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Background: The purpose of this study was to explore the role of perinatal vitamin-D intake on the development and
characterization of hyperkyphosis in a porcine model.

Methods: The spines of 16 pigs were assessed at 9, 13, and 17 weeks of age with radiography and at 17 weeks with
computed tomography (CT), magnetic resonance imaging (MRI), histology, and bone-density testing. An additional 169
pigs exposed to 1 of 3maternal dietary vitamin-D levels from conception through the entire lactation period were fed 1 of 4
nursery diets supplying different levels of vitamin D, calcium, and phosphorus. When the animals were 13 weeks of age,
upright lateral spinal radiography was performed with use of a custom porcine lift and sagittal Cobb angles weremeasured
in triplicate to determine the degree of kyphosis in each pig.

Results: The experimental animals had significantly greater kyphotic sagittal Cobb angles at all time points when
compared with the control animals. These hyperkyphotic deformities demonstrated no significant differences in Houns-
field units, contained a slightly lower ash content (46.7% ± 1.1% compared with 50.9% ± 1.6%; p < 0.001), and
demonstrated more physeal irregularities. Linear mixed model analysis of the measured kyphosis demonstrated that
maternal diet had a greater effect on sagittal Cobb angle than did nursery diet and that postnatal supplementation did not
completely eliminate the risk of hyperkyphosis.

Conclusions: Maternal diets deficient in vitamin D increased the development of hyperkyphosis in offspring in thismodel.

Clinical Relevance: This study demonstrates that decreased maternal dietary vitamin-D intake during pregnancy in-
creases the risk of spinal deformity in offspring. In addition, these data show the feasibility of generating a large-animal
spinal-deformity model through dietary manipulation alone.

G
enetic1-7, biomechanical8-10, and environmental11-13 factors
have been implicated in the pathogenesis of spinal
deformities. Low maternal folate is perhaps the most

well-known environmental factor found to be linked to spinal
deformities in offspring14,15. The roles of bone density and vitamin
D in the pathogenesis and progression of spinal deformities have
been the focus of many studies16-23. While the results of earlier
studies were conflicting24-29, more recent work has demonstrated

that low vitamin D11,12, differences in vitamin-D receptors30,31, and
lower bone densities16-18,21-23,32 are associated with spinal deformity
and curve progression.

Recently, a hyperkyphotic porcine model was discovered
through dietary manipulation alone33. Pigs that were born to
mothers fed a low vitamin-D diet and that were fed a deficient
nursery diet developed a visually apparent kyphotic deformity
(Fig. 1). The purpose of the current study was to follow up on
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these previous findings by characterizing the spinal deformity
using medical imaging modalities in a new cohort of animals
and confirming whether deficient prenatal (maternal) or
postnatal (nursery) diets had a greater effect on the develop-
ment of kyphosis.

Materials and Methods
Study Animals and Diets

The project was approved by our College of Agricultural and
Life Sciences Animal Care and Use Committee. This study

was performed at the University ofWisconsin Swine Research and
Teaching Center, which is an environmentally regulated and
completely enclosed facility; this facility allows no exposure of the
animals to ultraviolet B (UVB) rays in the range of 280 to 315
nanometers from either natural or supplemental lighting, which
prevents vitamin-D synthesis fromultraviolet exposure. Sows used
in this study were crossbred (one-half Large White and one-half
Landrace), and they were bred with a Line-19 boar; this resulted in
crossbred pigs (one-half Line 19, one-quarter Large White, and
one-quarter Landrace). Such pigs typically reach puberty at 6 to
7 months of age and skeletal maturity (closure of the physis)
between 1 to 4 years of age, depending on the bone assessed34.

Sows were fed 1 of 3maternal vitamin-D diet levels (0, 325,
or 1,750-IU D3/kg) from breeding through the entire lactation
period (23 to 25 days). Pigs were then fed 1 of 4 nursery diets
supplemented with different levels of vitamin D (0 or 280-IU D3/
kg) and high or low calcium and phosphorus levels. Calcium and
phosphorus concentrations were achieved by altering the addi-
tions ofmonocalcium phosphate and limestone ingredients to the
diets. These diets were labeled Sow Diets 1, 2, and 3 and Nursery
Diets 1, 2, 3, and 4, respectively (Table I). From 7 to 17 weeks of
age, all pigs were fed standard Swine Research and Training
Center diets with supplemental vitamin D (280-IU D3/kg). Of
note, littermates of the pigs in the current study were randomly

selected and removed from these cohorts for tissue analysis, the
results of which are described in a separate manuscript35.

Characterization of the Deformity
Sixteen pigs from 9 sows were visually identified as either hy-
perkyphotic or nonkyphotic at 9 weeks of age. The 9 hyper-
kyphotic pigs had received deficient diets33 (7 pigs from Sow Diet
1/Nursery Diet 1 and 2 from Sow Diet 1/Nursery Diet 2), and the
7 visually normal pigs had received supplemented diets (3 pigs
from Sow Diet 2/Nursery Diet 4, 2 from Sow Diet 3/Nursery Diet
3, and 2 from Sow Diet 3/Nursery Diet 4); all 16 were selected at
9 weeks of age and were assessed longitudinally at 9, 13, and
17 weeks of age with radiography. Standing lateral radiography
was performed at 9 and 13 weeks of age. At 17 weeks of age, the
pigs were held upright with use of a custom-designed motorized
lift because of their large size (Fig. 2). This lift caused the pigs to
straddle a bar between their limbs. The bar was elevated to keep
the pigs’ hooves off the ground, facilitating radiography without
sedation. For the purpose of this study, images acquired using the
lift are termed upright, as opposed to standing. The largest ky-
photic sagittal Cobb angle through the thoracolumbar spine (the
visual center of the clinical deformity) was then measured 3
separate times using the images for each animal.

We hypothesized that a substantial progressive spinal
deformity would be present in the hyperkyphotic cohort. Thus,
after measuring maximum Cobb angles of the hyperkyphotic
and control vertebrae at each of the 3 time points (9, 13, and
17 weeks), a cross-sectional analysis was conducted for each
time point separately. For each time point, a linear mixed
model was fit. A random-effect term was included for each
individual pig to account for the replications. Pig grouping
(control or hyperkyphotic) was included as the only fixed ef-
fect. For eachweek, the first estimate was the Cobb angle for the
control group. The second estimate was the offset from the
control group to the kyphotic group; to get a point estimate for
the kyphotic group, the values of the baseline control group
and offset were added. Longitudinal analysis was conducted to
assess changes in spinal curvature over time. Since the week-17

Fig. 1

Photograph of a dramatic example of the clinically apparent kyphotic de-

formity produced in a prior study via dietary manipulation alone at our

institution.Of note, theporcine thoracic spine is typically lesskyphotic than

the human spine is.

TABLE I Overview of the 3 Sow Diets and 4 Nursery Diets Used in
This Study

Vitamin D
(IU D3/kg) Calcium* Phosphorus*

Sow Diet 1 0 93% 100%

Sow Diet 2 325 93% 100%

Sow Diet 3 1,750 93% 100%

Nursery Diet 1 0 75% 95%

Nursery Diet 2 0 150% 120%

Nursery Diet 3 280 75% 95%

Nursery Diet 4 280 150% 120%

*Values are given as a percentage of the daily requirement.

407

THE JOURNAL OF BONE & JOINT SURGERY d J B J S .ORG

VOLUME 100-A d NUMBER 5 d MARCH 7, 2018
MATERNAL DIETS DEF IC IENT IN VITAMIN D INCREASE THE RISK OF

KYPHOS IS IN OFFSPR ING



measurements were conducted with the pigs in a lift, those
values were not directly comparable with the week-9 and week-
13 measurements. A mixed linear regression model was used
excluding the lift measurements. A random-effect term was
included for each individual pig to account for the replications.
Pig grouping, week number, and the interaction between those
2 variables were included as the fixed effects. A significant in-
teraction term indicated that the Cobb angles changed differ-
ently over time for the control and hyperkyphotic pigs.

After radiography at 17 weeks of age, the 16 additional
animals were killed and their spinal columns were removed. With
the paraspinal musculature and costovertebral joints maintained,
each specimen then underwent computed tomography (CT) and
magnetic resonance imaging (MRI). From the CT scans (Dis-
covery 750HD; GE Healthcare), maximum Cobb angles in the
coronal and sagittal planes throughout the thoracolumbar spine
were performed. The average x-ray attenuation in Hounsfield
units (HUs) of the apical vertebraewas used to estimate the relative
bone density between the hyperkyphotic and control animals36. P
values of <0.05 were considered significant. The spines were also
scanned using a 3-T MRI scanner (MR750; GE Healthcare). Disc
morphology was graded by a single reader according to the vali-
dated method described by Pfirrmann et al.37. The disc with the
worst (highest) Pfirrmann grade was recorded for each animal.

The central midsagittal plane of the apical segments of 1
hyperkyphotic and 1 control pig was prepared for histology. The
tissue was fixed in 10% neutral buffered formalin, decalcified in
22%neutral buffered formic acid, embedded in paraffin, sectioned,
stained with hematoxylin and eosin as well as Gomori trichrome,
and then read by a board-certified veterinary pathologist.

Bone mineral content was expressed as percent ash.
Spinal segments of 4 hyperkyphotic and 4 control animals were
used to measure absolute differences in bone mineral content.

Fig. 2

Photographs of the custommotorized lift used to hold the pigs in an upright position for radiography. The animal straddled the bar (left image) in the chutewhile the

entire apparatus was elevated to lift the hooves off the ground and maintain the animal’s thorax in a horizontal but upright (quadruped) position (right image).

Fig. 3

Standing radiographs of a hyperkyphotic pig at 9 and 13 weeks of age.
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Apical vertebrae were cleaned of soft tissues, extracted in di-
ethyl ether for 7 days to remove fat, dried at 105�C, and then
weighed to determine the dry, fat-free weight. The ash weight
of each vertebral body was recorded after overnight combus-
tion in a muffle furnace at 700�C.

Given the method of model production, we hypothesized
that the HU value and percent ash would be lower in the spines
of kyphotic pigs. A linear model was used to compare the
average Cobb angles, HUs, and percent ash as measured with

CT scans between the kyphotic and control spines. Again,
p values of <0.05 were considered significant.

Influence of Diet on the Deformity
An additional 169 animals (produced from 22 sows) were used
to determine the influence of diet on the deformity. When the
animals were 13 weeks of age, upright lateral spinal radiographs
were obtained of the 169 pigs using the custom motorized
porcine lift. Three separate measurements of the sagittal Cobb
angles from these images were then used to determine the
mean kyphosis for each sample.

From previous work in this model33, we hypothesized
that the maternal diet would have greater influence on the
subsequent development of hyperkyphosis. To determine the
effects of sow and nursery diets on the Cobb angle, a linear
mixed effects model was fit. Random-effect terms were in-
cluded for individual pigs to account for the replications and
for sows to account for variability between litters. Sow and
nursery diets were included as fixed effects. Multiple compar-
ison tests with Tukey contrasts were then conducted to com-
pare sow diets. As normative data for the sagittal alignment of a
pig’s spine do not exist, to our knowledge, we attempted to
define normal and hyperkyphosis in our model in the hope of
making these findings more clinically relevant. Normal spines
were defined as those with sagittal Cobb angles within 2
standard deviations of the mean kyphosis of the maximally
supplemented treatment group (animals that received SowDiet
3/Nursery Diet 4), whereas hyperkyphotic spines had mean
sagittal Cobb angles >2 standard deviations greater than the
mean kyphosis of the supplemented group.

Results
Characterization of the Deformity

The hyperkyphotic cohort consisted of 9 pigs (5 males and
4 females) and 7 controls (3 males and 4 females). Signif-

icant differences in sagittal Cobb angles were found between
the control and hyperkyphotic pigs at all 3 time points (Fig. 3

TABLE II Linear Mixed Model Results for Mean Sagittal Cobb
Angles Between Cohorts*

Estimated Cobb Angle (95% CI)

Week 9

Hyperkyphotic (n = 9) 50.3�
Control (n = 7) 23.4� (16.9� to 30.8�)
Difference† 26.9� (16.9� to 35.7�)

Week 13

Hyperkyphotic (n = 9) 60.6�
Control (n = 7) 13.4� (5.7� to 21.0�)
Difference† 47.2� (37.3� to 58.3�)

Week 17

Hyperkyphotic (n = 9) 36.9�
Control (n = 7) 18.8� (10.6� to 26.8�)
Difference† 18.1� (6.2� to 31.0�)

*The results of 3 linear mixed models are included in the table.
The values are based on radiographic measurements and are
given as the mean, with or without the 95% CI in parentheses. For
weeks 9, 13, and 17, the estimated Cobb angle from the modeling
is provided for the hyperkyphotic cohort, the control group, and the
difference between them (the offset from the control group to the
hyperkyphotic cohort).†None of the 95% CIs for the offsets include
0, which indicates that there was a difference in Cobb angles
between groups for all 3 weeks.

Fig. 4

Predictions for control and kyphotic pigs over time.Control pigsmaintained lowerCobb angles,while kyphotic pigs’measurements increased. Thepale dashed

(teal and orange) shadowed lines represent the observed measurements, while the solid (teal and orange) lines represent the predicted curves over time.
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and Table II). Longitudinally, the control pigs started with a
smaller Cobb angle in week 9, and the angle decreased by
week 13. Hyperkyphotic pigs started with a much larger
Cobb angle in week 9, and the angle increased by week 13.
The confidence interval (CI) for the interaction term did not
include 0; the slopes of the lines were significantly different
(Fig. 4). The mean sagittal Cobb angles (and standard de-
viations) for the control and hyperkyphotic pigs were 23.4�
± 12.1� and 50.3� ± 7.2� at 9 weeks, 13.4� ± 9.3� and 60.6� ±
11.2� at 13 weeks, and 18.8� ± 6.1� and 36.9� ± 14.4� at
17 weeks, respectively.

No significant coronal-plane deformity was found
in either cohort; however, differences in kyphosis were
readily apparent (Fig. 5). Apical vertebral HUs were similar
between hyperkyphotic spines (mean, 377.4; 95% CI, 350.2
to 404.6) and control spines (mean, 380.9; 95% CI, 350.0 to
411.7) (p = 0.86; Table III). Disc morphology was similar

between the cohorts. All discs except 1 in each cohort were
given a Pfirrmann grade of 2; those 2 other discs were graded
as 3.

Gross evaluation of apical sagittal cross-sectional samples
revealed that the anterior epiphysis in the kyphotic spine ap-
peared less ossified than in the control spines, corresponding
with the radiolucent areas observed on imaging (Figs. 6, 7, and
8). Histologic comparison of the samples demonstrated that
growth plates in the kyphotic spine were more irregular, with
apparent pleating, less organized columns of chondrocyte
nuclei, and more hypertrophic chondrocyte nuclei. Neither
animal showed any fibrous osteodystrophy. Despite no differ-
ences in the HUs of the apical vertebrae, ash content was lower
in the kyphotic samples (50.9% ± 1.6% compared with 46.7%
± 1.1%; Table III).

Influence of Diet on the Deformity
Seventy-eight females and 91 males comprised the 169 pigs
used to determine the influence of diet on the deformity.
Perinatal diets deficient in vitamin D were found to produce
offspring with increased spinal kyphosis (Table IV). While the
nursery diet had some effect on mean kyphosis, maternal diet
had a stronger influence. The effect of Sow Diet 1 was found to
be significantly different from that of Sow Diet 3, but no dif-
ference was found for pigs receiving Sow Diet 2 in comparison
with pigs in the control group. The estimated difference in
measurements between pigs receiving Nursery Diet 1 and pigs
in the control group was significant (Table V). The estimated
difference in measurements between pigs receiving Sow Diets
1 and 2 was 29.466�, which was significant (p = 0.0013; 95%
CI, 212.994� to 25.938�).

The mean Cobb angle (and standard deviation) for the
maximally supplemented cohort (animals receiving Sow Diet
3/Nursery Diet 4) was 23.82� ± 6.28�. Thus, Cobb angles of
>36.37� (mean 1 2 standard deviations) were hyperkyphotic.
A visual representation of the sagittal Cobb angles and the
cutoffs used for defining kyphosis is shown in Figure 9. The
percentages of hyperkyphotic pigs in each dietary cohort are
shown in Table VI. Of note, 77% (10) of the 13 offspring with
the most deficient (maternal and nursery) diet demonstrated
kyphosis, whereas only 6% (1) of the 17 offspring born to sows

Fig. 5

Midsagittal CT scans of the explanted control and kyphotic spines. The

vertebral body fracture in the control spine was a result of the process

used during euthanasia. Spines were positioned supine during this

imaging.

TABLE III Differences Between Control and Hyperkyphotic Pigs in Coronal Cobb Angle, Sagittal Cobb Angle, Apical Hounsfield Units, and Percent
Ash

Measurement Control (N = 7)* Hyperkyphotic (N = 9)* Difference* P Value

CT

Coronal Cobb angle 6.3� (2.8� to 9.8�) 4.6� (1.5� to 7.6�) 21.7� (26.4� to 2.9�) 0.44

Sagittal Cobb angle 17.5� (10.1� to 24.8�) 37.8� (31.4� to 44.3�) 20.4� (10.6� to 30.1�) 0.001

Hounsfield units at apex 380.9 (350.0 to 411.7) 377.4 (350.2 to 404.6) 23.5 (244.6 to 37.7) 0.86

Ash† 50.9% (50.2% to 51.7%) 46.7% (46.0% to 47.5%) 24.2% (25.2% to 23.2%) <0.001

*The values are given as the mean, with the 95% CI in parentheses.†Percent ash was calculated from the spines of 4 hyperkyphotic and 4 control
animals.
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fed a supplemented diet, regardless of the nursery diet, devel-
oped kyphosis.

Discussion

The findings of this study are important because they
quantitatively confirm the qualitative (visual) results

previously reported33. Through objective radiographic mea-
surements, our data confirm that decreased maternal dietary
vitamin-D intake increases the risk of spinal deformity in off-
spring in the porcine model. In contrast to the previous study,
the current study evaluated 3 different sow diets (as opposed to
2), used a more deficient maternal vitamin-D diet (0 compared

Fig. 6

Midsagittal histologic evaluation of the apical and matched vertebrae of the control and kyphotic spines (magnification, ·1). In these slides, anterior is

to the right, posterior is to the left, proximal is at the top, distal is at the bottom, and the vertebral disc is in the middle. Note that the anterior epiphysis

of the kyphotic spine is less ossified and the cartilage is confluent with the physis compared with the control spines. H & E = hematoxylin and eosin.

Fig. 7

Trichrome-stained images centered on the anterior epiphysis of the control (Fig. 7-A) and the kyphotic (Fig. 7-B) vertebrae (magnification, ·2). In these

images, themetaphyseal bone is at the bottom, the disc space is at the top, the epiphyseal (secondary) ossification center is at the left, and the fibers from

the anulus are in the upper right. Note the relatively increased area of unossified cartilage of the anterior epiphysis in the kyphotic sample (Fig. 7-B). um =

micrometer.
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with 40-IU D3/kg), used a larger sample size, and switched pigs
to the normal standard herd diet after 7 weeks of age. These
small differences in methodology and, more importantly, the
use of more sensitive (radiographic) curve assessment led to a
much higher prevalence of kyphosis in the deficient group in
the current study (77%) than in the previous study (32%).

A review of the current literature reveals that large-
animal spinal-deformity models either employ an inverse

approach38-48, whereby the effectiveness of a fusionless tech-
nique is determined by its ability to create a deformity, or use a
2-step approach49-55, in which a deformity is surgically created
and then surgically corrected. None of the models currently in
use have a natively deformed spine on which to study various
treatment options56. Since these current models require an
index surgical intervention to initiate a deformity, the animals
must undergo an initial surgical procedure, recover from that

Fig. 8

Trichrome-stained histologic sections of the control (Figs. 8-A and8-C) and kyphotic (Figs. 8-B and8-D) vertebrae. The secondary center of ossification is at

the top and themetaphyseal bone is at the bottom in theseexamples. Increasedpleating of the physis in the kyphotic sample (Fig. 8-B;magnification,·2) is
clearly demonstratedwhencomparedwith the control (Fig. 8-A;magnification,·2). Similarly, the regular columnar organization of the physeal chondrocytes

(Fig. 8-C; magnification, ·10) becomes less organized in the kyphotic spine (Fig. 8-D; magnification, ·10).

TABLE IV Mean Cobb Angles and Sample Sizes for Each Combination of Nursery and Sow Diets

Nursery Diet 1 Nursery Diet 2 Nursery Diet 3 Nursery Diet 4 Total

Cobb angle

Sow Diet 1 43.9� 39.6� 34.2� 33.2� 37.7�
Sow Diet 2 27.4� 29.2� 29.6� 26.7� 28.2�
Sow Diet 3 24.0� 22.7� 22.6� 23.8� 23.3�
Mean 31.0� 29.6� 28.0� 27.4� 29.0�

Sample size

Sow Diet 1* 13 12 12 13 50

Sow Diet 2* 14 9 12 14 49

Sow Diet 3* 17 17 17 18 69

Total 44 38 41 45 168

*The values are given as the number of non-missing samples per treatment group, which is not necessarily the number of pigs (for example, Cobb-
angle data are missing for one pig that received Sow Diet 1/Nursery Diet 4).
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procedure, and be housed in a biomedical facility while the
animal grows and the deformity is realized. Only then can these
models be used for education or investigation. Thus, routine
use of the current models is limited because they are both cost

and labor intensive. As the deformity produced in this man-
uscript occurred through dietary manipulation, many of these
issues are resolved.

While the exact etiology of Scheuermann disease remains
unknown, previous studies have suggested genetic1,2,4,57 and
environmental58-61 causes. The best genetic evidence for path-
ogenesis relies on twin studies; however, our findings add a
confounding variable to these studies, as both twins would be
exposed to the same maternal dietary influences, making sep-
aration of genetic from environmental causes more difficult. As
the animals in this study were quadrupeds, the mechanical
influence of gravity was lessened. This could explain the ab-
sence of Schmorl nodes and could also account for the slightly
lower overall kyphotic angle compared with the classic ky-
phosis criteria of Sørensen61. The lack of Schmorl nodes in the
porcine model may also be explained by the presence of an
intact and ossified secondary center of ossification extending
across the entire vertebral end plate in the pig, which is not
found in human vertebral end plates. This additional ossified
layer in the pig may protect against the intravertebral disc
herniations (Schmorl nodes) that are observed in humans with
Scheuermann disease. Furthermore, the lack of a completely
ossified epiphysis in the human spine calls into question the
clinical importance of the decreased anterior ossification ob-
served in the hyperkyphotic vertebral epiphysis. While this
finding and other histologic differences were found between

TABLE V Linear Mixed Model Output*

Model Coefficients Estimate

Control 21.5� (17.6� to 25.9�)
Sow Diet 1 14.1� (8.4� to 19.3�)

Sow Diet 2 4.6� (20.1� to 10.3�)
Nursery Diet 1 4.1� (0.4� to 7.6�)

Nursery Diet 2 2.6� (21.1� to 6.0�)
Nursery Diet 3 0.5� (23.5� to 3.9�)

*The model output includes the estimates for each coefficient,
with the 95% bootstrap CI for that estimate in parentheses. The
first coefficient (“Control”) represents the expectedCobb angle of a
pig receiving Sow Diet 3/Nursery Diet 4 (the control group). The
remaining 5 coefficients estimate the differences between the
other groups and the control. A significant difference is indicated
by a 95% CI that does not contain 0. Sow Diet 1 was found to be
significantly different from Sow Diet 3, but no difference was found
betweenSowDiet 2 and the control. Nursery Diet 1was significantly
different from the control. However, no differences were found
between Nursery Diet 4 and Nursery Diets 2 and 3.

Fig. 9

Graphical representation of the Cobb anglesmeasured in this study. Values outside of the dashed lines indicate angles that are 2 standard deviations from

the mean sagittal Cobb angle of the most supplemented diet. For the purposes of this study, we labeled values greater than the normal range as kyphotic.

TABLE VI Percent of Hyperkyphotic Pigs for Each Treatment Group*

Nursery Diet 1 Nursery Diet 2 Nursery Diet 3 Nursery Diet 4

Sow Diet 1 76.9 66.7 41.7 35.7

Sow Diet 2 14.3 11.1 16.7 21.4

Sow Diet 3 5.9 0 0 0

*No hyperkyphosis was found in pigs fed Sow Diet 3 and Nursery Diets 2, 3, or 4.
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the control and hyperkyphotic pigs, further work is necessary
to understand whether similar processes occur in humans with
this condition. The validity of our kyphotic model to mimic
pathogenesis in humans may be further questioned given that
the percent ash (mineral content) of the kyphotic spine was
slightly less than that of the control spine while the HUs were
similar. Currently, the literature is divided on whether bone
density is diminished in Scheuermann disease24-29. However,
multiple studies have demonstrated decreased bone density in
patients with scoliosis16-19,21-23,32. Similarly, recent studies of
vitamin-D deficiency suggest a role for low vitamin-D levels11,12

and abnormal vitamin-D receptors30,31 in the pathogenesis of
scoliosis; therefore, we feel that it is reasonable to consider that
maternal vitamin-D levels may contribute in the development
of kyphosis in humans. Thus, whether the current model ac-
curately models Scheuermann disease may be debated, and
future investigations must be conducted to corroborate or re-
fute these findings in humans.

The greatest limitation of this study is the production of
the deformity in a quadruped rather than in an upright animal.
Validity concerns regarding a quadruped model could be raised,
as the effects of gravity on the spine are thought to be an im-
portant factor in deformity progression. However, a recent re-
view reported only quadrupeds (pigs, mini-pigs, lambs, and
calves56) as commonly accepted large-animal spine models.
While the porcine model does have anatomic differences when
compared with humans, the porcine thoracolumbar spine has
been shown to qualitatively approximate the human spine62.
Although no model with these quadrupeds can completely
mimic the axial spinal loading caused by gravity on the upright
human spine, the rhythmic contractions of the longitudinal
paraspinal muscles of such animals appear to exert an axial load
as great as or greater than gravity does on the human spine63.
Furthermore, another limitation of the current study was the use
of our porcine lift for the older, larger pigs in our model-
validation experiments. Ideally these pigs would have been im-
aged in the exact same manner as the younger pigs were or vice
versa. Our use of the porcine lift may account for the apparent
curve resolution that occurred between 13 and 17 weeks. Use of
this lift may have also extended the spine during the radio-
graphic process. Similarly, the portable digital cassette that was

used was of insufficient length to accommodate the entire spine,
especially in the older, larger pigs. However, the deformed re-
gions were imaged and several images were obtained in an at-
tempt to capture the entire deformity. As the sagittal Cobb angles
obtained from the CT scans were very similar to those obtained
from lateral radiography in the 17-week-old pigs, we doubt that
this limitation affected the outcomes of the study.

In summary, this study demonstrates that maternal vi-
tamin D influences the development of kyphosis in offspring.
In addition to serving as a model to study the pathogenesis of
kyphotic spinal deformities, this model may provide a useful
large animal model spinal-deformity platform on which to
study implants and techniques for the correction of spinal
deformities. n
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12. Goździalska A, Jaśkiewicz J, Knapik-Czajka M, Drąg J, Gawlik M, Cieśla M, Kulis
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