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Abstract

Radial-ulnar fractures in toy-breed dogs are difficult to manage because of their slender bone
diameter and limited soft tissue coverage. Surgical fixation provides rigid stability but risks delayed
or nonunion due to stress shielding and medullary occlusion, whereas conventional casting, though
non-invasive, often fails to stabilize complete fractures and requires prolonged immobilization,
reducing case quality of life. This study developed a case-specific, two-phase three-dimensional (3D)
cast therapy tailored to each individual case. A rigid cast was applied during the inflammatory stage
to ensure alignment and protection, followed by a slit-modified 3D cast during the early repair stage
to allow controlled weight-bearing and functional rehabilitation. Sequential radiographs enabled
radiographic visualization of the entire bone healing process, revealing distinct phenomena: rapid
callus proliferation in young dogs (“Super-Healing”) and gradual, load-guided realignment of
displaced fragments (“Slide-Healing”). These findings demonstrate that controlled mechanical
loading under stable, flexible fixation can actively promote bone regeneration. This conservative,
visualization-based approach achieved reliable bone union without surgery, minimized activity
restriction, and markedly improved case welfare. Owing to its simplicity, safety, and reproducibility,
3D cast therapy has the potential to serve as a new standard of care for managing radial-ulnar
fractures in toy and small-breed dogs, while also providing a translational model that bridges clinical
orthopedics and regenerative medicine.

Keywords: dog; toy-breed; radius-ulna fracture; three-dimensional (3D) cast; bone healing;
regenerative medicine; radiographic visualization

1. Introduction

Surgical fixation provides accurate reduction and rigid stabilization but is associated with
complications such as stress shielding, marrow cavity obstruction, implant fatigue, and implant-
related bone resorption [1-3]. In slender bones, when the screw diameter exceeds the intramedullary
canal, blood flow may be obstructed, impairing the supply of marrow-derived stem cells and
predisposing to delayed healing or nonunion [4-6]. Furthermore, direct bone healing under plating
results in little callus formation, making radiographic assessment of union less objective and
reproducible [7].

Conventional casting, although minimally invasive, has well-recognized limitations. Prolonged
immobilization may result in muscle atrophy, osteopenia, and angular deformities of the radius, and
stability is often inadequate for displaced complete fractures [8]. Strict motion restriction is
particularly unrealistic in young, active dogs. Thus, there is a demand for a minimally invasive,
practical treatment that allows both functional activity and objective evaluation of the healing
process.

Bone repair is known to proceed through the inflammatory, reparative, and remodeling phases,
coordinated by complex cellular and molecular interactions [5,6,15]. Mechanical stimulation during
the reparative phase has been shown to direct mesenchymal stem cell differentiation and enhance
endochondral ossification [9-12,15], whereas excessive rigidity or instability can impair this process.
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To address these biological and mechanical challenges, we developed a novel three-dimensional
(3D) cast therapy strategy integrating both principles. During the inflammatory phase, alignment is
restored by closed reduction and rigid temporary immobilization. In the early repair phase, a case-
specific 3D cast is applied, permitting ambulation and controlled axial loading. This approach aligns
with evidence that moderate mechanical stimulation in the repair phase promotes differentiation of
marrow-derived progenitors and induces abundant callus formation [9-12,16,19]. Moreover,
according to Wolff’s law, bone adapts to mechanical stress, and flexible fixation with controlled
stability may enhance bone regeneration compared with excessively rigid constructs. In dogs, the
radius and ulna are predominantly subjected to axial loading throughout the stance phase [13],
creating an optimal biomechanical environment for this treatment.

By combining these principles, the 3D cast achieves a balance of stability and controlled
flexibility, promotes indirect bone healing, and enables sequential radiographic visualization of
fracture repair with improved objectivity and reproducibility.

2. Materials and Methods

Since 2018, dogs with complete radial-ulnar fractures have been treated at our hospital using a
standardized conservative protocol based on case-specific 3D cast therapy.

After injury, alignment was restored by closed manual reduction using traction, and the affected
limb was stabilized with non-elastic tape and a splint. The limb was immobilized from the elbow to
the paw, followed by a rest period of approximately one week [17,18]. Between 7 and 10 days after
injury, a plaster model was created, from which a cylindrical 3D cast was fabricated. The cast
incorporated a longitudinal slit with a stepped overlap, allowing both stability and easy removal.
Ambulation was permitted immediately after application. Thereafter, the cast was removed weekly
for cleansing, and radiographic evaluations were performed every two weeks using four standard
projections (craniocaudal, mediolateral, and two oblique views) to monitor healing. The 3D cast was
lightweight, durable, and conforming, allowing dogs to walk, trot, and even jump during treatment.
Healing was defined radiographically as the presence of bridging callus across the fracture line in
these four projections, at which point the cast was removed. No additional immobilization was
required after removal. All treatments were performed with informed owner consent.

Materials for Fabrication of the 3D Cast

Splints: JL Carpal Splint (Jorgensen Laboratories Inc., USA); Kishigami-style Plastic Splint
(TSUGAWA TRADING, Japan)

Impression material: Alginate (Hygedent, Ci Medical Co., Ltd., Japan)

Spacer material: Acrylic foam tape, 1.1-1.5 mm (Amon Industry Co., Ltd., Japan)

Casting material: 3M™ Scotchcast™ Plus Casting Tape (3M Japan Limited, Japan)

Non-elastic tapes: 3M™ Durapore Surgical Tape; 3M™ Multipore Sports Non-Stretch Tape (3M
Japan Limited, Japan)

Elastic adhesive bandage: Yutir, 5 cm x 5 m (Iwatsuki Co., Ltd., Japan)

Plaster for mold: Ci Hard Plaster Yellow (Ci Medical Co., Ltd., Japan)

The procedure for early immobilization and 3D cast fabrication is illustrated in Figures 1-3.

The procedure for complete immobilization applied in the early post-injury phase is illustrated
in Figure 1.
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https://doi.org/10.20944/preprints202510.1026.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2025 d0i:10.20944/preprints202510.1026.v1

3 of 11

Figure 1. Procedure for initial immobilization after fracture. The distal forelimb was clipped, and the fracture
line was identified by palpation. The splint was secured proximally and at the elbow with non-elastic tape.
Manual traction was then applied to the paw to restore alignment while fixing the distal limb and splint together.
The entire limb was subsequently wrapped with an elastic adhesive bandage to prevent displacement and
anchored to the thorax for complete immobilization. (A) The distal forelimb was clipped, and the fracture line is
identified and marked by palpation. (B) A 2.5- cm non-elastic tape is used to secure the splint proximally and at
the elbow. The proximal fragment was stabilized with one hand, while the distal fragment is manually tractioned
with the other to restore alignment, after which the splint is fixed in position with non-elastic tape. (C) The entire
limb iwasi then wrapped with an elastic adhesive bandage to prevent splint displacement, and the fixation is

further anchored to the thorax.

The fabrication process of the case-specific 3D cast is illustrated in Figure 2.

\
N

Figure 2. Procedure for fabrication of the 3D cast. After removal of the temporary splint, the affected limb was
molded using alginate impression material to create a negative cast. The mold was filled with plaster to obtain
a solid model, around which a 1.1-mm acrylic foam sheet was applied to form the inner layer in contact with the
skin. Over this, two spiral layers of resin casting tape (Scotchcast™) were applied as the outer structure. A
stepped longitudinal slit was incorporated to ensure both stability and easy removal.(A) After removing the
temporary splint, the affected limb is placed in a tray and molded using alginate impression material. (B) Once
the alginate has set, a linear incision is made with a spatula, and the limb is withdrawn. (C) The mold is filled
with a mixture of water and plaster to create a solid plaster model. (D) A 1.1-mm acrylic foam sheet is wrapped
around the plaster model, and resin casting tape is applied in two spiral layers to form the cylindrical cast. (E)
For small-breed dogs, the cast length is adjusted to 70 -85% of the radial length. The resin cast is positioned
vertically in the frontal plane and trimmed at both ends. A longitudinal slit with a step is made centrally, and
reference marks (paw print at the distal end, vertical line on the front, and horizontal line at the fracture site) are

added for orientation.

Application and adjustment of the 3D cast are demonstrated in Figure 3.
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Figure 3. Application and adjustment of the 3D cast. To maintain stability during ambulation, two types of non-
elastic tape were used. Two longitudinal strips (1.25 cm wide) were placed along the medial and lateral sides of
the limb, and the 3D cast was fitted over them. The cast was then secured circumferentially with 2.5 cm non-
elastic tape, and the longitudinal strips were folded proximally to reinforce fixation. The entire cast was covered
with an elastic adhesive bandage to prevent displacement during movement and to ensure stable
immobilization. (A) Two strips of 1.25 cm non-elastic tape are placed longitudinally on the medial and lateral
aspects of the limb, and the 3D cast is fitted over them. (B) The cast is secured with 2.5 cm non-elastic tape, and
the longitudinal strips are folded proximally to reinforce fixation. (C) The entire cast is covered with an elastic
bandage. (D) Final appearance of the applied cast, after which ambulation is permitted. (E) During treatment, if

loosening occurs between the limb and the cast, a longitudinal slit is cut to restore close fit and stability.

The length of the 3D cast was set at 70 —85% of the radial length in dogs weighing <5 kg.
Although greater length provides increased stability, dogs such as Italian Greyhounds, those with
proximal radial fractures, or those with substantial surrounding musculature were at higher risk of
developing compartment syndrome; therefore, cast length was adjusted appropriately according to
clinical signs. In cases where distal limb edema was observed, compression with an elastic bandage
and local icing were applied to reduce swelling. Throughout the treatment period, dogs were fitted
with an Elizabethan collar to prevent self-trauma, and careful monitoring was conducted for
dermatitis or edema. Cases were re-examined approximately once weekly to assess cast fit, after
which the cast was removed, the skin cleansed, and the cast reapplied.

Case Selection

Representative X-ray image sequences demonstrating the healing process under 3D cast
management are shown in Figures 4-7.

Four cases were selected because they were considered unsuitable for conventional conservative
treatment and would normally require surgical fixation. Specifically:

e A distal radial-ulnar fracture in a toy-breed dog with extremely slender bones (Figure 4).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Sequential radiographs showing radial-ulnar fracture healing under 3D cast treatment in a
Pomeranian, 13 months old, 1.9 kg. Both the radius and ulna achieved union while the limb remained
immobilized, allowing direct observation of indirect bone healing. The remodeling phase demonstrated
trabecular reconstruction and restoration of the medullary cavity. (A) Day 5 after injury (3D cast applied on Day
9). (B) Day 27 : callus formation and partial bridging. (C) Day 41: cast removal. (D) Day 160: complete remodeling

and recovery of bone morphology.

¢ A juvenile dog with a complete fracture of the radius and ulna (Figure 5).

Day 48

Figure 5. Sequential radiographs showing rapid callus formation and remodeling in a juvenile dog (“Super-
Healing”). Intensive callus proliferation and early bridging were observed within two weeks, indicating highly
active osteogenesis under functional loading. This process reflects the intrinsic regenerative potential of young
bone, providing a clinical in vivo model that parallels key concepts of regenerative medicine. (A) Day 7 after
injury: fracture line remained distinct. (B) Day 21: marked increase in radial diameter due to callus formation.
(C) Day 33: bridging callus confirmed; cast removed. (D) Day 48: remodeling with cortical thinning and increased
density.

¢ A fracture with marked displacement (Figure 6).
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-9 - .
Day 5 Day 43 Day 85 Day 135

Figure 6. Sequential radiographs showing gradual realignment of displaced fragments under functional loading
(“Slide-Healing”). The progressive correction of malalignment through load-guided remodeling demonstrates
how physiological mechanical stimuli can direct bone regeneration—a principle central to regenerative
medicine. (A) Day 5 after injury; temporary immobilization performed; 3D cast applied on Day 10. (B) Day 43:
abundant callus with gradual realignment of fragments. (C) Day 85: bony union confirmed; cast removed on

Day 100. (D) Day 135: remodeling with restored alignment and normal bone thickness.

* A comminuted fracture in an elderly dog representing an advanced and complex condition
(Figure 7).

Day 1 Day 31 Day 73 Day 116

Figure 7. Sequential radiographs showing a comminuted radial-ulnar fracture in a Toy Poodle, 9 years old, 6.7
kg. Despite severe displacement and fragmentation, successful bone union was obtained with 3D cast therapy,
although callus formation was limited. (A) Day 1 after injury; temporary immobilization performed; 3D cast
applied on Day 10. (B) Day 31: fragment thickening with maintained alignment. (C) Day 73: progressive callus
formation and bony union. (D) Day 116: remodeling with restored bone morphology.
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https://doi.org/10.20944/preprints202510.1026.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2025 d0i:10.20944/preprints202510.1026.v1

7 of 11

Radiographic Image Processing

Radiographs of left limbs were mirrored for consistent orientation. Brightness and contrast were
adjusted uniformly, and images were cropped to focus on the fracture site while preserving key
anatomical landmarks. Scale bars were added in Fiji software [14] based on DICOM metadata. Final
images were exported as 300 dpi uncompressed TIFF files in accordance with the journal's
submission requirements.

3. Results

Representative Cases

Sequential radiographs of representative cases demonstrated the progression of fracture healing
under 3D cast management (Figures 4-7).

Figure 4. In a 13 month-old Pomeranian with extremely slender bones, both the radius and ulna
achieved complete union despite the low body weight. Continuous radiographi cmonitoring under
immobilization revealed the full course of indirect bone healing, including bridging callus formation
across both bones, trabecular reconstruction, and re-establishment of the medullary cavity during
remodeling.

Figure 5. In a 5 month-old Toy Poodle treated with the 3D cast, active callus formation rapidly
bridged the growth plate during the early healing phase. Two weeks after cast application, the bone
diameter had increased to more than twice its original size, followed by gradual remodeling toward
normal morphology. This markedly accelerated healing response, characterized by vigorous callus
proliferation and early structural reconstruction, was defined in this study as “Super-Healing.”

Figure 6. In a 9 month-old Toy Poodle with a markedly displaced fracture, gradual realignment
of the fracture fragments was observed under weight-bearing conditions during 3D cast fixation.

Ordinarily, allowing ambulation in such cases results in bending deformity at the fracture site
due to axial loading; however, the 3D cast maintained a physiological stress distribution, leading to
a self-correcting realignment of the fragments over time. This spontaneous alignment under
functional loading, accompanied by abundant callus formation ensuring stability, was defined as
“Slide-Healing.”

Figure 7. In a 9 year-old Toy Poodle with a severely comminuted radial-ulnar fracture, complete
bone union was achieved despite marked displacement and fragmentation. This case demonstrates
that 3D cast therapy can be applied safely even in complex fractures and elderly cases, indicating its
broad clinical applicability beyond simple or non-displaced fractures.

Continuous radiographi cmonitoring of these representative cases enabled quantitative and
objective visualization of the entire course of fracture healing. As a result, distinct healing patterns
were identified, including marked callus proliferation with rapid remodeling in juvenile dogs
(“Super-Healing”) and progressive self-correcting realignment of displaced fragments under
functional loading (“Slide-Healing”).

These observations indicate that the 3D cast therapy serves as a novel treatment concept that
integratively promotes both the biological and mechanical processes of bone repair.

4. Discussion

This study demonstrates that case-specific three-dimensional (3D) cast therapy effectively
addresses radial-ulnar fractures in toy-breed dogs while minimizing activity restrictions. Sequential
radiographs objectively visualized indirect bone healing and revealed two load-responsive
phenomena: rapid, exuberant callus formation in juveniles (“Super-Healing”) and spontaneous
realignment of displaced fragments under functional loading (“Slide-Healing”). These findings
indicate that controlled axial loading with stable yet flexible immobilization can harness
mechanobiological pathways to accelerate union and restore alignment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Conventional osteosynthesis provides rigid fixation but is accompanied by well-documented
complications, including stress shielding, marrow obstruction, and implant failure. Moreover, direct
bone healing typically produces minimal callus and often relies on subjective radiographic
assessment [1-3,7]. Traditional casting, although minimally invasive, often fails to provide sufficient
stability in displaced fractures and is prone to deformity and disuse-related complications [8]. In
contrast, 3D cast therapy provides stable yet flexible fixation that transmits axial load during gait,
thereby stimulating callus formation. This concept is supported by experimental evidence indicating
that controlled mechanical loading during the reparative phase enhances bone regeneration [9-
12,16], consistent with Wolff’s law of functional adaptation [13]. Moreover, recent mechanobiological
studies have emphasized that interfragmentary strain and load-dependent mechanotransduction are
key determinants of tissue differentiation during fracture healing [15,19].

The phenomena observed in this study highlight how controlled loading environments can
elucidate biological repair mechanisms that have rarely been documented using conventional
methods. Furthermore, even in extremely low-weight dogs with thin radial-ulnar cortices and
marked displacement—cases that would conventionally require surgical fixation—successful
alignment and complete union were achieved with 3D cast therapy (Supplementary Figure S1). This
case exemplifies how controlled functional loading can overcome mechanical limitations of thin
bones and enable reliable healing without internal implants.

The robust callus response in juveniles (“Super-Healing”) aligns with the concept that young
bone, with its heightened regenerative capacity, reacts strongly to mechanical stimuli [17,18].

Meanwhile, gradual realignment of displaced fragments under physiological loading (“Slide-
Healing”) illustrates how functional weight-bearing can facilitate correction of malalignment through
continuous, load-guided remodeling—a process rarely captured in traditional immobilization or
surgical fixation.

These findings collectively illustrate how functional loading contributes to bone repair through
mechanobiological adaptation.

Beyond mechanical adaptation, the 3D cast system provides a unique clinical model of
physiological bone regeneration. Controlled functional loading allows the intrinsic healing potential
of bone tissue to manifest without the biological disruption caused by surgical fixation. This approach
mirrors key principles of regenerative medicine, emphasizing the stimulation of the body’s innate
repair mechanisms rather than artificial replacement. The continuous radiographic observation of
callus evolution under functional conditions demonstrates how appropriate mechanical cues can
orchestrate cellular differentiation, angiogenesis, and tissue remodeling in vivo. Thus, 3D cast
therapy not only serves as a minimally invasive orthopedic treatment but also represents a
translational model linking clinical orthopedics with regenerative biology.

Age-related differences in regenerative capacity and healing time were analyzed in detail in a
separate large-scale study, which quantitatively supports the biological trends observed in this work.
This complementary evidence strengthens the overall validity of the 3D cast therapy concept.

Even in adult dogs, satisfactory bone union can be achieved with 3D cast therapy. However,
when presentation is delayed for several days after fracture, the fracture ends may begin to harden
due to early callus formation, making manual reduction of alignment more difficult. In juvenile dogs,
such displacement can often be corrected gradually through the Slide-Healing process under
functional loading, but in adults, diminished regenerative capacity may result in residual curvature.
Therefore, early presentation and initiation of treatment are crucial for achieving proper alignment
and favorable cosmetic outcomes.

In contrast, in large-breed dogs, the structural limitations of the 3D cast make it difficult to
achieve and maintain accurate alignment during the initial treatment stage. Therefore, surgical
reduction should be performed first to restore proper alignment, and transition to 3D cast therapy
once partial bone union has been established may be a more practical approach.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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This staged strategy allows the precision of surgical fixation to be combined with the biological
advantages of functional loading provided by the 3D cast, potentially offering a more physiological
environment for bone repair.

Future perspectives of this work extend beyond fracture management and toward regenerative
medicine. Radiographic visualization of bone healing has opened a new window into the behavior
of bone marrow—derived stem cells during repair. The strong regenerative response observed in
young dogs suggests that age-dependent variations in stem cell activity may underlie differences in
healing capacity. Further studies combining imaging analysis with molecular and cellular
investigations could clarify how mechanical stimulation interacts with stem cell-mediated
osteogenesis, ultimately bridging clinical orthopedics and regenerative biology.

This therapy has thus far been primarily implemented at our facility, but future efforts should
aim to expand its application through multicenter validation and dissemination. Establishing
reproducibility across institutions will be essential for broader clinical adoption.

Overall, this study demonstrated that 3D cast therapy represents a minimally invasive and
practical treatment option for managing radial-ulnar fractures, and introduced radiographic
visualization of the bone healing process into clinical practice.

Future work should focus on standardizing objective parameters—such as callus thickness and
bridging scores—based on these visualization data to improve inter-observer reproducibility and
further consolidate the scientific foundation of this therapeutic approach.

5. Conclusions

This study demonstrated that case-specific, two-phase three-dimensional (3D) cast therapy
offers clear clinical advantages for managing radial-ulnar fractures in toy-breed dogs. By allowing
controlled weight-bearing, it maintains stable immobilization while enhancing the case’s quality of
life throughout the treatment period. Sequential radiographs enabled radiographic visualization of
the entire bone healing process, providing an objective and reproducible means of evaluating fracture
union. Beyond its clinical utility, this visualization-based approach provides an in vivo model for
studying the biological mechanisms of bone regeneration and highlights the potential of mechanical
stimulation as a driver of regenerative processes. Owing to its simplicity, safety, and reproducibility,
3D cast therapy has the potential to complement surgical fixation and — particularly for toy and small-
breed dogs—may represent a new standard of care for the management of radial-ulnar fractures.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1. Successful healing of a displaced complete fracture in a low-weight
toy breed using 3D cast therapy. A toy poodle (1.4 kg, 11 months old) presented with a completely displaced
distal radial-ulnar fracture involving extremely thin bone cortices. Such fractures in low-weight toy breeds are
typically considered surgical indications because of the narrow bone diameter, distal location, and risk of
instability. Non-surgical management was performed using a patient-specific 3D-printed cast. Sequential
radiographs demonstrate gradual correction of displacement, rapid callus formation, and complete bone union
within 60 days. This case illustrates that 3D cast therapy can provide sufficient stability for fracture healing even
in thin-boned, low-weight dogs, expanding treatment possibilities beyond conventional osteosynthesis. (A) Day
1 after injury: markedly displaced distal fracture in a thin-boned radius and ulna. (B) Day 34: abundant periosteal
callus and early bridging under 3D cast treatment. (C) Day 48: continued consolidation of bridging callus. (D)
Day 60: complete union with restoration of cortical continuity.
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