedged vertebrae at
the time of the CT scanning. Reiland [19] documented
early physeal osteochondrosis lesions in 4—5-month-
old pigs and angular limb deformity in 8—9-month-old
pigs, by which age the initial osteochondrosis lesions
had resolved [21]. When pigs are used as scoliosis mod-
els, timing varies with breed, age, site and technique but
it generally takes >4weeks for angulation to manifest
[22, 38, 39]. According to this, wedge vertebrae without
lesions should be interpreted to be due to osteochon-
drosis lesions that were present >4weeks ago, whereas
lesions present in wedge vertebrae could cause further
wedging over the >4 weeks after the CT-scanning [22, 38,
39]. Ultimately, the question of whether ventral vertebral
osteochondrosis causes wedging and juvenile kyphosis
should be answered through longitudinal monitoring of
pigs with spontaneous lesions [21]. In the interim, the
following evidence firmly supports that ventral osteo-
chondrosis causes kyphosis:

— Ventral osteochondrosis and ventral wedging were
centred at the same sites [1, 5, 19].

— Osteochondrosis is the commonest developmental
disease, it is defined as a focal delay in endochondral
ossification [3, 19], and delayed ossification is one
mechanism by which one, e.g., the ventral side of a
vertebra may end up shorter than the dorsal side.

— In studies where pigs are used as model animals,
tethering of the ventral aspect of vertebral bodies
results in kyphosis [44].

Shortening of the dorsal relative to the ventral side
may be due to delayed ossification within structures in
the dorsal half of vertebrae like the articular process or
rib joints. Ribs have been manipulated, including teth-
ering of adjacent ribs in lordotic-type scoliosis models
[22], but osteoarthritis with bridging osteophytes was
only detected in single joints in the current observed
naturally occurring disease and such single-joint “tether-
ing” was not associated with wedging or scoliosis at the
time of sampling. We hesitate to rule out the possibility
that articular process and rib joint osteochondrosis may
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result in vertebral wedging in other pigs, or other species
entirely. However, in the current examined pigs, articu-
lar process and rib joint osteochondrosis lesions were
present so frequently (>800 times) in normal vertebrae
that they may just represent incidental findings when
they occasionally also were present in wedge vertebrae.
Conversely, unilateral tethering of the neuro-central syn-
chondrosis reliably produces scoliosis [22, 39], so the role
of this structure in lateral (and dorsal) wedging definitely
warrants further investigation.

Confounding errors

Medications were carefully registered to identify infec-
tions and avoid confounding error (Supplemental
Table 1). The lesions in pigs 7*, 15* and 18* may have
been due to either aseptic or septic vascular failure [16,
17], whereas the lesions in the remaining seven pigs that
did not receive any medications were more likely to have
been aseptic, i.e. presumed heritably predisposed. Initial
susceptibility to septic failure may be limited to specific
ages because it has been associated with discontinuities
present during active in-growth [45] or physiological
regression [46]. Thus aseptic, presumed heritably predis-
posed vascular failure may be responsible for the base-
line 2.5-11.4% prevalence of humpback [4], whereas the
outbreaks with >30% mortality [5, 6] and concurrent
pneumonia [2, 4] are potentially compatible with septic
vascular failure [16, 17] during the physiological regres-
sion susceptibility window [46].

Manipulating vitamin D, calcium and phosphorus in
the diet of pregnant sows and/or piglets induces out-
breaks of 20—30% juvenile kyphosis [47, 48], and it would
be interesting to know whether this occurs via any effect
on blood supply [49], but the diet of the current pigs was
balanced, verified annually and did not cause confound-
ing error.

Limitations

Conformation scoring [50] was incomplete in the sense
that it did not include all three planes, but the scoring was
only used to select a relevant sample from the >20,000
available pigs, and any comparisons of curvature, wedg-
ing and lesions were done within the CT scans, not to the
conformation scores. The study did not include a control
group with optimal conformation scores, mainly because
pigs with normal backs can have abnormal spines [8].

Conclusions

Computed tomography was suited for identification of
wedge vertebrae, and kyphosis was due to ventral wedge
vertebrae compatible with heritably predisposed ver-
tebral body osteochondrosis. Articular process and rib
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joint osteochondrosis may represent incidental findings
in wedge vertebrae. The role of the neuro-central syn-
chondrosis in the pathogenesis of vertebral wedging war-
rants further investigation.

Methods

Study design and pigs

The study was conducted by retrospectively extracting
data from the boar-testing database of the Norwegian pig
breeders’ association, Norsvin SA (www.norsvin.no) from
2008 to the end of 2015. Pig owners consented to boars
being tested, and to test data being used for research. All
pigs were kept in accordance with the national legislation
(Animal Welfare Act LOV-2021-06-18-134; Regulation
for the keeping of pigs in Norway FOR-2020-06-10). The
study was approved by the institution ethical committee
(Ref. 14/04723-68).

Inclusion criteria for the boar test were that every year,
3500 boars were selected for testing from nucleus herds
of purebred Landrace or Duroc pigs based on pedi-
gree analysis [23]. The test period started at ~25kg live
weight. Pigs that developed disease that did not respond
to treatment during the test were excluded. Pigs were
CT-scanned at 100kg live weight until 1.3.2012, and at
120kg thereafter (market-regulated). Landrace boars
were a mean of 146days at 100kg [26] and 165days at
120kg, and Duroc boars were approximately 10days
older at the same weights [51]. Conformation scoring was
carried out <10days after CT-scanning.

Inclusion criteria for the current study were that a CT
scan and a conformation score had to be available from
the pig. The conformation scores were used to select a
relevant sample from the >20,000 available pigs, and
using inclusion scores of severe for dipped back, and
moderate or severe for humpback (see below) resulted in
a sensible sample size.

Historical methods: CT-scanning and conformation scoring
The CT-scanning [23] and conformation scoring [50]
have been described before, but briefly: boars were
sedated and positioned in sternal recumbency with free
limb position in a gurney that was curved to fit inside the
CT gantry. A latero-lateral scout image was obtained and
collimated to acquire ~1100 transverse images in ~90s
from the snout to the tail of each pig. Scan parameters
were optimised for lean meat and fat quantification [23]
and slice thickness was 0.625-1.25 mm.

Conformation scoring was carried out by experienced
technicians who assessed 32 traits in ~5min per pig.
Dipped back was assessed throughout the study period,
whereas humpback was assessed from 1.3.2012 onwards
and lateral deviation was not assessed. Both dipped and
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humpback were assessed on a scale of normal, mild,
moderate or severe [50].

Evaluation of the CT scans

The CT scans were imported into a software package
(Horos v. 3.3.6; www.horosproject.org) and read by a
veterinary radiologist with 14years’ experience. Repro-
ducibility was informally tested by reading 148 C7-T1
articulations two times >1month apart, with agreement
on 136/148 (92%) occasions. Disagreement was handled
by reviewing both readings a third time and keeping all
lesions agreed upon at that time.

Parameters observed

Vertebrae were counted according to convention [52],
including identification of the anticlinal vertebra towards
which the dorsal spinous processes of all other vertebrae
incline. Transitional vertebrae with characteristics of both
the cranially and caudally adjacent segments (Fig. 2) were
registered and counted according to convention [52].

Spine curvature

Dorso-ventral curvature was assessed in the sagittal
reconstructed slices and judged in the median plane. If
possible, the entire spine was viewed in a single, median
image, but if positioning or deformity precluded this,
shorter portions of the spine were judged at a time and
the viewing plane was adjusted to always be as close to
the median plane as possible.

Lateral curvature was assessed in the dorsal recon-
structed slices and judged both in 3D models and at mid-
height of the vertebral bodies. To compensate for the
natural curvature of the different segments, the curved
reconstruction function of the software was used to always
align the viewing plane perpendicular to the mid-height
dorsal plane of as many adjacent vertebrae as possible.

If the spine was straight or gradually, smoothly and
evenly curved, it was categorised as having normal cur-
vature. If curvature deviated sharply over a limited
number, approximately 1-5 vertebrae, the spine was cat-
egorised as having abnormal curvature, further specified
as kyphosis, lordosis and left or right scoliosis.

Vertebral shape

Vertebrae in spines with normal curvature were consid-
ered to have normal shape and used as comparisons. Ver-
tebrae where the ventral contour was excessively shorter
than the dorsal contour were referred to as ventral wedge
vertebrae, and when the dorsal contour was shorter than
the ventral contour, this was referred to as dorsal wedging.
Vertebrae where the left side was shorter than the right
side were referred to as left wedge vertebrae and vice versa.
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Focal lesions

All vertebrae and articulations starting with the atlanto-
occipital joint up to and including the lumbo-sacral junc-
tion were evaluated in three orthogonal planes, including
all intervertebral disc joints, articular process joints
(zygapophyseal or facet joints), rib head joints (costo-
vertebral joints) and rib tubercle joints (costo-transverse
joints).

Five categories of lesions were recorded:

— Osteochondrosis lesions: focal, sharply demarcated,
uniformly hypodense, single- or multi-lobulated
(“stair-step”) defects in the ossification front (Fig. 3a)
[24]. Bone densities protruding adjacent to osteo-
chondrosis lesions that were visibly connected to the
parent bone were interpreted as reparative ossifica-
tion.

— OCD: mineral, hyperdense bodies separate from and
present superficially or laterally adjacent to osteo-
chondrosis defects were interpreted as OCD lesions
(Fig. 3b) [28, 35].

— Cyst: roughly spherical defects located immediately
deep to the ossification front and surrounded by
bone on most of their periphery (Fig. 3c) [24, 35, 53].
When both cysts and osteochondrosis were present,
lesions were recorded as cysts by default.

— Osteoarthritis: joints with reduced or irregular joint
space, subchondral bone sclerosis and periarticu-
lar osteophytes were categorised as osteoarthritic
(Fig. 3d-e).

— Other lesions: lesions that did not fit into any of the
above categories were described on an individual
basis.

The location of each articular process joint lesion was
recorded in terms of left or right side and cranial, cau-
dal or both sides of the articulation. For rib joint lesions,
location was recorded as caudal vertebral, cranial ver-
tebral, rib or>two sides. If the same articulation was
affected on both the left and right sides of the pig, the
lesions in those articulations were categorised as sym-
metric even if they were not an exact match in terms of
side of the articulation or character.

The location of intervertebral disc joint changes was
recorded by conventional viewing of the spine in the
transverse plane with dorsal to the top and patient left to
image right, and superimposing a clockface on the verte-
bral body such that 0—6 o’clock represented the left half
and 3-9 o'clock represented the ventral half of vertebrae,
etc. (Fig. 6¢). Lesion location was then specified in terms
of the times it spread from and to, and the time at which
it was centred.
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Additional file 1: Supplemental Table 1. Treatments administered dur-
ing the boar test.

Additional file 2: Supplemental Table 2. Distribution of the 875 articular
process and rib joint lesions among the 30 articulation levels raw data.

Additional file 3: Supplemental Table 3. Elbow and stifle osteochondro-
sis in the study population.

Additional file 4: Supplemental Figure 1. Ventral vertebral lesion
represents ischaemic chondronecrosis in a 12kg piglet. a. The secondary
ossification centres (2°) are absent caudo-ventrally in T8 and cranio-ven-
trally in T9. There is a lesion centred at the junction between T8-T9; higher
magnification of the tissue inside the dashed box is shown in b. b. The
lesion consists of necrotic cartilage canal vessels (asterisks), surrounded
by necrotic chondrocytes (within dashed lines), representing ischaemic
chondronecrosis identical to limb osteochondrosis. Viable chondrocytes
(arrows) on the margin of the area of chondronecrosis are proliferating.

a. The intervertebral disc appears to be absent, prompting the question
of whether the lesion represents failure of the blood supply to growth
cartilage, to the intervertebral disc, or both. a-b. Para-sagittal histological
section from T8-T9 of a 12 kg mixed-breed piglet; a. 10x; b. 100x magnifica-
tion, haematoxylin and eosin.
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