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Abstract of Skeletal Anatomy in the Yucatan Minipig Carpus, by Sophia Sordilla, ScM in
Biotechnology, Brown University, February 2024.

Objective: Osteoarthritis (OA) in the wrist can greatly decrease quality of life and is
characterized by the degradation of soft tissues and the growth of osteophytes. Currently, there is
a lack of viable treatment options for OA of the wrist compared to larger joints like the hip and
knee. This is due in part to the lack of an established preclinical large animal model for the
human wrist. Here, we conduct a holistic investigation into the carpal anatomy of the Yucatan
minipig (YMP) to aid decisions about its viability as an animal model for wrist therapeutics.
Methods: Microcomputed tomography (UCT) and clinical computed tomography (CT) scans of
the YMP carpal bones were used to measure and compare individual carpal bones within the
YMP carpus to existing data on human carpal bones. Articular cartilage surface area and
thickness were compared across YMP specimens and to human data. We conducted detailed
dissections of the tendon and ligament anatomy of the YMP, focusing on analogues important to
human carpal stability.

Results: YMP carpal bones were generally smaller in volume and surface area from human
carpal bones. YMP carpal bones also differed from their human analogues in normalized
volume, or the volume of the bone divided by the volume of the entire carpus. We found two
specimens with abnormal carpal anatomy in which the first and second carpal bones were fused.
Average articular cartilage thickness in the YMP radial carpal bone was 0.3 £ 14mm, markedly
thinner than its human analogue, the scaphoid, at 0.8 £ 0.2mm. Flexor tendon anatomy had
functional similarities to human anatomy, which was consistent with existing literature.
Conclusions: We found notable differences in carpal bone size and scaling, articular cartilage
thickness and digital extensor tendon anatomy. Our anatomical findings may provide
foundational information for other work seeking to use or considering the YMP as a preclinical

animal model for carpal joint replacement and therapeutics.



Chapter 1: Introduction

Osteoarthritis (OA) in the wrist can cause pain and a reduced range of motion in the joint,
decreasing quality of life and interfering with normal hand function . This disease is
characterized by the degeneration of tissues on articulating surfaces and the growth of bone spurs
(osteophytes) on the edges of affected bones 2. Noninvasive treatment options, including
nonsteroidal and steroidal anti-inflammatory drugs, are generally the first course of treatment for
a patient with OA. However, these drugs are used to alleviate the symptoms associated with OA
instead of addressing the root condition . More invasive treatment options to alleviate OA
symptoms include surgical intervention such as immobilization of the joint (arthrodesis),
removal of the osteoarthritic bone, and replacement of the joint with a prosthesis “°. Although
recent advancements have improved patient outcomes, prosthetic replacements for wrist joints
have historically had high rates of complications in comparison to the larger joints. These
complications include implant loosening, foreign body reactions, and patient pain 4. Prosthetic
replacement of single bones using first-generation silicone implants has been of interest due to
the potential advantage of preserving native anatomical structures. However, silicone spacers
have largely been abandoned due to high rates of complications, including dislocation and
synovitis. Further inquiries have been made into alternate materials to address these modes of
complication; these materials include pyrocarbon, titanium alloy, cobalt chrome, and patient-
specific carpal bone replacement made from thermoplastic polymers like polyetheretherketone
16-9, Standardized evaluation methods, including preclinical animal models, will be important to

further developing and approving new orthopedic devices and materials for the wrist.



A significant barrier to the further development of wrist replacement technologies is the lack of a
validated large animal model for preclinical study. Large animal models are particularly
important for investigating therapeutics in which the device will encounter environments with
mechanical loading 1°. According to the U.S. Food and Drug Administration’s (FDA) Orthopedic
Devices Program, a major regulatory gap in the approval of innovative orthopedic devices is the
lack of established methods of validating such devices, including pre-clinical and computational
models . Joint replacement technology in larger joints, such as the hip and knee, have made
great progress due to larger market size and the relative simplicity of these joints 224, However,
there is a smaller market size and no standard, validated animal model for new carpal bone and

joint replacement technologies for the wrist.

Recent work has suggested the Yucatan minipig (YMP) as a useful preclinical animal model for
orthopedic devices. The YMP is a small breed of domesticated pig that is relatively accessible to
acquire and less expensive to keep than traditional domestic breeds, due to their smaller size *°.
The YMP has been recognized by the FDA as a relevant large animal model for spine-related
indications, and further works have discussed this breed as a suitable model for trauma-induced
osteoarthritis, lumbar facet joint cartilage, knee mechanics, cartilage healing, and forelimb flexor

tendons 1621,

However, comparatively less work has investigated the YMP as a model for carpal bone and
joint replacement. Porcine forelimb anatomy has marked morphological differences from the
human forelimb, but the skeletal anatomy is well conserved. All but one bone in the human

carpus, the first metacarpal, has a porcine analogue (Figure 1). In 2021, Stoeckl et al. found that
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the accessory carpal bone (ACB) in the YMP was sufficiently similar in size, shape, and loading
to the human trapezium carpal bone to be used as a model for joint replacement and resurfacing
3, Additionally, a 2015 study by Behrends et al. found that the YMP was a suitable model for
scaphoid fractures, non-unions, and repairs 22. The Y MP radial carpal bone (RCB) is analogous
to the human scaphoid and similar in location, geometry, and blood supply 22. Although the goal
of this study is to generate holistic data about the YMP carpus, we have an added focus on the

RCB due to its relevance as a model for the human scaphoid.

This study aims to provide a holistic characterization of the Yucatan mini pig carpal anatomy to
better understand its potential as a preclinical animal model for carpal joint arthroplasty
technologies. Through characterizing relevant tendons, ligaments, carpal bones, and articular
cartilage, we aim to provide basic morphological data to compare the Yucatan mini pig to human

carpal anatomy and investigate the role of individual variation in the breed.
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Porcine, right ventral/palmar view

Human, right ventral/palmar view

CB1

Porcine, right dorsal view

Human, right dorsal view

Human

Minipig

Metacarpals 2-5

Metacarpals 2-5

(MC2-5) (MC2-5)
First metacarpal
(Mc1) None
Trapezium 1st carpal bone
(Tpm) (cB1)
Trapezoid 2" carpal bone
(Tpd) (CB2)
Capitate 3rd carpal bone
(Cap) (CB3)
Hamate 4t carpal bone
(Ham) (CB4)
Scaphoid Radial carpal
(Sca) bone (RCB)
Lunate Intermediate
(Lun) carpal bone (ICB)
Triquetrum Ulnar carpal
(Trq) bone (UCB)
Pisiform Accessory carpal
(Pis) bone (ACB)

Figure 1. Skeletal anatomy in the human (bottom) and porcine (top) carpi differ in morphology,
however, nearly all bones in the human wrist have a porcine analogue.
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Chapter 2: Methods

Specimens

Fourteen total YMP forelimb specimens were used to investigate anatomy, and one Yorkshire

pig forelimb was used for a preliminary soft tissue dissection (Table 1). Microcomputed
tomography (LCT) scans of all carpal bones from YMP forelimb specimen were used to
investigate bony anatomy and articular cartilage (Specimen 1, or S1). Clinical computed
tomography (CT) scans of eleven additional YMP forelimb specimens were used to investigate

the role of individual variation in bony anatomy (S3-13). Additionally, uCT scans of the RCBs

from these eleven forelimbs were used to investigate individual variation in articular cartilage

(S3-13).

Two forelimbs, one YMP and one Yorkshire, were dissected to investigate tendon and ligament

anatomy (S2 & S14). Specimens were kept frozen at -20°C from harvest until use. Before

dissection or CT scanning, specimens were thawed at room temperature for 24 hours.

Table 1. Study specimens. B + AC denotes ‘Bony anatomy and articular cartilage analysis.’

RCB denotes ‘radial carpal bone,” which is analogous to the human scaphoid.

Specimen | Species Specimen | Procedure Age Sex | Weight | Left/
ID Description Right
(months) (kg)
S1 Yucatan | Eight carpal B+AC 19 F 55.9 R
bone uCTs
S2 Yucatan Intact Soft tissue 20 F 60.0 L
Forelimb dissection
S3 Yucatan Forelimb B+AC 19 F 55.1 L
CT,
RCB uCT

13



sS4

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

49.8

S5

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

51.6

S6

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

56.1

S7

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

49.4

S8

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

50.6

S9

Yucatan

Forelimb
CT,
RCB uCT

B+AC

13

61.0

S10

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

55.1

S11

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

49.8

S12

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

49.4

S13

Yucatan

Forelimb
CT,
RCB uCT

B+AC

18

50.6

S14

Yorkshire

Intact
Forelimb

Soft tissue
dissection

46.7
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Data Collection

Bony Anatomy

All eight S1 carpal bones and the RCBs from S3-S13 were resected and scanned using a
MicroCT40 desktop uCT system (Scanco Medical, Bruttisellen CH). The system was set to
70KVp and 114 pA, and an isometric voxel size of 30 um. The image files were converted to
DICOM and exported for analysis in Mimics (Materialise, Leuven, BE). The individual carpal
bones were segmented from the uCT images using an intensity threshold value of 2200 and

manually edited to remove artifacts 2324,

All YMP forelimb specimens (S1-S13) were imaged following the procedure described in
Badida et al., 2020 using a clinical CT scanner (HighSpeed Advantage 16, GE, Milwaukee WI)
25 These image files were exported for analysis in Mimics, and all carpal bones were segmented
from the CT images using a lower intensity threshold value of 828. Carpal bones were then

manually delineated from one another and edited to remove artifacts 2324,

Articular Cartilage

For each carpal bone in S1 and the RCBs from S3-13, articular cartilage surface models were
generated following the method described by Moore et al. for generating cartilage surfaces from
UCT imaging of human carpal bones 26. Articular cartilage was segmented using two different
methods - manually in Mimics, and semi-automatically using both Mimics and Geomagic Wrap.
To confirm precision and reproducibility of both manual and semi-automatic segmentation

methods, we used each method to segment the S1 RCB three times.
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Avrticular cartilage thickness, defined as the distance between the articular cartilage and
subchondral bone meshes, was calculated using the open-source mesh generation toolbox
iso2mesh (Version 1.9.5; Fang, 2020) in MATLAB (R2021a; Mathworks, Natick MA) 2’. Mean
articular cartilage thickness and standard deviation were calculated for each carpal bone.
Articular cartilage thickness was compared between carpal bones using the S1 samples, between
individuals using the 11 collected RCBs, and to human carpal bone articular cartilage data from

existing literature.

Tendon and Ligament Dissections

To investigate tendon and ligament anatomy, layer-by-layer dissections were performed on a
Yorkshire pig and YMP forelimb (S2 and S14). Tendon and ligament attachment sites on each of
the carpal bones were carefully located and confirmed. The prominent flexor and extensor
tendons (radial extensor, extensor, radial and ulnar flexors) of the carpus were identified and
insertion points were documented 28. Any remaining tendons with insertion points on the carpal
bones or digits were photographed and recorded. These findings were compared to existing

documentation in veterinary textbooks and literature 2°-%,

Ligament dissection was guided by previous literature identifying ligament divisions that cause
carpal instability in humans, with a goal of identifying any existing analogues to these ligaments
in the porcine carpus 3. Ligaments were documented, photographed, and compared to human

anatomy.
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Data Analysis and Statistics

For the S1 carpal bones, centroid, surface area, and principal axes of inertia (assuming all bones
had homogeneous density) were calculated using custom-written code in MATLAB 3234,
Volume was calculated from the bone surface models using Volume of a Surface Triangulation
(1.0.0; Suresh, n.d.). For each S1 carpal bone, normalized carpal bone volume (the volume of the
individual carpal bone divided by the total volume of all carpal bones) was calculated using

custom-written code in MATLAB.

For the 11 RCB uCTs (S1, S3-13), mean articular cartilage thickness and standard deviation
were calculated for the proximal and distal facets using custom-written code in MATLAB.
Additionally, a two-tailed student’s t-test was used to compare cartilage thickness between the

distal and proximal facets on the RCBs.

To compare semi-automatic and manual cartilage segmentation, we segmented the S1 RCB three
times with each method. Descriptive statistics, including mean articular cartilage thickness and
standard deviation, were generated for each cartilage segmentation trial. Articular cartilage
thickness values generated by the semi-automatic trials were compared using an ANOVA. The
three semi-automatic trials were statistically significant from one another, however, the mean

articular cartilage thickness varied by only 0.02mm (Figure 2).

17



YRA4027 Articular Cartilage Thickness Over Three Trials

1.2 —— Mean
— Median

o
o

Cartilage Thickness (mm)
=] (=]
L= (o)}

0.2

Trial 1 Trial 2 Trial 3

Figure 2. Mean articular cartilage thickness for each trial varied by 0.2 mm, with the first trial
having the most outliers.
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Chapter 3: Results

Bony Anatomy

The YMP carpus is composed of eight individual carpal bones. Each of the carpal bones has a
human carpal bone analogue with the articulations between the carpals conserved. These carpal
bones form two rows articulating proximally with the radius and ulna, and distally with the four
metacarpals (Figure 1). In the proximal row, the radial carpal bone (RCB) sits the furthest
medially and is analogous to the human scaphoid. Laterally, the RCB articulates with the
intermediate carpal bone (ICB), which is analogous to the human lunate. Lateral to the ICB is the
ulnar carpal bone (UCB), which sits the furthest laterally in the proximal row and is analogous to
the triquetrum. Volar to the UCB is the accessory carpal bone (ACB), which is analogous to the

pisiform.

Furthest medially in the distal carpal row are the first and second carpal bones (CB1 and CB2).
CBL1 is analogous to the human trapezium and articulates on the volar side of CB2, which is
analogous to the trapezoid. Lateral to CB2 is the third carpal bone (CB3), analogous to the
capitate, and the fourth carpal bone (CB4) sits the furthest laterally in the distal carpal row and is

analogous to the hamate.

One notable difference of porcine anatomy relative to human anatomy is the lack of a first digit
(first metacarpal, proximal and distal phalanges), or thumb, in the porcine carpus. The first carpal
bone in the porcine carpus, analogous to the trapezium, is also reduced in volume. Additionally,
the radius and ulna of the YMP are fused, limiting range of motion in supination and pronation

as compared to humans.
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Bone Volume and Surface Area

S1 Carpal bones

The eight S1 carpal bones differed in surface area and volume. Carpal bone surface area ranged
from 90mm? on CB1 to 904mm? on the ICB. Volume ranged from 60mm?3 (CB1) to 1705mm?3
(ICB). The largest carpal bone by both volume and surface area was the 1CB, followed by CB4,
the RCB, CB3, the UCB, the ACB, CB2, and CB1 (Table 2). This order remains the same for

normalized volume, with the ICB making up 20.4% of the total volume of the carpus.

Table 2. Surface area and volume of the S1 carpal bones.

CB1 CB2 CB3 CB4 ACB ICB RCB UCB
Surface
ST 90 246 669 863 501 904 805 669
(mm?)
Volume
(mm?3) 68 267 1166 1689 721 1705 1584 1159

Variation between individuals (S3-13)

Mean carpal bone volumes for the forelimb CT specimens (S3-13) followed the same size trends

as described above for S1 (Figure 3).

Notably, two forelimb specimens (S8 and S13) did not have a distinct CB1 and CB2. Instead,

these bones appeared to be fused with no visible delineation in the CT scans (Appendix C).

These specimens were processed as having no CB1 (volume of 0 mm3), and the fused bones

were included in the mean CB2 volume. Inclusion of these specimens did not change the trends

observed but increased the mean volume of CB2 by 9.9 mm?3 (from 275.6 mm? to 285.5 mm§3).




Mean Bone Volume (CT Specimens)

@®  Typical Specimens
® Abnormal Specimens (no CB1)
L]
2000 ]
.
® L
.
1500
o
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§
g 1000
.
| I
ol = =
ACB CcB1 cB2 CB3 CB4 ICB RCB uce
Carpal Bone

Figure 3. Mean bone volume by carpal bone for S3-13 (S8 and S13, in which CB1 and CB2
were fused, are represented in red).
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Atrticular Cartilage

Within the S1 carpal bones, average articular cartilage thickness varied between 0.2mm (CB1)

and 0.4mm (ACB) (Table 3, Appendix B). Additionally, cartilage thickness varied across each

articular facet (Figure 4).

Table 3. Descriptive statistics of S1 articular cartilage thickness by carpal bone.

CB1 CB2 CB3 CB4 ACB ICB RCB ucB
Average (mm) 0.15 0.29 0.23 0.27 0.38 0.22 0.27 0.33
Standard
Deviation 0.07 0.20 0.08 0.09 0.10 0.11 0.12 0.10
(mm)
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Figure 4. Heatmaps of articular cartilage thickness in S1 carpus (carpal bones not to scale).
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Mean articular cartilage thickness for the 11 RCB specimens was 0.3£0.03 mm for the distal
facet and 0.3+0.04 mm for the proximal facet. A two-tailed t test found no significant differences
between cartilage thickness on the distal and proximal facets using a p value of 0.05 (p = 0.090).

Overall, articular cartilage thickness ranged from 0.2 mm to 0.4 mm (Figure 5).

Articular Cartilage Thickness by RCB specimen

0.4 -
[ ] ® (distal
® proximal
0.35 -
hd °
Py [ ]
) L °
03f ®
e °
[ ] [ ] Y
o °
0.25 - ) ° ° °

0.15 -

Articular Cartilage Thickness (mm)
o
N
T

0.1

0.05 -

0 1 1 1 1 1 1 1 1 1 |

Vv N % © ) © A X > ) ©
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Figure 5. Articular cartilage thickness by RCB specimen and facet (red = proximal, blue =

distal).

Tendon Dissection

Tendons were categorized as flexors or extensors based on location of insertion. The extensor

tendons inserted on the dorsal side of the carpus to enable extension of the digits and the wrist.
Immediately deep to the skin and fascia, several superficial tendons originating at the humerus

inserted dorsally on the digits. The lateral digital extensor tendon branches to insert on the

24



proximal ends of the 4th and 5th phalanges. Another broad, superficial digital extensor inserts
distally at the 4th phalanx. The common digital extensor runs superficially along the dorsal
midline of the forelimb and inserts distally on the 3rd and 4th phalanges. Deep to the first layer
of tendons are two relatively broad carpal extensor tendons. The radial extensor of the carpus
runs along the medial side of the carpus, enveloping the first carpal bone and inserting on the
proximal second metacarpal and second carpal bone. The other extensor of the carpus runs
anterior and branches distally to insert on the proximal ends of the 3rd and 4th metacarpals

(Figure 6).
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Common digital

extensor w Superficial

digital flexor

Extensor of the
carpus

s Deep digital
flexor

. s Radial extensor
Lateral digital T of the carpus

extensor

Superficial digital
extensor

CB3

Figure 6. Clockwise: dorsal, volar, radial, and ulnar renderings of tendon anatomy on the YMP
carpus. Dorsal extensor tendons on the YMP carpus.

Flexor tendons inserted on the volar side of the carpus on the metacarpals and phalanges. The
forelimb flexor tendons were bound together by connective tissue on the volar side of the carpus,
and branch distally to insert on the metacarpals and phalanges (Figure 7). Two digital flexor
tendons originate at the humerus. The superficial digital flexor branches distally and inserts on
the proximal ends of the 3rd and 4th phalanges. The superficial digital flexor envelopes the deep
digital flexor, which inserts at the distal end of each phalanx. Additionally, the superficial ulnar
flexor of the carpus inserted on the ACB and the proximal end of the fifth metacarpal.
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Figure 7. Volar view of the left YMP forelimb. The volar flexor tendons are held in place by a
band of connective tissue (arrow).
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Chapter 4: Discussion and Conclusions

Invasive treatments that address the root causes of carpal osteoarthritis have experienced limited
progress, in part due to the lack of an established preclinical animal model. In this work we
investigated the articular cartilage, tendon, and bony anatomy of the Yucatan mini pig carpus in

order to aid evaluations of its suitability as a model for the human wrist.

Bony Anatomy

Comparisons between our data on the YMP and existing literature on human carpal bones
showed differences in volume (Figure 8). On average, human carpal bone volumes were larger
than their porcine analogues in all carpal bones, except for the lunate and triquetrum. YMP RCB
volumes averaged 1,827 + 161.5 mm?, while a previous study found that the analogous human

carpal bone, the scaphoid, has an average volume of 2390.1 + 673.6 mm?332,
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4000 Carpal Bone Volume in the YMP and Humans
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Figure 8. Gross volume of each carpal bone for the YMP (blue) and humans (red).

In comparing normalized carpal bone volumes (the volume of the individual carpal bone divided
by the total volume of all carpal bones), the rank order of human carpal bone volumes and their
porcine analogues differed (Figure 9). In humans, the largest carpal bone by normalized volume
is the capitate, followed in descending order by the hamate, scaphoid, trapezium, lunate,
triquetrum, trapezoid, and pisiform. In our YMP dataset, the largest carpal bone by volume was
analogous to the lunate, followed by the hamate, scaphoid, capitate, triquetrum, pisiform,
trapezoid, and trapezium.
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In other words, normalizing for the volume of the carpus showed that human and porcine carpal
bones were not isometrically scaled versions of one another. These results suggest an allometric
scaling relationship between the YMP and human carpal anatomy.

Percentage of Carpus by Volume

i

~:\°‘°

25

I Porcine
[ Human

Percentage

\o’é"‘a o m@aﬂ&“

(\o- \S
o Fcﬁ gﬁ‘ &
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Figure 9. Relative volume of each carpal bone for the YMP (blue) and humans (red), calculated
as the volume of the carpal bone divided by the total volume of the carpus.
During our analysis, we found that two of the eleven forelimb specimens (S8 and S13) had

abnormal anatomy in which the first and second carpal bones were fused together (Appendix B).

In contract to its human analogue, the trapezium, CB1 does not typically articulate with any
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metacarpal and does not serve a function in the porcine carpus. These two outlying specimens
may have a fused CB1 and CB2 because CBL1 is a vestigial structure and there is no selective
pressure on the bone. Further study with larger sample sizes could illuminate the frequency with

which this atypical anatomy occurs.

Articular Cartilage

Comparisons of articular cartilage thickness between carpal bones showed variation within the
S1 carpus, and results were similar to existing literature on the YMP. Between the S1 carpal
bones, average articular cartilage thickness had a range from 0.2mm to 0.4mm. CB1 had the
thinnest average cartilage, followed by the ICB, CB3, RCB, CB4, CB2, UCB, and ACB.
Existing literature on YMP cartilage was limited, but a 2021 study focusing on the ACB found
that the articular cartilage ranged from 0.4mm to 0.5mm, with the thickest cartilage in the center
of the facet 3. Our methods yielded similar results, with the ACB cartilage averaging 0.4mm with

some of the thickest cartilage in the center of the articular surface.

There was relatively little variation between individual RCB specimens and between the distal
and proximal facets. Average articular cartilage thickness on the distal facets was 0.28mm and
proximal facets averaged 0.31mm, with no statistically significant difference between the
locations (p = 0.090). The mean articular cartilage thickness values had a range of 0.14 mm. This
range of average thickness values between RCB specimens suggests that articular cartilage
thickness is relatively consistent across individuals. In direct comparison, human articular

cartilage is notably thicker. The RCB is analogous to the human scaphoid, which has been found
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to have an average articular cartilage thickness of 0.847 £ 0.174mm using similar methods to our

study 2.

Tendon Anatomy

Tendon anatomy in the Yucatan and Yorkshire specimens was consistent with existing literature
on the porcine carpus 212°, Further, our findings agreed with conclusions drawn by previous
studies, in that porcine flexor tendon anatomy was similar to human flexor tendons 0. YMP
flexor tendons consisted of the deep digital flexor enveloped by the superficial digital flexor,
held in place by connective tissue. This enveloping relationship is similar to human digital

flexors (flexor digitorum superficialis and flexor digitorum profundus).

The human digital extensors consist of the extensor digitorum, which originates on the humerus
and inserts on digits 2-5, and the extensor digitorum minimi, which inserts on the proximal end
of the 5™ phalanx. This differs from the digital extensors found in the YMP, which only insert on
the center two digits (common digital extensor) and digits 4 and 5 (lateral digital extensor). The
deep YMP extensor tendons had similar origin and insertion sites to their human analogues. The
porcine radial extensor of the carpus was consistent with its human analogue, the extensor carpi
radialis longus, which originates on the humerus and inserts on the second metacarpal.
Additional extensors found in the carpus inserted on both the third and fourth metacarpals,

similar to the extensor carpi radialis brevis, which inserts only on the third metacarpal.
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Limitations

This study is primarily limited by constraints on specimen availability. Previous work on human
carpal bone shape and size have suggested that bone volume is influenced by the sex of the
individual®2. However, our sample of YMP forelimbs included only one forelimb from a male
specimen. Therefore, we did not conduct any analyses on the role of sex in YMP carpal bone

size and scaling.

Only one complete set of eight carpal bones, S1, was used to generate data on articular cartilage
throughout the carpus. However, our analysis of 11 YMP RCBs may provide insight into the role
of individual variation. For the RCBs, articular cartilage thickness values all fell within a 0.14

mm range, indicating that other YMP individuals may not differ much from the S1 results.

Only one Yucatan mini pig forelimb and one Yorkshire mini pig forelimb were used to examine
tendon and ligament anatomy. Muscle bellies originated from the humerus, but the muscles were
separated from the humerus during specimen collection so further detail on origination for
tendons was not possible. This low sample size means that limited conclusions can be drawn
from this study alone, as other Yucatan mini pig individuals could have varied anatomy.
However, both the Yucatan and Yorkshire specimens had the same attachment points for soft
tissue anatomy, which could imply that these attachment points are relatively conserved between
porcine breeds and individuals. Additionally, these results were consistent with existing literature

on porcine tendon anatomy, indicating further that this anatomy is conserved across individuals

29
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Another limitation of the present work is the level of precision of the semi-automatic
segmentation methods, given that an ANOVA found statistically significant differences between
repeated segmentations of the same bone. However, the segmentation methods are consistent
with published work validating these methods 6. Additionally, we showed that these repeated
segmentation trials resulted in cartilage measurements within 0.02mm of one another. These
results indicate that the segmentation methods produced meaningfully consistent results between

specimens.

This work aims to provide anatomical data as a basis for evaluating the YMP as an animal model
for therapeutics in the wrist. We found notable differences in carpal bone size and scaling,
articular cartilage thickness, digital extensor tendon anatomy, and volar ligament anatomy. Our
anatomical findings may provide foundational information for other work seeking to use or

considering the YMP as a preclinical animal model for carpal joint replacement and therapeutics.
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Appendix A

Ligament Dissection Results

On the dorsal side of the carpus, we identified nine ligaments connecting the carpal bones,
metacarpals, radius, and ulna (Figure Al). The superficial radial intermediate ligament inserted
on the RCB, ICB, and UCB, connecting the proximal carpal row. Additionally, the deep radial
intercarpal ligament connects the ulnar face of the RCB with the radial side of the ICB. The
dorsal intercarpal ligament inserted on the RCB, ICB, and the fourth carpal bone. Further
connections were found between the UCB-CB3, RCB- ICB, UCB-ICB, UCB-radius, ICB-radius,
and ICB-CB4. An additional ligament originated on CB3 and branched to the second and third

metacarpals.

DORSAL

Color: Name/Analogue:

Scapholunate interosseous

Dorsal intercarpal
Triquetrocapitate

Deep scapholunate

Lunotriquetral

Dorsal
carpometacarpal

Dorsal radiocarpal
No analogue

Long radiolunate

Figure Al. Dorsal ligaments found in the YMP carpus.

38



Radially, we found a ligament originating on the RCB that branched distally to insert on the first

and second carpal bones (Figure A2).

RADIAL

Color: Name/Analogue:

Scaphotrapeziotrapezoidal
(radiopalmar
scaphotrapezial)

Figure A2. On the radial side, the YMP carpus contains an analogue to the human radiopalmar
scaphotrapezial ligament.

The volar YMP ligaments were grouped into superficial and deep ligaments. In the superficial
layer, ligaments connected the CB3-CB4, RCB-ICB, UCB-ICB, radius-RCB, radius-ACB, ulna-

ICB, ulna-RCB, and ulna-UCB (Figure A3, top).
In the deep layer, one ligament originated on the ICB and branched distally to insert on CB3 and

CB4. Another inserted on the radius and UCB. Additionally, we found ligaments attaching the

radius-RCB-CB3, ulna-CB3, and UCB-CB4 (Figure A3, bottom).
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Figure A3. Superficial (top) and deep (bottom) volar iigamnts in he YMP carpus.
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Ligament Discussion

Ligament dissection revealed both similarities and differences between YMP and human
forelimb anatomy. The dorsal side of the Yucatan wrist contained several analogues to ligaments
important to carpal stability. These included the radial intermediate ligament, which connects the
proximal carpal row and is analogous to the human scapholunate interosseous ligament, and the
dorsal intercarpal ligament, which attaches the RCB and ICB to the fourth carpal bone 3.
Additionally, analogues were identified for the human triquetrocapitate, scapholunate,
lunotriquetral, dorsal radiocarpal, and long radiolunate (Figure 5). One ligament, connecting the

ICB (lunate) and fourth carpal bone (hamate), does not appear to have a human analogue.

Radially, we found a branching ligament connecting the RCB to the first and second carpal
bones (Figure 6). This ligament is analogous to the radiopalmar scaphotrapezial ligament in

humans.

Volar anatomy showed the most divergence from human ligament anatomy, with five total
ligaments that do not appear to have human analogues (Figure 7). In the superficial layer, these
ligaments connected the radius and RCB (scaphoid), radius and ACB (pisiform), and the ulna
and RCB (scaphoid). In the deep layer, one branching ligament connected the ICB (lunate) to the
third and fourth carpal bones, and another attached to the radius and UCB (triquetrum).
Superficially, analogues were found for the palmar distal intercarpals, scapholunate,
lunotriquetral, ulnolunate, and ulnotriquetral ligaments in humans. In the deeper layer, we found

analogues for the radioscaphocapitate, ulnocapitate, and triquetral-hamate-capitate ligaments.
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There was significant overlap between porcine carpal ligaments and human ligaments important
to stability, particularly on the dorsal side. VVolar ligament anatomy in the YMP showed more
divergence from human anatomy, as five ligaments we identified did not have human analogues.
The presence of volar carpal ligaments that do not exist in humans could be due to functional
differences in the joint between species. Pigs place more of their weight in the forelimb,
potentially requiring greater stability than bipedal humans 2. Alternatively, there is relatively
low evolutionary pressure on any one specific carpal ligament — these differences in carpal

ligaments could be variation due to phylogenetic distance between humans and pigs.
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Appendix B — Additional Figures

Figure B1. Left: A three-dimensional surface generated from the S13 CT scan, with CB1) and
CB2 (blue) appearing to be fused. Right: Axial view of the S13 CT scan, showing complete
fusion of CB1 and CB2 (circled).
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Figure B2. Articular cartilage thickness for each carpal bone in S1.
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