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Abstract

Objective: To determine the influence of a purpose-built frame on the accu-

racy of screw placement during computer-assisted orthopedic surgery (CAOS)

of the equine extremity.

Study design: Experimental cadaveric study.

Sample population: Twenty-four paired equine cadaveric limbs obtained

from seven horses.

Methods: Three 4.5-mm cortex screws were inserted in lag technique in three

different planes of orientation in the proximal phalanx (P1) by means of

CAOS. In the study group (n = 12 limbs), the tracker was anchored on a pur-

pose-built frame designed to stabilize the extremity. In the control group

(n = 12 limbs), a conventional tracker array was used that was anchored

directly on P1. The stability of both tracker arrays was assessed during the pro-

cedure by using fiducial markers. After screw placement, preoperative and

postoperative computed tomographic images were assessed to measure surgical

accuracy aberrations (SAA) between the planned and achieved screw position.

Descriptive statistics and repeated-measures analysis of variance were per-

formed to compare SAA measurements between the study and control group.

Results: Both tracker arrays remained consistently stable in all specimens. Mean

overall SAA of screw insertion were lower in the study group (0.7 mm; median,

0.5; range 0-3.4) than in the control group (1.2 mm; median, 0.9; range, 0-4.2 mm).

Conclusion: The mean SAA achieved in cortex screw placement using CAOS

lies within the range of approximately 1 mm. The use of a purpose-built frame

avoided additional drilling of the target bone and improved surgical accuracy

compared with the conventional tracker array.

Clinical significance: The purpose-built frame described in this report can be

used to facilitate CAOS in equine orthopedics without compromising surgical

accuracy.

1 | INTRODUCTION

Numerous indications in equine orthopedic surgery
demand the highest possible precision in cortex screw

placement, leaving little room for error. Preoperative and
intraoperative three-dimensional (3D) image guidance
help increase the accuracy of cortex screw placement and
set new standards in precision.1-6 In addition, aiming
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devices5,7 are used to increase accuracy of drilling proce-
dures. Moreover, purpose-built constructs have been
introduced to maintain the leg in a forcefully extended
position to stabilize the target bone5,6,8 and to avoid loss
of landmarks9 during imaging-assisted surgery. Ulti-
mately, these devices and constructs optimize surgical
accuracy and increase control over the drilling procedure.
However, the authors of several reports have emphasized
the importance of refinement of equipment and tech-
nique to improve efficiency and shorten surgery times.6,9

Computer-assisted orthopedic surgery (CAOS) consid-
erably enhances the precision of screw insertion com-
pared with conventional intraoperative 2D and 3D
image-guided techniques with or without the additional
help of aiming devices.1-3,10,11 The required equipment
for CAOS is becoming increasingly available in veteri-
nary referral centers and is used for surgical interventions
that demand extreme precision such as total knee
replacements12 in dogs and cortex screw placement for
the repair of distal phalangeal1,3,13,14 and sesamoid
bone2,15 fractures in horses.

In the early 2000s, mobile computed tomography
(CT) units coupled with user-friendly computer-assisted
surgical navigation systems were introduced to the mar-
ket. One such device (StealthStation; Medtronic Naviga-
tion, Louisville, Colorado) combines a navigation system
with a mobile cone beam computed tomography (CBCT)
unit that readily accommodates all areas of the equine
extremity including the elbow and the stifle. These fea-
tures make it an ideal tool for CAOS applications in
horses. The authors have gained considerable first hand
expertise with this technology at their veterinary teaching
hospital.16 The manufacturer of the surgical navigation
system used in the present study demonstrated a posi-
tional accuracy with a mean error ≤ 2 mm.17 This would
represent an adequate benchmark for the majority of lag-
screw repairs in equine orthopedic surgery.

One distinct disadvantage inherent to this and other
surgical navigation systems is the requirement to securely
anchor a tracker equipped with infrared reflective marker
spheres to the target bone.18 For this purpose, pins or
screws are drilled into the target bone to create a rigid
and angle-stable fixation. Depending on the integrity,
size, and location of the target bone, this may lead to sig-
nificant morbidity of the bone or adjacent soft tissue
structures.18 To overcome the disadvantages associated
with anchoring the tracker directly on the target bone
while still providing the required stability for accurate
navigation, a versatile frame to facilitate CAOS applica-
tions involving the equine distal extremity was developed
at the authors' institution.

The objective of this study was to assess the function
and accuracy of this purpose-built frame for predefined

navigated drilling procedures of the proximal phalanx
and to identify potential sources of imprecision. On the
basis of preliminary experiments and the our clinical
experience, we hypothesized that

1 The use of a purpose-built frame, with the tracker
anchored on the frame and not on the target bone,
would result in accurately positioned drill tracts. Spe-
cifically, it was predicted that the mean discrepancies
between planned and executed drill tracts, hereafter
referred to as surgical accuracy aberrations (SAA),
would be less than 2 mm.

2 The use of a purpose-built frame would not result in
any significant loss of surgical accuracy compared with
the conventional setup in which the tracker is con-
nected directly to the target bone.

2 | MATERIALS AND METHODS

2.1 | Purpose-built frame

A frame was designed that would be able to maintain
either a thoracic or pelvic equine limb in an extended,
near–weight bearing position during a surgical interven-
tion in either right or left lateral recumbency (Figure 1).
This purpose-built frame was manufactured from a hard
plastic polymer (polyoxymethylene) to avoid interference
from electromagnetic radiation and to allow for formal-
dehyde gas sterilization. A modified hoof shoe (Ultimate;
NANRIC, Lawrenceburg, Kentucky) and two proximal-
to-distal adjustable y-shaped plastic pillars were added to
tightly secure hoof and third metacarpal/metatarsal bone
(MCIII/MTIII) to the frame. The modifications were
made to four different hoof shoe sizes (6-9), which can be
interchanged so that the construct can accommodate dif-
ferent hoof sizes and conformations. Furthermore, slots
were preplaced in strategic locations (Figure 1) to firmly
attach the tracker to the frame with commercially avail-
able spinous process clamps (open spine clamp;
Medtronic; Figure 2).

A series of preliminary experiments were conducted
to test prototypes of this frame and to develop the proto-
col for the experimental study.

2.2 | Study design

Paired thoracic and pelvic cadaveric limbs from client-
owned horses that had been euthanatized for reasons
unrelated to orthopedic disease were collected. All
owners signed an informed consent form, permitting the
use of tissues and images for teaching and research
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purposes. After disarticulation of the limbs at the level of
the carpometacarpal or tarsometatarsal joint, the limbs
were stored at −20�C and thawed at room temperature
for 36 to 48 hours prior to conducting the experiments.

2.3 | Preparation of cadaveric specimens

Shoes were removed when they were present, and the
hooves were cleaned and trimmed. The appropriate size
shoe was selected for each hoof. The distal extremity was
clipped from the coronary band up to 10 cm proximal to
the metacarpophalangeal metatarsophalangeal joint. The
limb was then tightly secured in the purpose-built frame

(Figures 1 and 2). A vertical stab incision was made over
the palpable eminence for the attachment of the lateral
collateral ligament on the distal proximal phalanx (P1)
lateral to the common/long digital extensor tendon. After
predrilling through the cortical bone with a 1.5-mm drill
bit, a 10-mm radiopaque spherical head screw (SHS; Uni-
body Bone Fiducial; Medtronic) was placed on each spec-
imen. The SHS, positioned in the distal lateral aspect of
P1, served to detect any deviation of the target bone in
relation to the tracker array. At this time, one of the
paired limbs was assigned to either the study group or
the control group by the toss of a coin, and the contralat-
eral limb was automatically allocated to the other group.

In all limbs assigned to the control group, the tracker
was anchored as distal as possible on two 3.2-mm pins
placed into the dorsal aspect of P1. Two vertical stab inci-
sions through the skin and the underlying common/long
digital extensor tendon (Figure 2A) were made to visual-
ize pin placement. In contrast, the tracker was anchored
on the frame to all limbs assigned to the study group
(Figure 2B).

2.4 | Computed tomography and
preoperative planning

Preoperative and postoperative CT images of each cadav-
eric specimen were acquired with a CBCT-based naviga-
tion system (O-arm and StealthStation; Medtronic). The
limb and frame were placed on a carbon table (General
Medical Merate SPA, Bergamo, Italy) routinely used for
CBCT imaging at the authors' veterinary teaching hospi-
tal. This setup corresponded to that of a routine CAOS
procedure in a horse surgically treated in lateral recum-
bency. For each scan, it was ensured that the localizer
camera simultaneously detected the reflecting spheres of
the patient tracker and the infrared light-emitting tracker
of the O-arm gantry and that the entire region of interest
was part of the image volume. The resulting 3D images
were automatically exported from the O-arm to the
StealthStation.

Preoperatively planning of screw positions was per-
formed in Cranial Software (Medtronic). For screw 1, a
4.5-mm cortex screw was placed in lag fashion, mimick-
ing the repair of an imaginary proximal midsagittal P1
fracture (Figure 3, blue line). The line representing the
center of the core axis of the screw (Figure 3, red line)
was placed 5 mm from the most distal point of the sagit-
tal groove, perpendicular to the sagittal plane, midway
between the dorsal and palmar/plantar limits of the
bone, and parallel to the articular surface of the
metacarpophalangeal metatarsophalangeal joint. For
screw 2, a second 4.5-mm cortex screw was inserted in

FIGURE 1 The purpose-built frame with a modified NANRIC

Ultimate hoof shoe (arrow) and two (black) y-shaped pillars. Tie

down straps (2 cm wide) with plastic ladderlock buckles (at top

right) are used to fasten the hoof and third metacarpal/metatarsal

bone to the hoof shoe and pillars, respectively. Four plastic screws

fix the hoof shoe to the horizontal arm of the frame in which screw

holes have been predrilled at equal distances. Thus, hoof shoes of

different sizes are readily exchanged, and their position can be

adjusted in the dorsal-to-palmar/plantar direction. The position of

the y-shaped pillars is adjustable in the proximal-to-distal direction

so that the construct can accommodate different hoof sizes and

pastern conformations. The strategically preplaced slots

(arrowheads) anchor the spinous process clamp that holds the

patient tracker
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lag fashion in a dorsolateral-palmaro/plantaromedial
oblique direction (Figure 3, purple line), angled 45� from
the first screw in a transverse plane 10 to 15 mm distal to
the plane of insertion of screw 1. For screw 3, a 4.5-mm
cortex screw was inserted in lag fashion in the midsagittal
plane of the extremity to mimic the repair of an imagi-
nary frontal plane P1 fracture (Figure 3, green line). The
entry of the screw was 10 to 15 mm distal to screw 2 and
was directed from dorsal to palmar/plantar in the sagittal
plane, midway between the lateral and medial border of
P1 (Figure 3, orange line).

For all three screws, an imaginary fracture plane was
assumed and drawn on the operative plan. Thus, the pen-
etration depth of the drill bit was closely monitored

during all drilling procedures as it would be in a clinical
case when one is operating on a nondisplaced or anatom-
ically reduced fracture.

2.5 | Computer-assisted surgical
procedure

After preoperative planing had been completed, the “nav-
igation” mode was selected, and trajectories 1 and 2 as
well as the guidance function were displayed on the
screen for orientation (Figure 3). All drilling procedures
were performed by the same surgeon (C.K.). After identi-
fication of the planned screw entry site by using the

FIGURE 2 The computed

tomography-based surgical navigation

system immediately after image

acquisition. The cadaveric limb is

secured in the purpose-built frame and

placed on a carbon table. A, The tracker

is anchored to the dorsal aspect of the

proximal phalanx using two 3.2-mm

pins as distal as possible (control group).

B, The tracker is anchored directly to

the frame (study group)
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navigated pointer (sharp pointer; Medtronic), the free-
hand navigated drilling procedure was started. A stab
incision with a No. 11 scalpel blade was made to access

the near cortex of the target bone. A short (147 mm) 4.5-
mm drill bit attached to a battery-powered surgical drill
(Colibri II; DePuy Synthes, West Chester, Pennsylvania)

FIGURE 3 Intraoperative screenshot. The proximal aspect of the proximal phalanx is projected in three different planes (top left,

dorsal; bottom left, transverse; top right, sagittal). The planned screw positions are illustrated by red, purple, and orange lines. The drill bit

(4.5-mm-wide blue cylinder) has penetrated the near cortex. The projection of the drill bit (narrow yellow cylinder) and a target-grid (bottom

right) were used for navigation

FIGURE 4 Spatial interference

during a drilling procedure. The patient

tracker (anchored to the proximal

phalanx, control group) and the

instrument tracker mounted on the drill

are superimposed, impeding proper

detection of the trackers by the localizer

camera
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mounted with reflecting spheres (SureTrak II clamps and
tracker; Medtronic) was registered and calibrated. There
was no requirement to seperately calibrate the 3.2-mm
drill bit because as its length is identical to that of the
short 4.5 mm drill bit.

When there was interference between the drill and
tracker (Figure 4), a longer (197 mm) drill bit was used,
requiring recalibration of the drill. When interference could
not be resolved by switching to a longer drill bit, the tracker
was reoriented on the preplaced pins, and the preoperative
scan was repeated. Every interference was recorded.

For each screw, drilling of the 4.5-mm glide hole and 3.2-
mm thread hole was performed while orientation and drill
bit penetration depth were controlled with the StealthStation
surgical navigation. However, the navigation system was not
used for screw head countersinking, depth measurement
(both manual depth-gauge and CBCT-measurements were
documented), or thread cutting. Finally, a cortical screw of
the appropriate length (based on the manual length measure-
ment) was inserted and tightened to approximatly 4 N-m of
torque. Skin incisions were not closed. Immediately after
insertion of screw 3, a first postoperative CBCT scan was per-
formed. All screws were subsequently removed, and a second
postoperative scan was performed to allow for artifact-free
assessment of the drill tracts.

2.6 | Assessment of tracker array
stability

The accuracy of the navigation system and the stability of
the tracker array were repeatedly controlled by position-
ing the tip of the navigated pointer in the central pit of the
head of the SHS between every procedural step in both
groups. According to the definition determined prior to
study execution, significant loss of tracker array stability,
also termed fiducial localization error,19 was documented
only when the pointer tip no longer displayed contact
with the virtual image of the screw head when placed in
the core of the SHS. The diameter of the SHS screw head
measured 5 mm, meaning that, in case of appropriate reg-
istration, only a loss in accuracy exceeding 2.5 mm in any
dimension away from the central pit of the screw head
would have been detected by regularly checking the SHS
position. Each procedure was performed with a checklist
to assure that all steps and measurements were consis-
tently performed between procedures.

2.7 | Assessment of surgical accuracy

For each cadaveric limb, the preoperative CBCT scan,
including the operative plan, was merged with the

postoperative CBCT scan in the StealthMerge function of
the Cranial Software. The deviation (in millimeters) of
the center of the actual drill track from the line rep-
resenting the axis of the planned drill track was mea-
sured in four predefined locations and planes. Briefly, for
each screw, the SAA were measured at the entry and exit
point in the long axis of P1, referred to as DENI (entry
imprecision in the dorsal plane) and DEXI (exit

FIGURE 5 Merged preoperative and postoperative cone beam

computed tomography images, dorsal (= coronal) and transverse (=

axial) planes. The surgical accuracy aberration (in millimeters) was

assessed by using the StealthStation measuring function at the exit

point of the drilled tract, in the dorsal (dorsal exit

imprecision = 2.2 mm) as well as the transverse (transverse exit

imprecision = 0.2 mm) plane of the proximal phalanx. Blue line,

imaginary proximal midsagittal proximal phalanx fracture. Red

line, planned core axis of the drill hole for the first 4.5-mm cortex

screw. Purple line, planned core axis of the drill hole for the second

4.5-mm cortex screw. Green line, imaginary frontal plane proximal

phalanx fracture. Orange line, planned core axis of the drill hole for

the third 4.5-mm cortex screw
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imprecision in the dorsal plane), as well as the short axis
of P1, referred to as TENI (entry imprecision in the trans-
verse plane) and TEXI (exit imprecision in the transverse
plane; Figure 5).

Even though the study and control groups were inde-
pendent, several measurements (spatial orientation) were

carried out on the same screw and limb, so these were
considered as dependent or paired observations. Thus, a
sample size calculation was performed to determine the
number of limbs required to detect a mean of paired dif-
ferences of 0.5 mm SAA with a known SD of differences
of 0.5 mm, at a significance level/α of .05 and a power of
80%. According to the calculation results, at least 11
limbs were required to detect differences between the
paired measurements DENI, DEXI, TENI, and TEXI.

2.8 | Statistical analysis

Collected data were analyzed in NCSS 12 statistical soft-
ware (2018; NCSS, Kaysville, Utah). The overall SAA
were illustrated with box plots. Descriptive statistics were
performed to compare SAA measurements (overall,
DENI, TENI, DEXI, and TEXI) between the study group
and the control group. Normality of the outcome variable
distribution was tested by using Shapiro–Wilk and Kol-
mogorov–Smirnov tests. For variables that were not nor-
mally distributed, the logarithmic transformation was
used. Differences for SAA and for each DENI, TENI,
DEXI, and TEXI between the study group and the control
group were determined by using a mixed regression
model (repeated-measures analysis of variance
[ANOVA]) with limb as the subject variable, the group as
the between factor variable, and orientation or interfer-
ence as the within factor variable. Furthermore, the num-
ber of measurements smaller than 1, 2, and 3 mm , were
calculated in both groups, and differences in proportions
between groups were compared by using the χ2 test. The
significance level was set at α = .05. Data are reported as
mean ± SD.

FIGURE 6 Box plots illustrating the distribution of the overall

surgical accuracy aberration (in millimeters) in the study group

(patient tracker anchored on the purpose-built frame) and in the

control group (patient tracker anchored on the dorsal aspect of the

proximal phalanx). The whisker boundaries represent 1.5 times the

interquartile range (IQR), and the severe outlier boundaries

represent three times the IQR. There was a difference between

groups (repeated measures of ANOVA, P = .009)

TABLE 1 The distribution of all drill tract SSA measurementsa

Study group Control group

SAA DENI TENIb DEXI TEXIb DENI TENI DEXI TEXI

Mean 0.8 0.6 0.9 0.6 1.2 1.0 1.6 1.1

SD 0.6 0.7 0.9 0.7 1.1 0.7 1.3 0.9

Lower 95% CL mean 0.6 0.3 0.6 0.4 0.8 0.7 1.1 0.8

Upper 95% CL mean 1.0 0.8 1.2 0.8 1.5 1.2 2.0 1.4

Median 0.8 0.4 0.6 0.4 0.9 0.8 1.6 0.9

Minimum 0 0 0 0 0 0 0 0

Maximum 2.2 3.4 2.8 3.2 4.2 3.2 4 3.9

Note: Values are in millimeters.
Abbreviations: CL, confidence level; DENI, dorsal entry imprecision; DEXI, dorsal exit imprecision; SAA, surgical accuracy aberration;
TENI, transversal entry imprecision; TEXI, transversal exit imprecision.
aOn the dorsal and transverse plane at the entry and exit points for the study (patient tracker anchored on the purpose-built frame) and the
control group (patient tracker anchored directly on the proximal phalanx), respectively. Note the maximum SAA in both groups.
bNot normally distributed.
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3 | RESULTS

Twenty-four paired limbs (14 thoracic and 10 pelvic
limbs) were obtained from seven horses, including four
warmbloods, one Franche-Montagne horse, one Ara-
bian, and one Welsh pony, with ages ranging from 10
to 18 years and body weights ranging from 382 to
618 kg.

In total, 36 screws were placed in each group (12
limbs per group, three screw orientations per limb),
resulting in 72 screws placed in total. The virtual and
actual position of the SHS corresponded in all measure-
ments carried out, confirming a stable tracker array fixa-
tion for both groups.

Interference of the drill with the tracker occurred
exclusively in the control (bone) group. This was
recorded in 11 of 12 limbs and for 14 of 36 screws placed
in the control group and prompted exchange of the short
drill bit with a longer drill bit in 10 of 36 screws. Further-
more, in three of 12 limbs in which interference between
drill and tracker were recorded, this problem was not
resolved with a longer drill bit, and the tracker frame was
adjusted.

The overall SAA was not normally distributed, so the
log-transformed value was used. The mean overall SAA
was lower in the study group (0.7 mm; median, 0.5) than
in the control group (1.2 mm; median, 0.9; repeated mea-
sures of ANOVA, P = .009; Figure 6) as was the maxi-
mum SAA, which was 3.4 mm in the study group and
4.2 mm in the control group (Figure 6).

In each group, a total of 144 measurements was made
(DENI, DEXI, TENI, and TEXI determined for each of
the 36 screws). The SAA was less than 1 mm in 109 of
144 measurements in the study group and in 78 of 144
measurements in the control group. For all comparisons
and tested cutoff values, the proportion of measurements
below the cutoff was lower in the study group than in the
control group (1 mm: 109/144 vs 78/144, P = .0002;
2 mm: 135/144 vs 114/144, P = .0006; 3 mm: 142/144 vs
134/144, P = .039). Furthermore, the mean SAA was
lower than 1 mm for all measurements (DENI, DEXI,
TENI, TEXI) of the study group (Table 1); the highest
mean value was DEXI (0.9 ± 0.9 mm). The mean value
of DEXI was also the highest in the control group
(1.6 ± 1.3 mm). There was a notable difference in mean
SAA between both groups for TENI (P = .009) and TEXI
(P = .026). There was a trend for increased SAA for DEXI
(P = .06). However, there was no difference in mean
DENI (P = .145) between groups. Neither screw orienta-
tion nor the occurrence of interference nor the use of a
longer drill bit were found to result in a loss of surgical
accuracy.

4 | DISCUSSION

The use of the described purpose-built frame for CAOS
consistently resulted in precisely positioned drill tracts in
equine cadaveric limbs, with a mean overall SAA of
0.7 mm and a maximum SAA of 3.4 mm as assessed with
the StealthMerge and the StealthStation measuring func-
tion. This corresponds with system specifications pro-
vided by the manufacturer of the StealthStation, which
specify the system's surgical accuracy expected in human
surgical theatres.17 Furthermore, the experiments con-
firmed a stable fixation of the extremity within the frame
because fiducial localisation errors were not detected tho-
roughout the experiments.

Navigation systems used for CAOS mainly serve to
orientate the surgeon in the operating field, and a robust
relative accuracy in the range of 1 mm is generally
accepted.20 Although computer-assisted surgery is more
precise than the conventional techniques, it is still subject
to errors.11,21 Nonetheless, surgical accuracy represents
the outstanding criterion for navigation systems.22-24 On
the basis of the data provided by the manufacturer,17 the
authors expected the mean SAA to be in the close range
of 2 mm, and most (135/144) individual measurements in
the study group ranged within this cutoff value. However,
clinical implications of outliers must be considered, even
if the presented setup is widely meeting the standards in
precision required in equine orthopedic surgery.

In addition to an instable fixation of the equine
extremity within the frame, plastic deformation of the
frame construct or the navigated instrumentation are
potential sources for SAA. Plastic deformation of the nav-
igated instrumentation, mainly due to bending of long
drill bits, is likely to occur when one is working on hard
cortical bone. In human CAOS, this is a known phenom-
enon when one is drilling through an area of sclerotic
bone.25 In equine CAOS, the risk of plastic drill bit defor-
mation is certainly potentiated by the thick and dense
cortical bone. Therefore, the operating surgeon should
choose short drill bits whenever possible and avoid plac-
ing excessive pressure on the drill to prevent drill bit
bending during the drilling procedure.

Other factors contributing to SAA have been identified
for CAOS applications in man. These include instable fixa-
tion of the tracker on a target bone of reduced density, for
instance, when one is operating on osteoporotic bone of geri-
atric patients.25,26 In addition, technical issues inherent to
the use of an optical tracking system, such as malfunction of
the navigation system with blood contaminated reflectors,
can lead to SAA.25 In the present cadaveric limb study, when
extremities without bone pathology were used, the influence
of these potential risk factors was not assessed.
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The setup involving the purpose-built frame out-
performed the conventional tracker array in surgical
accuracy. A possible explanation for the lower accuracy
observed with the conventional tracker array could be
the frequent occurrence of spatial interferences when
drilling is performed in close proximity to the tracker.
Such spatial interferences can be due to direct physical
contact between drill and patient tracker, due to superim-
position of instrument and patient tracker (Figure 4), or
because the reflecting spheres of the patient or instru-
ment tracker are temporarily obscured by the surgeon
from being detected by the localizer camera. This may
especially be true when small target structures are being
surgically treated, in small operating fields, or in target
structures deeply embedded in soft tissues. Under the
described circumstances, the detrimental effects on surgi-
cal accuracy are compounded when the tracker becomes
accidently displaced by the surgeon's hands or surgical
instruments or because the tracker is not adequately
secured to the target bone.27,28 Results of the statistical
analyses of the present study, however, did not provide
evidence of a significant impact on surgical accuracy in
the cases with observed spatial interference. Nonetheless,
the study reported here provides evidence that spatial
interferences are effectively avoided with the use of the
purpose-built frame.

According to the authors' clinical experiences, inter-
ference of the tracker array and the navigated instru-
ments frequently occurs in CAOS in horses, especially
when work is being performed with a conventional setup
on the short equine phalangeal bones. Rigid stabilization
and artificial expansion of the target structure, as
achieved with the proposed purpose-built frame, is a sim-
ple yet effective means of avoiding this problem. This
becomes even more relevant when work is performed on
multiple, articulated target bones, for instance in
arthroplasties, arthrodeses, or interventions on the spine
and vertebral bodies. In theory, both articulating bones
would have to be equipped with a separate tracker, which
is commonly done in computer-assisted total knee
arthroplasty procedures in man, in which bone trackers
are fixed on both tibia and femur.28,29 However, as long
as both articulating bones remain in a stable position rel-
ative to each other and the frame, the number of trackers
can be effectively reduced while maintaining surgical
accuracy. Furthermore, when a frame construct is used,
the trackers can be secured in a strategically advanta-
geous position. This is highly relevant for CAOS interven-
tions involving the distal extremity of horses, including
the repair of articular fractures or minimally invasive sur-
gical arthrodeses.

The bones that are directly fixed against the solid con-
tact points of the purpose-built frame are the least likely

to move in relation to the reference frame construct. The
P1 was chosen as the target bone for this study because it
was not directly fixed to the pillars of the purpose-built
frame. The authors assumed that forceful surgical manip-
ulations, such as applying pressure or traction in any
direction to the target bone, could alter its position in
relation to the purpose-built frame and the tracker
attached to it and ultimately lead to SAA. Similarly, we
could have chosen the middle phalanx (P2) as the target
bone. However, because P2 is much shorter than P1, it
would have been impossible to attach the tracker directly
on the target bone and leave enough space for navigated
screw placement at three different levels in the control
group. This also illustrates the practical advantages and
implications of the proposed-built frame for clinical
CAOS applications in horses; it facilitates accurate, navi-
gated screw placement in small bones like P2 or across
articulations of the distal phalangeal bones without the
requirement of directly anchoring the tracker on the tar-
get structures.

In equine fracture repair, minimally invasive
approaches and short surgical times are important to
reduce animal morbidity.30 This is particularly important
when one is operating on the distal extremity with mini-
mal soft tissue coverage to reduce the risks of surgical site
infection. Although placing pins to anchor the tracker is
not a very invasive procedure, it has been associated with
complications, such as injury of neurovascular struc-
tures,31 pin-track infection,32 or pinhole fractures.31,33-35

These risks can be minimized by the use of smaller diam-
eter self-tapping and self-drilling 3.2-mm diameter
anchoring pins,31,34 which were used in the present
study. Complications arising from pin placement to
anchor the tracker are invariably avoided with the use of
a purpose-built frame.

The study design focused primarily on identifying dif-
ferences in surgical accuracy and potential sources for
SAA when a purpose-built frame is used compared with
the conventional tracker array for CAOS. A meaningful
comparison of preparation times for CAOS between the
study and the control group could not be achieved
because limbs were placed in the purpose-built frame in
both groups to provide similar conditions for the drilling
procedure. Additional time for placing the pins required
only in the control group. However, this is not represen-
tative of the clinical situation, in which the operating sur-
geon chooses to use either the purpose-built frame or the
conventional tracker array without applying the purpose-
built frame. Nonetheless, our experiences with the pur-
pose-built frame in a clinical setting provide evidence
that, in the hands of experienced personnel, the place-
ment of the extremity in the purpose-built frame should
add no more than 5 minutes to the overall anesthesia
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time and does not impede the maintenance of aseptic
conditions in the surgical field.

Although the purpose-built frame was designed to
facilitate CAOS involving all bones of the equine distal
extremity and MCIII/MTIII, this study assessed only sur-
gical accuracy for screw insertion into the proximal pha-
lanx. Nonetheless, only minor modifications are required
to provide surgical access to the distal phalanx or navicu-
lar bone, such as cutting or drilling a small window into
the lateral aspect of the plastic cuff of the NANRIC Ulti-
mate shoe or readjusting the straps over the heel bulbs.
These modifications do not seem to compromise the fixa-
tion of the distal extremity within the purpose-built-
frame. One limitation is that the study population was
limited to “normal” sized cadaveric specimens; therefore,
extrapolation of the results to foals, miniature breeds,
small ponies, or large draught horses is difficult. Addi-
tional technical modifications to the frame would be
required to accommodate extreme body sizes at both
ends of the spectrum.

To the best of the authors' knowledge, this is the first
report of an experimental study describing the surgical
precision achieved when a CBCT-based surgical naviga-
tion system is used for applications in equine orthopedic
surgery. In man, this technology has become an integral
part of various neurosurgical and orthopedic proce-
dures.10-11,22-24,29,36 In equine surgery, however, com-
puter-assisted surgery has not yet gained widespread
acceptance. At first glance, the high purchase costs for
the equipment may seem the most striking explanation.
However, the 3D-imaging unit usually is the most expen-
sive part of the investment in a CAOS-ready infrastruc-
ture, and many larger equine referral centers already
have navigation-compatible 3D-imaging devices at their
disposal, and many more are investing in CT units specif-
ically for intraoperative and orthopedic imaging.37,38

Thus, other factors must be taken into consideration. On
the basis of our experiences and the feedback we have
received from peers, the most likely explanation is that
equine surgeons lack the opportunity to experiment and
gain practical experience with CAOS. Only through this
exposure will equine surgeons discover the distinct
advantages that this technology offers for our discipline,
advantages that outweigh reservations such as the dispro-
portionate cost–benefit ratios and the often-reiterated
impracticality of CAOS. With increasing access to this
technology, the spectrum of indications for CAOS will
become closer defined, and more innovative solutions tai-
lored to the special requirements of equine surgery will
refine its applications in equine surgical theaters. The
purpose-built frame described in this report is a starting
point for the refinement of the currently available equip-
ment for CAOS in horses.

In conclusion, the use of a custom-built frame to facil-
itate CAOS for intervention on proximal P1 meets the
high standard in precision required in equine orthopedic
surgery. Additional clinical reports and investigations are
required to demonstrate the benefits of this technique
and its potential application in routine surgical
procedures.
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