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Defining Normative Mixed-Breed Ovine Spine
Anatomy Using Computed Tomography and
Magnetic Resonance Imaging

Yazan Shamli Oghli, MS,! Nicki Mara Barka, BS,? Tina Billstrom, MS,? David Dinsmoor, MS,? and Kevin Hines, MD1*

The availability of suitable preclinical models is critical for developing novel therapeutic interventions. Ovine models are
particularly useful for studying spinal diseases due to their similarity in size and weight to humans. However, evaluation of
the ovine spinal cord and canal anatomy is necessary for such translational application. To date, no studies have quantified
the entire ovine spine using advanced imaging. In this work, we used MR and CT imaging to obtain the quantitative anatomic
information necessary for the appropriate preclinical investigations of the spinal cord and spine using sheep. Six mixed-breed,
female sheep were scanned in dorsal recumbency for MR T1- and T2-weighted images, as well as sternal and dorsal recum-
bency for CT images. Interactive multiplanar reformation and a series of automatic measurements, followed by computation
of various distances within the spinal cord and canal, were completed for each animal. This led to the quantification of the
MR-derived images: spinal cord and canal width and height, cord circumference, dorsal CSF distance, and ventral-dorsal/
left-right vertebral displacements. The CT-derived, computed measurements were for aminal circumference, vertebral height,
and disk height index. CT and MR imaging were performed on all animals, although some measurements were excluded due
to image quality. Spinal cord circumference peaked at C6 (27.41 mm) and L6 (24.93 mm), with notable ventral-dorsal displace-
ment at L7 (2.65 mm). Neural foramina circumference showed bimodal peaks at C8 and L7, while vertebral height declined
from L7 to T9, peaking at C4 (40.42 mm), highlighting structural variability along the spine. This study will be beneficial in
the modeling and development of precision neurosurgical treatments by providing a comprehensive quantitative dataset for
veterinary research on spinal disease and the development of therapeutic interventions.

Abbreviations and Acronyms: CSF, cerebrospinal fluid; DHI, disk height index; MPR, multiplanar reformation; SCS, spinal cord
stimulation; SCI, spinal cord injury; TSE, turbo spin echo
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limits the generalizability of research involving the implanta-
tion of devices intended for human use and for further study
of ovine spine morphology.

A recent study established comparative, high-resolution
MRI lumbosacral spine atlases of several species using cadav-
eric specimens, particularly of the rat, cat, pig, monkey, and
human.!® The authors investigated the length of spinal cord
segments, vertebral enlargements, morphologic characteristics,
as well as gray and white matter cross-sectional lengths and

tion potential (ECAP) sensing in sheep has been used to gain widths. In current literature, sgch radiographic measu.rements
foundational mechanistic insight into SCS waveforms that have only been dgcumented in the ovine l.umbar Spine. The
would otherwise be difficult to obtain in rodents or humans. ~current body of !1terature alsg lack§ St}lglli_s combining CT
Furthermore, ovine can be trained for biomechanical and gait ansi MBI evaluatlor} of th? Ovine spine. Further chara?—
tests, and their brain recordings have been used to study the ef- e of the OVIne SpIe, mC.lu'dlng cerv1c'al and thoragc
fects of SCS in neuropathic pain.>® Ovine models of spinal cord studies, would help inform the clinical translation of potential
injury (SCI) have also been investigated, including the effects interventional pain procedures a}nd serveasa g}nde to better
of SCS on gait improvement.>!0 Other models that have been understand treatment mechanisms and predict treatment
investigated include percutaneous spinal ablations as well as ~ F¢SPOnNSse.

compressive myelopathy ovine models.!2 However, studies To this end, the purpose of the present study was to conduct

lack normative evaluation of the ovine spine anatomy, which 2 normative quantitative characterization of the ovine spine
and its components using MRI and CT. We imaged the com-

plete spine and conducted measurements to characterize the

Introduction

Animal models are used to assess underlying mechanisms
of action and test the safety, efficacy, and feasibility of in-
terventional spinal and neuromodulation therapies before
clinical translation. Ovine models of neurologic conditions,
particularly of the spine, are valuable due to the similarity in
size and anatomic features of the sheep spine as compared with
humans.! One such model, the use of spinal cord stimulation
(SCS) for pain, remains incomplete.? Evoked compound ac-
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spinal canal, neural foramen, disk height, spinal cord, CSF,
and vertebrae in sheep. Eventually, such measures may be
important to continued advancements in the development of
interventional pain procedures, such as precision closed-loop

356

$S920E 93J) BIA £0-60-GZ0Z e /wod Aiooeignd-poid-swid-yiewlsiem-jpd-awiid//:sdiy wouy papeojumoq


http://doi.org/10.30802/AALAS-JAALAS-24-148
mailto:kevin.hines@jefferson.edu

SCS in ovine models, as well as elucidating the mechanistic
underpinnings of neurologic diseases by leveraging the ovine
preclinical model.

Methods

Subjects. This study was approved by the Medtronic IACUC
before completing any work. The animals were cared for ac-
cording to the USDA Animal Welfare Act standards, Medtronic
Physiologic Research Laboratories Standard Operating Proce-
dures, and the Guide for the Care and Use of Laboratory Animals
(8th ed). Female sheep (1 = 6; 8 to 19 mo old; 52 to 75.5 kg)
of mixed breeds (mixed Polypay [#n = 3], Friesian [n = 2], and
mixed Friesian [n = 1]) were used; females were used to avoid
complications with urolithiasis, a common disease of male
sheep. In addition, the temperament of ewes is better suited
to their use in a controlled laboratory environment compared
with that of rams. The animals were sourced from Central
Minnesota Livestock Sourcing. The animals were housed in a
colony in a temperature and humidity-controlled environment
with a 12+ 1-h light/dark cycle. Water was supplied ad libitum,
and the ovine were fed free choice hay for 4 to 8 h/day, along
with a standard 3 cups/day of commercial sheep pelleted diet.

Anesthesia and imaging. Each animal was premedicated with
400 pg (5.3 to 7.7 pg/kg) of fentanyl and anesthesia was induced
with propofol (250 to 400 mg, 5.3 to 6.7 mg/kg); anesthesia was
then maintained using isoflurane (1.8% to 3.1%). The fentanyl
and propofol were delivered intravenously via the saphenous
vein. Full-spine MR (1.5T Ingenia; Philips Healthcare) and CT
(SOMATOM Dual Source; Siemens) imaging was then per-
formed on each animal. The animals were euthanized after the
study data collection. For the MR imaging, the animals were
first placed in dorsal recumbency and secured to the table to
reduce motion artifact. A radiolucent, vinyl positioning strap
with hook-and-loop closure around the table and torso of the
animals was used for this purpose. This position is consistent
with how imaging is performed in humans preoperatively. The
cervical, thoracic, and lumbar spine were imaged separately,
but special care was given to ensure overlap between sections
to allow for counting of the vertebrae. The following sequences
were then employed:

(1) T2-weighted TSE (turbo spin echo) sagittal: This se-
quence utilized an approximate 450-mm? field-of-view
(FOV) depending on the coverage area, approximately
13 to 15 slices to cover the vertebral bodies edge-to-
edge and a slice thickness of 2 to 3 mm.

(2) T2-weighted TSE transverse, angled with the vertebral
bodies: This sequence utilized a 320-mm? FOV, approx-
imately 60 slices to cover the vertebral bodies in each
section, and a slice thickness of 3 to 6 mm depending
on the coverage area.

(3) T1 3-dimensional (3D) transverse: This sequence utilized
a 250-mm? FOV, 360 slices, and a slice thickness of 2 mm.

CT images were acquired in both sternal and dorsal recum-
bency. For the sternal recumbency imaging, the haunches were
supported to keep the spine both in a horizontal plane and as
straight as possible for image collection. For the dorsal recum-
bency imaging, the legs were secured to allow the spine to be
as close to the isocenter as possible without gantry interference.
For both the prone and supine sequences, the entire spine (cervi-
cal to tail) was imaged in a single pass using a 3 x 0.5-mm B50
kernel. The prone images were selected for use in this work;
with the animal supine on the concave table.

Normative ovine spine anatomy with CT and MRI

Analysis and image processing. A comprehensive series of
manual assessments and automated morphometrics was per-
formed using the images acquired from each ovine. The images
were prepared by first importing from Digital Imaging and
Communications in Medicine (DICOM) format into Materialise
Interactive Medical Image Control System (MIMICS; v24.0; Ma-
terialise). The images were then segregated by imaging sequence
type, with all postprocessing completed within MIMICS. Next,
interactive multiplanar reformation (MPR) was used to tailor
each vertebral segment view. Initial assessments included the
number of vertebrae in each spinal segment and the location of
the conus medullaris using the sagittal T2 TSE scans.

Two sets of automated measurements were then collected.
For the first set, a multistep process was followed that included
using the MPR function with the transverse T2 sequences to
draw splines, planes, and point-to-point lines around both the
spinal cord and canal dura at the midvertebral body for each
segment. Special care was taken to ensure that the splines were
drawn in the transverse plane, which was most orthogonal to
the spinal column to avoid exaggeration of measurements due
to foreshortening/elongation. A coronal plane was fit at the
widest point of the spline encompassing the spinal cord at every
level of the spine individually due to the curvature. A second
sagittal plane, orthogonal to the coronal plane, was then applied.
A Python (v3.12.11) script, which also utilizes MATLAB scripts
(R2023a; MathWorks), was used to automatically calculate
distances and points within the spinal column using manually
drawn MedCAD objects (MedCAD Custom Surgical Solutions;
Figure 1). MedCAD objects are the 3D analytical objects within
the DICOM coordinate system used for analysis in MIMICS,
which can then be used to measure distances. These measure-
ments included the following:

® The spinal cord width, height, and circumference;
® The spinal canal width and height;
The left and right separation of the spinal cord and the
canal; and
® The ventral and dorsal separation of the spinal cord and
the canal.

The second group of measurements included an assessment
of the disk height index (DHI), vertebral height, and neural fo-
ramina circumference. The DHI was calculated using a method
described by Masuda and colleagues!® Here, the MPR function
was used with the 3D T1 transverse and where appropriate T2
TSE sagittal images to calculate the spacing between the end-
plates for the vertebrae cranial and caudal to each respective
disk. These measurements were done at the ventral edge, mid-
point, and dorsal edge for each cranial vertebra (measurements
A, B, and C, respectively), caudal vertebrae (measurements G,
H, I, respectively), and disk (measurements D, E, and F). The
DHI was then calculated using Equation 1, with an example
shown in Figure 2.

D+E+F
A+B+C+G+H+1

DHI =2

Equation 1

Since vertebral height is inherent to the DHI calculation, CT
was used instead of MR for maximal accuracy for the dorsal
vertebral height measurements, corresponding to measure-
ments A and G, reported separately in this work. Finally, the
circumference, major and minor axis of the best-fit plane, and
centroid of each neural foramina were calculated bilaterally
by using 3D STL models generated from the CT acquisition
(Figure 3). After acquisition and calculation of the parameters,
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Figure 1. Representative segment from sheep 5 with planes and splines drawn. (A) Segment coronal (yellow) and sagittal (blue) planes, plus
cord and dural splines, applied to a transverse slice at T7. (B) Derived dimensions: ventral and dorsal CSF thickness (aCSF and pCSF), left and
right CSF thickness (ICSF and rCSF), edge-to-edge ventral-dorsal dural width (ap_dura), lateral dural height (1_dura), and ventral-dorsal cord

height (ap_cord) and lateral cord width (1_cord).

review of the automated measurements confirmed integrity of
automatic objects generated.

Results

All raw CT and MRI-derived data are available as sup-
plementary Microsoft Excel files (Supplementary 1.MRI.data;
Supplementary 2.CT.data). CT and MR images were successfully
acquired in all animals; the CT images of 1 sheep were omit-
ted because that sheep underwent CT with a different system
(O-arm; Medtronic), and the resulting images were incompatible
for analysis with the rest of the group, due to the reduced image
details and reduced field of view inherent to O-arm imaging.
Each sheep had 7 cervical and 13 thoracic vertebrae. Five of the
sheep had 7 lumbar vertebrae but one had 6. Another sheep’s
C1 and C2 measurements were not available due to image
edge distortion during processing. The conus medullaris was
located between mid-L2 and upper-L5 for all animals. The
calculated morphometrics for the first group of measurements
are presented in Figure 4. Figure 4A illustrates the spinal cord
circumference, which contains peaks at C6 (27.41 mm) and L6
(24.93 mm). Similarly, coronal spinal canal and cord (Figure 4C
and D), which are indexes of height, have similar peaks at the
same vertebrae. Lumbar sagittal spinal canal measurements,
equivalent to width, had mean values ranging from 9.39 mm
in L1, up to a consistent peak at L6 for all animals at 11.92 mm.
Ventral-dorsal spine displacement, provided in 4G, although
generally near the zero mark for all vertebrae, shows an average
ventral displacement peak of 2.65 mm at L7. Displacement in

the lateral dimension, aside from L7, shows a small, group-level
right displacement of all vertebrae, up to 0.65 mm at C2. The
DHIs, vertebral heights, and neural foramina circumferences, as
derived using Equation 1 with the method shown in Figure 2,
are provided for all animals in Figure 5. Left and right for aminal
circumference, in Figure 5A and B, showed bimodal peaks at
C7 and L7, a trough at T10, and a steep drop in circumference
at the axis and atlas (C1/C2). DHI generally ranged from 0.11
to 0.22, with the larger values in the midthoracic levels. Finally,
vertebral height showed a steady decline from L7 to T9, with
a peak at C4 (40.42 mm), and a steep drop down to C1, similar
to for aminal circumference.

Discussion

This study contributes to ovine modeling of neuromodula-
tion and spinal treatments in several ways. Our methodology
appears to give reasonable measurements for the model in line
with previous literature, adds normative values for anatomy
not previously examined, and allows for comparison to human
measurements when planning experiments. This allows for the
measurement of parameters with comparison to normative
data before implantation of devices in an ovine model. It may
also guide neuromodulation parameter configuration used in
such models. Although the lumbosacral spine of the sheep has
been measured via advanced MR imaging, !4 we are unaware
of any studies that have quantified spine morphology of the
cervical and thoracic vertebrae using advanced MR and CT
imaging. In addition, several parameters such as dorsal CSF,
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Figure 2. Representative disk height index (DHI) measurements
at sagittal L2-L3 in ovine 1. Either the MPR 3D T1 transverse or T2
TSE sagittal images were used to calculate the spacing between the
endplates for the vertebrae cranial and caudal to each respective
disk. These measurements were done at the ventral edge, midpoint,
and dorsal edge for each cranial vertebra (measurements A, B, and
C, respectively), caudal vertebrae (measurements G, H, and I, respec-
tively), and disk (measurements D, E, and F). In this example, the DHI
is calculated at 0.11, based on the calculation from Equation 1.

spine displacement, and foramen circumference have been
lacking in literature until now.

In the present study, we characterized the ovine cervical, tho-
racic, and lumbar spinal cord, dural canal, and CSF in 6 subjects.
Compared with Mageed and colleagues,' who imaged 5 Merino
sheep under CT and found a range of 9.8 to 18.9 mm for L1-L6,
lumbar spinal canal width segments beyond L1 had a smaller
width in our study. A study by Wilkes and colleagues!” also
dissected Merino sheep for anatomic measurement and found
similarly larger width values, ranging from 11.5 to 17.5 mm for

Figure 3. Representative neural foramen measurements in sheep 2.
Using the CT images, the circumference, major axis (rostral-caudal
line), minor axis (ventral-dorsal line), and centroid for each foramina
(shown in the inset) were assessed in MIMICS. The image of the sheep
in this figure was generated using the Volume Rendering Technique
on the syngo.via workstation (Siemens Medical Solutions).

Normative ovine spine anatomy with CT and MRI

L1-L7. Our coronal spinal canal measurements, a length meas-
urement, had a similar mean range. Therefore, compared with
the older study by Wilkes and colleagues,'” which also collected
cervical and thoracic measurements, there was a similar pattern
of our sagittal spinal canal segments being smaller, with coronal
canal segments being of a comparable range. It is likely that there
is variation between breeds, as we used a smaller, mixed breed
of sheep for our study.!® In addition, our utilization of a differ-
entimaging modality and processing procedure from previous
studies!* may yield variation. While Wilke and colleagues!”
provided some initial data on lumbar spine measurements, the
data presented here is the first to provide similar measurements
in the thoracic and cervical spine.

Our CT-derived measurements included foraminal circum-
ference, vertebral height, and DHI. Compared with a study by
Bai and colleagues!® that compared anatomic human lumbar
spine measurements to sheep and deer, our ovine vertebral
heights were comparable, ranging from 31.78 to 35.60 mm. The
similarity in lumbar spine measurements obtained from physi-
cal specimens supports the validity of our imaging procedure.
Another study? compared cadaveric human L4 vertebrae to
various animal models, including sheep. Vertebral body height
for L4 in sheep was approximately 13% larger than humans
in that study, at approximately 30 mm. Our measured body
height was slightly larger at that vertebra, at approximately 35
mm (Figure 5D). Lumbar DHI was also comparable to previous
studies in sheep, ranging from 15 to 20 units. Particularly, this
is similar to a study by Reitmaier and colleagues?! that investi-
gated, using in vivo and in vitro ovine models, vertebral indexes
following spine segment destabilization and fusion procedures.
Overall, our ovine model measurements were validated by the
existing lumbosacral measurements in the literature referenced
above,'%2! while providing new measurements and parameters
including the cervical and thoracic spine.

While sharing many similarities, differences between ovine
and human spine morphology should also be noted when
planning experiments to model neuromodulation treatments
so that necessary adjustments may be made. By measuring
thoracic levels, normative data exist for anatomy relevant to
spinal cord stimulation. A recent study evaluated thoracic
morphometric measurements using preoperative MRI in 101
chronic pain patients who were to be implanted with SCS.??
Human measurements of dorsal CSF thickness and spinal cord
and canal variables were up to 2 times larger compared with the
ovine measurements in our study. Specifically, thoracic dorsal
CSF thickness was almost 2 times larger in humans, ranging
from 3.9 to 4.1 mm. This may affect stimulation parameters
and response to therapy amplitude in ovine models.?® This dif-
ference in CSF distance between the spinal cord and epidural
space where SCS leads are located manifests as comparatively
larger spinal ECAP amplitudes in the sheep compared with
humans, as more of the ECAP is shunted and lost in the greater
CSF thickness in humans.?* This may be further complicated
by method selection when it comes to ECAP estimation, where
sensitivity parameters are crucial for increasing signal-to-noise
ratio for optimal and accurate application.? Overall, the value
of ovine spine measurements comes from the similarity to hu-
man morphometry and the ability to account for the differences.
For example, smaller dorsal CSF thickness may require lower
stimulation amplitudes and affect coverage over ovine spinal
cords. In addition, larger vertebral heights may require wider
spacing of contacts during stimulation modeling of the effects
of SCS, since the therapy targets the spinal cord anatomy itself,
and not the vertebral bodies used as proxies during surgical
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Figure 5. CT-derived ovine spine measurements and indices. Using STL models derived from the CT acquisitions, (A and B) left and right
foramen circumference and (D) vertebral height were computed for every vertebra for each animal. (A-C) Images are ascending from lumbar
to cervical vertebrae from left to right, with individual colors representing individual ovine and the mean in solid black line. Using the MPR
function as well as Equation 1, the (C) disk height index was computed for each vertebra. All animals, except ovine 6, had a CT scan for use in

CT measurements.

implantation. Another study?® demonstrated a human neural
for aminal circumference ranging from 47 to 55 mm. This is
larger than the lower lumbar neural foramen measured in
Figure 5 (ranging from 15.53 to 42.38 mm). Therefore, when
using sheep as models for pain therapies occupying the fo-
ramen such as dorsal root ganglion stimulation,? it should
be noted that implant size may need to be adjusted for the
smaller corridor. As seen in these examples, this study pro-
vides comprehensive data useful in planning the exploration
of stimulation-related therapies in an ovine model.

Using MR and CT imaging, this study produced measure-
ments for the development of precision ovine models for the
study of neurosurgical treatments. To our knowledge, this
is the first study to quantify spine for aminal circumference

for the entire ovine spine including the cervical and thoracic
regions, which is a crucial measurement for modeling stimu-
lation of dorsal root ganglion. In addition, our measurement
of cervical and thoracic ovine spine provides novel data for
the future development of ovine SCS using percutaneous or
paddle leads in those regions, including cervical SCS, which
has been shown to be effective in the management of chronic
pain.?® The study of spinal ECAPs provides critical informa-
tion as they have been shown to be associated with perceived
sensation in chronic pain patients and are affected by the pos-
ture of patients.?#?’ In addition, ECAPs in ovine models have
been recently investigated and may become a powerful tool
for the development of closed-loop SCS.#3° New data from
the EVOKE clinical trial, which compared ECAP-controlled
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closed-loop and open-loop paresthesia-centric SCS for the
treatment of chronic pain, reported higher rates of leg and
back pain reduction in patients receiving closed-loop tonic
SCS.3! The information presented in this work may be useful
for investigating pain, somatosensation, and motor signals,
as well as for accurate lesioning for disease models such as
SCI and neuropathy.

The present study has limitations. Our sample size of 6
female subjects may not be generalizable to males or other
breeds of sheep. However, we used a standardized protocol
for imaging, and our measures were similar to previously
published studies that investigated morphometry using
imaging and cadaveric specimens. In addition, the animals
were of various breeds, sizes, and age. Although we did
not control for these parameters, the purpose of our study
was to provide this quantitative data for future researchers
to use for their investigations. Furthermore, the variations
in age and size are similar to other previously discussed
studies.!*>7%1 Another limitation is the fact that the sheep
used in this study did not employ a chronic pain model.
While we do not necessarily expect this to affect the anatomy
of the sheep, they may experience less degenerative changes
to parameters limiting generalizability to clinical populations
with chronic pain (e.g., use of SCS for chronic low-back pain).

Conclusion Using MR and CT imaging, the entire ovine spine
anatomy, including cord and foraminal circumference, vertebral
displacement and height, and dorsal CSF space across all spine
segments was quantified in a study population. This enhances
the utilization of ovine models in the study of spinal treatments
such as closed-loop SCS, novel interventional pain therapies,
and the study of veterinary neurologic disease.

Supplementary Materials

Supplementary Data 1 - MRI-derived measurements of ovine spine.
These individualized measurements include right, left, anterior, and
posterior distances; coronal spinal cord and canal; sagittal spinal cord
and canal; spinal cord and CSF circumference SC (all in mm); radio-
graphic midline in degrees, level of conus medullaris , and total cord
length. Individualized data for each subject provided as separate excel
sheets. Final sheet (“Pics”) provides visualization of how measures were
obtained using MedCAD objects.

Supplementary Data 2 — CT-derived measurements of ovine spine.
These individualized measurements include disc height index (DHI)
measurements as described in Equation 1 and Figure 2; calculated
DHI; left and right foraminal MRI and CT-derived spine length (in
mm); spinal canal length (in mm); and posterior canal height (in mm).
Individualized data for each subject provided as separate excel sheets
for the five subjects which were imaged using CT. The “Template” and
“Foramen-Canal CT Script” were used to generate the measures and
populate the individual sheets.
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