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Introduction

Fracturesof theequinevertical ramusof themandible arerare.1

Osteosynthesis with a compression plate is likely the most
stable form of repair, enabling rapid return to mastication and
amelioration of pain.2,3 This is despite the positioning of the
plateonthecompressionsurfaceof themandible; thoughthis is

biomechanically inferior, the tension surface is inaccessible as
the approach would necessitate considerable disruption to the
oral cavity and likely result in surgical site infection. Compres-
sion across the fracture line is seldom achieved as the bone in
this area is very thin and theplate is utilized for immobilization
alone. The locking compression plate (LCP) is the preferred
construct.2 In vitro testing indicates superior strength under
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Abstract Objective The aim of this study was to describe the successful surgical treatment of a
complicatedmandibular fracture with a 3.5 mm string-of-pearls (SOP) locking plate in a
5-month-old Appaloosa filly presenting with neurological signs.
Study Design This is a case report.
Results The neurological signs were due to severe head trauma and stabilized with
medical treatment. Financial concerns initially prevented advanced imaging; radio-
graphs identified a mandibular symphysis fracture, a fracture of the left vertical ramus
that originated at the junction between the horizontal and vertical ramus and extended
toward the coronoid process and rostral maxillary fractures. Following intra-dental
wiring of the symphysis fracture, a lateral malocclusion developed. Computed
tomography additionally identified fractures of the right wing of the basisphenoid
bone, right zygomatic arch, left paracondylar process and the lateral body of the
mandible. The vertical ramus fracture was repaired utilizing a 20-hole 3.5 mmSOP plate
contoured to the ventral aspect of the angle of the mandible. A scaled (1:4) three-
dimensional printed model aided pre- and intra-operative surgical planning. The filly
was comfortable and eating well at the 4-week recheck. Radiographs showed good
callus formation at the maxilla, healing of the mandibular symphysis and ramus. Just
prior to the 10-week recheck, the filly suffered severe enterocolitis and was
euthanatized.
Conclusion The locking function of the SOP plate provided adequate stability for the
fracture to heal without the expense of locking screws. The three-dimensional printed
model aided in navigation of the complex fracture without the availability of
fluoroscopy.
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cyclic loading4; the mandible is subjected to cyclic loading as
the horse masticates; therefore, the strength afforded by the
LCP is advantageous for successful fracture repair. Repair with
an LCP does not require precise contouring of the plate to the
fracture, which is advantageous in an area where the topogra-
phy is complex.5 Finally, the LCP combi-hole can accept both
cortical or locking-head screws, allowing the surgeon to utilize
both the interfragmentary compression afforded by conven-
tional compressionplatingandstabilityprovidedby the locking
mechanism.6

There are some disadvantages to use of the LCP. Though
absolute contouring to the bone surface is not necessary,
significant bending is still required to match the plate to the
steep angle of the mandible. In vitro experimentation has
determined that contouring an angle greater than 10 degrees
significantly reduces load to failure at the LCP screw–plate
interface.7,8 If the bending disrupts the integrity of the plate
thread in the plate hole, there is consequent loss of the
locking function.9 If the surgeon over-estimates the angle
and has to reverse bend the LCP, the resultant deformation of
the constituent metal decreases the stiffness and strength of
the implant and plate failure becomes more likely.10,11

Finally, but perhaps most fatefully, the use of multiple lock-
ing screws quickly becomes expensive andmay deter owners
from pursuing repair.

The string-of-pearls (SOP) implant is a locking plate
system consisting of an alternating pattern of spherical plate
holes (pearls) and a cylindrical internode.12 The SOP can be
contoured in three planes (medial to lateral, rostral to caudal
and torsion) without loss of its locking capability or much of
its stiffness, preserving its strength.9,12,13 The SOP plate sizes
currently available (2.0 mm, 2.7mm and 3.5mm) have lim-
ited their use in weight-bearing fracture repair in the horse;
however, in areas of decreased loading their multi-planar
bendingmay offer a distinct advantage over the LCP. Notably,
the SOP plate only accepts cortical bone screws while pro-
viding a locking function (the screws lock into the threaded
pearls), sparing the expense of locking screws while main-
taining the stability of a fixed-angle construct. The use of SOP
plates to reconstruct the mandibular symphysis of a filly
following rostral mandibulectomy has been reported14 how-
ever, there are no published accounts of their use in more
complicated mandibular fractures.

The following case report describes the successful surgical
treatment of a complicated mandibular fracture with a
3.5 mm SOP in a filly.

Case Report

A 5-month-old Appaloosa filly presented to the Vaughan
Large Animal Teaching Hospital at the Auburn University
College of Veterinary Medicine for neurological signs and a
suspected mandibular fracture. Earlier that day, the filly was
found recumbent in the stall demonstrating seizure-like
activity. The owner speculated that the filly had been kicked
by another horse. Once standing, the filly persistently circled
and had a consistent head tilt. The filly presented to the
hospital without referral by a primary care veterinarian.

On presentation, the filly was dull but responsive. She
demonstrated consistent circling to the left throughout the
examination. Examination revealed tachycardia (heart rate
80 beats per minute), tachypnoea (respiratory rate was 28
breaths per minute) and pyrexia (rectal temperature 39.2°C).
There was significant swelling of the left mandible, with
reduced airflow from the left nostril and a minor laceration
to the lower lip. Brief oral examination identified a mandib-
ular symphysis fracture. The filly had a significant head tilt,
left ear drooping and ptosis of the left eye, suggestive of
damage to the left facial and vestibulocochlear nerves.
Haematology revealed a neutrophilia (7.7� 103 cells/μL)
and hyperfibrinogenaemia (600mg/dL), serum biochemistry
identified hypocalcaemia (calcium 9.0mg/gL) and hypoka-
laemia (potassium 3.1 mmol/L).

Radiographic examination confirmed the presence of a
unilateral symphysis fracture and identified a non-displaced
fracture of the left vertical ramus, with a fracture line
identified that appeared to extend to the temporomandibu-
lar joint (►Fig. 1). Bilateral rostral maxillary fractures were
also identified at this time.

The filly was diagnosed with multiple skull fractures and
resulting central nervous system disruption (facial nerve pa-
ralysis and vestibular syndrome). The filly was stabilized with
intravenous (IV) fluid therapy (Lactated Ringer’s solution,
120mL/kg/day) and administered dimethyl sulfoxide
(0.5 g/kg IV as 5% solution once), flunixin meglumine
(1.1mg/kg q.12 hours), dexamethasone (0.1mg/kg IV q.
24 hours) in an attempt to reduce the significant swelling of
the mandible. Antimicrobial therapy was initiated, due to the
concern of a petrous temporal bone fracture and secondary
meningitis (ceftiofur, 4.4mg/kg IV q. 12 hours). Nutritional
support in the form of IV glucose (2mg/kg/minute), calcium
(1.45mEq/kg/day) and potassium (0.5mEq/kg/hour) was pro-
vided, as the filly was unable to eat.

Over thesubsequent 2 days, thefilly improved significantly,
the neurological signs resolved and she was able to eat soft
grain mashes. Subsequently, the dexamethasone and IV
fluids/nutritionwerediscontinuedandshebeganprophylactic
treatment with omeprazole (2mg/kg per os q. 24 hours).

Fig. 1 Composite lateral radiograph several mandibular and maxil-
lary fractures in a 5-month-old filly. From left to right, the white arrows
indicate the mandibular symphyseal fracture, rostral maxillary frac-
ture, cranioventral and caudal–ventral aspects of a displaced man-
dibular fracture.
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Surgery to address the mandibular symphysis fracture was
discussed with the owner. At this time, multiple fractures of
the mandible and potentially of the temporohyoid joint were
suspected, thus a computed tomographic (CT) examination of
the skullwas recommended. The examinationwasdeclinedby
the owner and intra-dental wiring of the symphysis fracture
with cerclage wire and pin anchorage without prior advanced
imaging was performed at day 4 of hospitalization. The repair
was routine, but after recovery from general anaesthesia the
filly’s discomfort increased. A lateral malocclusion between
the maxilla and the mandible was identified, further increas-
ing suspicion of disruption to the temporomandibular joint or
the presenceof anunstable, comminutedmandibular fracture.
At this time, the owner reconsidered the offer of a CT exami-
nation, and it was pursued under general anaesthesia.

The CT examination identified a fracture of the right wing
of the basisphenoid bone, comminuted fracture of the left
vertical ramus, minimally-displaced fractures of the left and
right rostral maxilla, the right zygomatic arch and displaced
fractures of the left paracondylar process, the lateral cortices
of the mandible and the previously repaired symphysis

fracture (►Fig. 2). The temporomandibular joints appeared
intact, thus the reason for the lateral malocclusion was
determined to be the unstable fractures of the vertical ramus
and the left paracondylar process. To further aid in the
surgical planning of the repair, a scaled (1:4) three-dimen-
sional (3D) printed model based on the CT reconstruction
was made and was available during surgery (►Fig. 3).

Thefillywas administeredflunixinmeglumine (1.1mg/kg
IV), gentamicin (6.6mg/kg IV) and potassium penicillin
(22,000 IU/kg IV). For induction of general anaesthesia, the
filly received xylazine (1mg/kg IV), ketamine (2.2mg/kg IV)
and midazolam (0.04mg/kg IV). General anaesthesia was
maintained with isoflurane (minimum alveolar concentra-
tion 1.0). After induction of anaesthesia, the filly was posi-
tioned in right lateral recumbency and the left mandible and
throat latch area were prepped and draped for surgery. To
desensitize the right mandibular nerve, a 20 gauge 6” spinal
needle was inserted at the medial aspect of the angle of the
mandible and advanced to the approximate location of the
mandibular foramen prior to deposition of 0.3mg/kg 2%
mepivacaine.

Fig. 2 Computed tomographic three-dimensional surface render of the skull. From left to right, the white arrows indicate the repaired
mandibular symphyseal fracture, left maxilla fracture, comminution and displacement of the left mandibular fracture, left paracondylar process
fracture, right zygomatic arch fracture, right maxilla fracture. Not pictured¼ left basisphenoid fracture.

Fig. 3 (A) Three-dimensional (3D) model of the computed tomographic 3D surface render of the skull. The model was utilized pre- and intra-
operative to aid in comprehension of the fracture, aid surgical planning, surgical resident training and for client education. (B) Close up of the 3D
model highlighting the vertical ramus fracture.
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A 20 cm curved incision was made over the caudal and
ventral aspect of themandible, from themandibular condyle to
�1” caudal to the vascular notch of the horizontal ramus. Care
was taken to avoid the parotid salivary duct. Elevation of the
caudal ventral edge of themasseter provided good exposure of
the multiple fracture lines without disruption of the perioste-
um. The fracture was reduced and bone reduction forceps
positioned at the post rostral and caudal aspects of the fracture
utilizing the printed model as a guide. A 20-hole 3.5mm SOP
platewastruncatedto18holes, contouredandpositionedalong
the caudal margin of the vertical ramus. The plate was secured
using 3.5mmself-tapping cortical bone screws. Intra-operative
radiographs assisted screw placement, to prevent engagement
of the dental tissues. The most dorsally located screw was
angled to engage the paracondylar process. The extremely
narrow width of the vertical ramus was the limiting factor in
thenumber of screwsused to secure the plate,with a total of 11
placed. The soft tissueswere closedwith 2–0 poliglecaprone25
in a simple continuous pattern, the subcutaneous tissues with
2–0poliglecaprone25 ina continuous verticalmattresspattern
and the skinwith surgical staples.A sterile towelwassecured to
the mandible as a stent to provide compression and covered
with an iodophor impregnated dressing (3M Ioban Antimicro-
bial Incise drape, 3M Healthcare, St. Paul, Minnesota, United
States) to protect the incision during recovery. The intra-dental
symphyseal cerclagewirewas replaced, as repair of themandi-
ble had disrupted the more rostral repair site. The filly was
hand-recovered from general anaesthesia.

Postoperative radiographs showed appropriate position-
ing of the plate and good reduction of the mandibular
fracture lines. The filly continued to receive flunixin meglu-
mine, gentamicin and potassium penicillin for 3 days post-
operatively. She was comfortable and able to eat soft mashes
immediately after surgery and the previously noted maloc-
clusion was resolved. Her heart rate, respiratory rate and
rectal temperature were within normal limits. The filly was
transitioned to oral antibiotic medications (trimethoprim-
sulfamethoxazole, 30mg/kg q. 12 hours for 10 days), and oral
anti-inflammatories (flunixin meglumine, 1.1mg/kg q.
24 hours for 5 days), and then discharged at day 5 postoper-
atively. There was mild swelling of the mandibular incision
and a moderate amount of discharge was apparent at the
symphysis repair site at the time of discharge. The ownerwas
instructed to clean the rostral mandible once a day with a
dilute chlorhexidine solution. Thefilly was confined to a stall
and provided with soft mashes, picked grass and soaked hay
with instructions not to allowgrazing until a 4-week recheck
of the maxilla fractures.

The surgical staples were removed by the referring veter-
inarian 2 weeks after surgery, at which time the mild
swelling of the mandibular incision had resolved. The filly
maintained an excellent appetite. The filly was re-presented
at 4 weeks postoperatively and radiographic examination
revealed callus formation at the previously identifiedmaxilla
fractures. The mandibular fractures appeared to be healing
well (►Fig. 4). There was peripheral sclerosis and periosteal
reaction of the rostral right mandible associated with the
symphyseal wire, indicative of focal osteomyelitis (►Fig. 5).

The intra-dental wires were removed under standing seda-
tion and the filly discharged.

Unfortunately, a few days prior to the scheduled 10-week
recheck, the filly developed severe enterocolitis and was
euthanatized. She had been eating well, with no signs of
discomfort prior to this. No necropsy was performed.

Discussion

Fractures of the equine skull are relatively common injuries15

however, fractures of the vertical ramus of the mandibula are
comparatively rare.1,2,16 These injuries are invariably due to
trauma. In this case, the filly was found in the stall with her
injuries and it was unclear how they were sustained, though it
was speculated that thefilly had been kicked by another horse.
Initially the filly was affected by neurological symptoms,

Fig. 4 Lateral radiograph of the caudal skull obtained 4 weeks
postoperatively. The fracture is well reduced and healing appears
appropriate.

Fig. 5 Lateral ventral–medial dorsal oblique radiograph of the rostral
skull 4 weeks postoperatively. There is abundant callus formation. The
most caudal wire is associated with periosteal reaction, sclerosis and
soft tissue proliferation.
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includingdepressedmentationandclinical signsofdysfunction
of the facial and vestibulocochlear nerves. These two cranial
nerves are intimately anatomically associated, coursing
through the internal acoustic meatus of the temporal bone
together before the facial nerve exits the skull at the stylomas-
toid foramen and the vestibulocochlear nerve remains within
the inner ear.17 Dysfunction of both nerves, therefore, sug-
gested a more central lesion such as a temporal bone frac-
ture,18,19 rather than if she had presented with signs of
peripheral facial nerve dysfunction, such as muzzle deviation,
alone.20 After CT eventually ruled out disruption to the tem-
porohyoidarticulationandtheneurological signs resolvedwith
anti-inflammatory medications and supportive care, it was
deemed likely that the trauma sustained which had fractured
the filly’s skull had also caused a minor injury to her brain.21

Initially bilateral rostral maxillary fractures, fracture of the
leftmandibular ramus and themandibular symphysiswere the
radiographically identified injuries. Since themandibular sym-
physis fracture was unstable and prevented the filly from
eating, it was repairedwith intra-dentalwiring.22 The instabil-
ity due to the symphysis fracture prohibited determination of
the instability of the vertical ramus fracture. Conservative
management of fractures of themandibular ramus is described
andcanbeelected if the injury isstableorminimallydislocated,
as they are adequately stabilized by the contralateral mandible
and surroundingmusuclature.16However, after the symphysis
fracture was repaired, a severe lateral malocclusion and
increase in thefilly’sdiscomfort raisedsuspicion that theramus
fracture was unstable or potentially extended into the tempo-
romandibular joint. It is very likely that the manipulation
necessary for thesymphysis fracture repair furtherdestabilized
ordistracted the ramus fracture.When an unstable and painful
mandibular ramus fracture is diagnosed, surgical treatment is
recommended.1

The CT examination was performed to evaluate the filly’s
injuries more completely and to determine if there was
disruption to the temporomandibular joint, which would
have reduced the prognosis considerably.23 The value of CT
inpre-surgicalplanning in the repair ofmaxillofacial injuries is
well established24; the cranium is anatomically complex and
the precise position and extent of fracture lines are difficult to
infer from radiographs. However, even a reconstructed CT is a
2D representationof a 3D structure,which limits the complete
understanding of spatial relationships and may impair deci-
sionmaking.25Recently, 3D printing has been utilized in small
animal practice to aid in surgical planning for oral and maxil-
lofacial surgery, as well as for enhancing resident training and
for client education.26 In this case, the availability of the 3D
model during surgery helped the surgery team to fully appre-
ciate the fracture margins and aided reduction without the
need to pause the surgery to assess the CT. A 1:4 scaledmodel
was utilized to cut backonproduction time; if a full sizemodel
had been produced, it would have had the added benefit of
allowing for pre-contouring of the plate.

Techniques of surgical repair of the vertical ramus of the
mandible described include external27 and internal fixation,
with internalfixation using an LCP considered ideal.1,2Howev-
er, the use of a LCP in this area is not without some important

limitations: considerable bending of the plate is required to
match the angleof themandiblewith subsequentweakeningof
the construct,7 if the surgeon accidentally bends the plate
across the plate hole, the locking function is lost,9 if the plate
is over-bent, any attempt at reverse bending likely further
compromises the repair quality10,11 and the locking screws
are expensive. The use of the SOP system in this case helped to
overcome someof these limitations. The ability tomore readily
contour the SOP made alignment to the curvature of the
mandible relatively simple, theoretically without loss of the
stiffness or strength of the construct.9 Ness evaluated the
mechanical consequences of contouring the SOP plate and
found that they remained as stiff and as strong as uncontoured
dynamic compression plates of the same size.9 Though each
locking screw must be placed perfectly perpendicular to the
SOP plate as with the LCP,28 the unique ability of the SOP to
angle each individual plate hole (pearl) means that each screw
canbeangledoptimally tothebone.Thiswasparticularlyuseful
where themandiblewas narrowest and for avoidance ofdental
structures, although for these reasons some plate holes had to
be left empty. Finally, the SOP plate requires regular cortical
bone screws, which saves the considerable expense of locking
screws andmeans the system can be added to the repertoire of
the surgery suite without need for additional equipment.

This report details the partially successful repair of a
complicated fracture of the vertical ramus of the mandible
in a filly with an SOP plate. The ability to contour each plate
hole in multiple directions may make the use of the SOP
favourable to that of an LCP with regard to craniomaxillofa-
cial fracture fixation and warrants further investigation.
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