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Abstract

Objective: To compare the accuracy of three-dimensional (3D) printed

patient-specific guide (PSG) with a freehand (FH) approach for radial osteo-

tomies in ex vivo normal dogs.

Study design: Experimental study.

Animals: Twenty four ex vivo thoracic limb pairs from normal beagle dogs.

Methods: Computed tomography (CT) images were collected preoperatively

and postoperatively. Three osteotomies tested (n = 8/group) were: (1) unipla-

nar 30� frontal plane wedge ostectomy, (2) oblique plane (30� frontal, 15� sagit-
tal) wedge ostectomy, and (3) single oblique plane osteotomy (SOO, 30�

frontal, 15� sagittal, and 30� external). Limb pairs were randomized to a 3D

PSG or FH approach. The resultant osteotomies were compared with virtual

target osteotomies by surface shape-matching postoperative to the preoperative

radii.

Results: The mean ± standard deviation osteotomy angle deviation for all 3D

PSG osteotomies (2.8 ± 2.8�, range 0.11–14.1�) was less than for the FH osteo-

tomies (6.4 ± 6.0�, range 0.03–29.7�). No differences were found for osteotomy

location in any group. In total, 84% of 3D PSG osteotomies were within 5�

deviance from the target compared to 50% of freehand osteotomies.

Conclusion: Three-dimensional PSG improved FH accuracy of osteotomy

angle in select planes and the most complex osteotomy orientation in a normal

ex vivo radial model.

Clinical significance: Three-dimensional PSGs provided more consistent

accuracy, which was most notable in complex radial osteotomies. Future work

Abbreviations: 3D, three-dimensional; CAD, computer-aided design; CORA, center of rotation and angulation; CT, computed tomography; DICOM,
Digital Imaging and Communications in Medicine; FH, freehand; PSG, patient-specific guide; SLA, stereolithographic; SOO, single oblique plane
osteotomy.
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is needed to investigate guided osteotomies in dogs with antebrachial bone

deformities.

1 | INTRODUCTION

Limb deformities are complex orthopedic conditions in
dogs that may result in substantial pain and disability if
untreated. The radius and ulna are the most common
bones affected in dogs, and usually manifest in asynchro-
nous growth of these paired bones.1 Deformity may result
in tremendous angulation and rotational malalignment,
as well as carpal and elbow joint incongruency.1 Surgical
correction requires accurate quantification of the defor-
mity, and subsequent execution of this plan in the
operating room.

Planning has historically been performed with a
center of rotation of angulation (CORA) methodology
using two-dimensional radiography2 and more recently
applied to computed tomography (CT) imaging.3 A
majority of antebrachial deformity cases contain mala-
lignment in the frontal, sagittal, and axial planes which
can be quantified independently. However, current
methods still resolve these 3D structures into 2D images
for quantification using 3D multiplanar and volume
reconstruction approaches.2,4 Transferring these detailed
3D plans to guide operative surgery is an additional
fundamental obstacle.

Computer-aided design (CAD) for 3D planning and
printing is an established technology in medical fields.5

Widespread applications exist in human orthopedic, max-
illofacial, and spinal surgery, among others, but relatively
little comparative information in veterinary medicine
and surgery is available. Orthopedics and bone deformity
correction is an obvious target due to ease of segmenta-
tion of bone from CT data due to its high Hounsfield
units, allowing for automated and efficient thresholding
tools. Furthermore, 3D volume data can be used to print
bone models for surgical rehearsal, perform computer-
ized virtual correction based on the plan, and print cus-
tom patient-specific guides (PSGs) for use in sterile
surgery. Accurate outcomes have been reported in defor-
mity correction of the femur6 and antebrachium,7,8 as
well as implant placement in spine and craniomaxillofa-
cial applications.9,10

Despite successful clinical outcomes using 3D PSGs
in clinical veterinary cases, more work is needed from an
orthopedic science perspective to robustly examine this
approach.11 We lack specific indications and locations for
use to justify the time, cost, and expertise needed for 3D
planning and guide use. A consistent workflow for 3D

planning to include correction target magnitude for
deformity is needed. Finally, best practice guidelines for
design approaches, materials, and manufacturing have
not been established.

The primary objective of this study was to compare
the accuracy and reliability of radial osteotomies per-
formed using 3D PSGs versus a freehand (FH) approach.
We tested three osteotomies of increasing complexity on
normal ex vivo canine thoracic limbs. Computed tomog-
raphy was performed preoperatively for planning and
guide design, and postoperatively for osteotomy assess-
ment. We hypothesized that 3D PSG osteotomy would be
more accurate in achieving an osteotomy within 5� of the
intended target than a FH osteotomy in a canine antebra-
chium model.

2 | METHODS

2.1 | Study design

An ex vivo method-comparison study between 3D PSG
and FH corrective osteotomy of the distal radius was
performed.

2.2 | Specimen collection and grouping

Twenty-four pairs of clinically normal cadaveric fore-
limbs were collected from beagle dogs euthanized for rea-
sons unrelated to this study. The limb pairs were
randomly assigned using a spreadsheet function (ran-
dom, roundup, rank; Microsoft Excel) to one of three
groups (n = 8 per group). An a priori power analysis
determined that eight limbs in a paired design and
expecting a clinically relevant mean paired difference of
5� (SD = 3) between freehand and guided methods
would achieve 97% power with a paired t-test at a 5% sig-
nificance level. Group 1 was a uniplanar 30� frontal plane
wedge ostectomy. Group 2 was an oblique plane (30�

frontal plane, 15� sagittal plane) wedge ostectomy. Group
3 was a torsion-angulation osteotomy (30� frontal plane,
15� sagittal plane, and 30� external torsion) using a single
oblique plane osteotomy12 (SOO). Right or left limb pairs
were randomly assigned to treatment using 3D PSG or
FH approach and treated in ordinal fashion of increasing
complexity.

2 TOWNSEND ET AL.
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2.3 | Three-dimensional planning

Limb pairs were disarticulated and frozen with the elbow
and carpus in full extension. A CT scan of both entire
forelimbs was performed with a 64-slice helical scanner
(GE Lightspeed VCT, Chicago, Illinois). Transverse
0.625 mm slices with 50% overlap were obtained using a
high-frequency bone algorithm. Digital imaging and
communications in medicine (DICOM) images were
imported into 3D modeling software (Mimics version 22;
Materialize, Leuven Belgium) and segmented using
thresholding (Hounsfield limits 226–2554), region grow-
ing, and editing tools to create a 3D triangular surface
model (mesh) of each forelimb. Models were exported to
3D design software (3-Matic, version 14, Materialize, Leu-
ven Belgium) for 3D planning and guide design. The neu-
tral frontal, sagittal, and axial planes were individually
defined for each limb based on humeral transcondylar
orientation and used to define the object coordinate sys-
tem (Figure 1). These reference planes and coordinate
system were used for standardizing guide design and
postoperative assessment.

The osteotomy was located at the distal 25% of the
radial length in all groups. For groups 1 and 2, a trans-
verse plane was created parallel to the axial reference
plane to represent the proximal osteotomy. A duplicate
osteotomy plane was created and manipulated for the
distal osteotomy. For group 1, the distal cut plane was
rotated 30� in the frontal plane, and moved distally along
the object coordinate system until the two cut planes met
at the lateral cortex of the radius to create a medially
based closing wedge. For group 2, the distal osteotomy
plane was rotated 30� in the frontal plane, followed by
15� in the sagittal plane, then moved distally along the
object coordinate system until the two cut planes met at
the caudolateral cortex of the radius to create a craniome-
dial oblique plane closing wedge. For group 3, the single
osteotomy plane was rotated 30� in the frontal plane,
then 15� in the sagittal plane, and finally rotated 30� in
the axial plane about the object coordinate system for a
single oblique plane osteotomy. Images showing virtual
osteotomy position were saved and exported for reference
in surgery.

2.4 | Computer-aided guide design and
3D printing

A region of the cranial surface of the distal radius was
marked, and the surface extruded 3 mm to form the
guide base. The base included both osteotomy planes
and extended distally to include the extensor groove
approximately 5 mm from the carpal joint. For group
1 and 2 closing wedges, the osteotomy planes were con-
verted to solid parts and extruded 1.5 mm thickness as

FIGURE 1 Oblique view of the 3D volumetric reconstructions

of a right forelimb with the neutral frontal, sagittal, and axial

planes defined.

FIGURE 2 Representative images of the osteotomy guides on

the right forelimb of group 1 (A) group 2 (B) and group 3 (C). All

guides were exported as .STL files and 3D printed on a

stereolithographic (SLA) printer using clear resin.

TOWNSEND ET AL. 3
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a shelf for the saw blade. Support struts were created
using 3 mm diameter cylinders to join the proximal and
distal osteotomy planes. For group 3, the single osteot-
omy plane was extruded to a thickness of 4 mm and
then hollowed in the center to create a 1 mm slot for
the saw blade. Two 1.1 mm diameter hollow cylinders
with 1.5 mm wall thickness were created to secure the
guide to the radius. All components listed above were
joined into a single part and were exported as .STL files
for 3D printing (Figure 2). Guides were printed on a
stereolithographic (SLA) 3D printer (Form 2, Form
Labs, Somerville, Massachusetts) using clear resin with
a 50 micron resolution.

2.5 | Osteotomy

A standard craniomedial approach was made to the distal
radius. Time was recorded from start of guide application
or measurement of the FH wedge until osteotomy com-
pletion. For the limbs using 3D PSG, the guide was fitted
to match the contours of the cranial of the distal radius,
and secured to the bone with 1.1 mm Kirschner wires.
For groups 1 and 2, the support struts were removed
using an oscillating saw (25.5 mm � 0.38 mm blade, Stry-
ker TPS, Kalamazoo, Michigan) before the osteotomies
were performed. Osteotomies were performed by placing
the saw blade flat against the shelf (wedge groups) or
within the slot (SOO group). After completion of the
osteotomies, the Kirschner wires and guides were
removed. The wedge was preserved in the surgical field
and sutured subcutaneously for postoperative imaging,
and the skin was closed.

For the FH approach, the desired distance from the
carpal joint was measured (25% of radial length) for the
proximal transverse cut marked on the bone. The bone
diameter was measured at this location using a sterile
ruler. Trigonometric measurements for the desired wedge
height were computed based on individual measured bone
diameter. For example, a 30� wedge with bone diameter of
15 mm results in a 8.7 mm wedge height (tan 30�

� 15 mm = 8.7 mm). The wedge height and proposed
osteotomy locations were marked using a pencil on the
bone surface as appropriate for groups 1 and 2. The proxi-
mal and then distal osteotomies were completed with an
observer assisting with saw blade orientation. The wedge
was preserved and sutured subcutaneously and the skin
was sutured. For the group 3 FH approach, a 0.04500 refer-
ence pin was inserted from cranial to caudal on the cranial
surface of the proximal radius to indicate the true sagittal
plane using the palpation of the humeral epicondyles as
an anatomic reference and an observer assisting with ori-
entation. Angle measurements were calculated as

described.12 A sterile goniometer was used to measure
63.5� from cranial to medial in the transverse plane and a
second pin was placed as a reference for the second mea-
surement. A sterile goniometer was then used to measure

FIGURE 3 The preoperative (yellow) and postoperative (blue)

limbs were shape matched using common points of reference and

automated global registration.

FIGURE 4 The intended target osteotomy (blue plane) as

measured on the preoperative limb was compared to the

achieved osteotomy plane (green plane) as measured with a fit

plane to the marked surface of osteotomy on the

postoperative limb.

4 TOWNSEND ET AL.
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49� distal to align the blade to make a distomedial to prox-
imolateral osteotomy. A thin piece of radiolucent gel was
placed between the proximal and distal radial segments to
separate them for postoperative CT scan. All limbs were
frozen in extension postoperatively prior to scanning.

2.6 | Postoperative analysis

Computed tomography images of the postoperative limbs
were obtained and 3D volumetric mesh reconstructions
were made as described above. The proximal radius,

distal radius, and wedge were segmented and manu-
ally separated for assessment using 3D software. The
preoperative and postoperative proximal and distal
radius 3D meshes were shape matched to one another
using four common prominent reference points on
each segment (aspects of radial head, radial shaft, sty-
loid, extensor groove) to approximate their overlay.
An automated iterative process registration tool (global
registration, 3-Matic) was then used to optimize the over-
lay between preoperative and postoperative radii
(Figure 3). The actual osteotomy planes were defined by
fitting a plane to marked surfaces of the postoperative
bone proximally and distally. Similarly, a plane was fitted
to the marked cut surface of the removed wedge (groups
1 and 2). The virtual target and actual osteotomy planes
were compared (Figure 4). Deviance was measured sepa-
rately in each frontal and sagittal plane using the previ-
ously defined object coordinate system as well as in 3D
(combined x, y, and z planes). The actual wedge was com-
pared to the target wedge size and their absolute difference
was recorded (Figure 5). The actual single oblique plane
osteotomy was measured relative to the target osteotomy
using the proximal surface of the osteotomy plane and dif-
ferences in the frontal, sagittal, and combined 3D planes
were recorded as described above.

2.7 | Data analysis

Data were evaluated for normality using the
Kolmogorov–Smirnov test and graphical visual assess-
ment. Deviance from the virtual target osteotomy angle
and location were determined for all osteotomies.

FIGURE 5 The wedges from groups 1 and 2 were measured

and compared to their intended target wedge size. A plane was fit

to each marked wedge cut surface and measured in 3–dimensions.

TABLE 1 Mean ± standard deviation angle deviation for 3D-printed patient-specific guide compared to freehand corrective osteotomies

in 32 normal ex vivo canine radii.

Group Osteotomy location 3D PSG FH p

Frontal uniplanar wedge osteotomy Proximal Frontal 1.5 ± 1.2* 5.7 ± 1.4 <.001

Sagittal 1.9 ± 1.7 4.3 ± 3.2 .096

Distal Frontal 1.5 ± 1.7* 5.8 ± 4.0 .006

Sagittal 3.5 ± 1.7 5.3 ± 3.1 .161

Wedge 3D 2.9 ± 2.9 2.5 ± 1.3 .061

Oblique plane wedge osteotomy Proximal Frontal 2.6 ± 2.5 2.3 ± 1.4 .705

Sagittal 4.3 ± 2.3 4.2 ± 2.0 .944

Distal Frontal 1.6 ± 1.3* 4.1 ± 2.7 .037

Sagittal 3.6 ± 2.0 3.6 ± 2.9 .955

Wedge 3D 4.4 ± 2.9 2.4 ± 2.4 .563

Single oblique plane osteotomy Frontal 5.3 ± 4.1* 17.8 ± 6.0 .002

Sagittal 2.1 ± 1.1* 10.5 ± 9.6 .043

Abbreviations: FH, freehand; PSG, patient–specific guide. *C p < .05.

TOWNSEND ET AL. 5
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Accuracy and time using 3D PSG was compared to a FH
approach in each osteotomy group separately using a
paired t-test. A clinically relevant threshold of within 5�

of target was established as a cut point. Frequencies of
clinically acceptable angles were compared between
approaches using McNemar's test for paired proportions.
Statistical analysis was performed using commerical soft-
ware (R, version 3.0, Development Core Team, Vienna,
Austria). All comparisons were considered significant
at p < .05.

3 | RESULTS

For group 1 (single frontal plane closing wedge), the fron-
tal plane deviation was increased in the FH limbs in com-
parison with the 3D PSG limbs on the proximal,
transverse (p < .001) and the distal osteotomy (p = .006)
(Table 1). The sagittal plane deviation was not different

for either proximal or distal osteotomy. The actual wedge
angle (30�) was not different between 3D PSG and FH
groups.

In group 2 (oblique plane closing wedge), the frontal
plane deviation of the distal osteotomy was increased in
FH limbs compared to 3D PSG (p = .037). No other
osteotomy or wedge measurements were different
between groups (Table 1).

In Group 3 (SOO), the FH osteotomy deviance was
increased in comparison with the 3D PSG osteotomy in
the frontal (p = .002) and sagittal planes (p = .043).

The combined deviance in 3D (x, y, z planes) was not
different for groups 1 and 2. The 3D deviance for group
3 was increased in the FH osteotomy group relative to
the 3D PSG (p = .001).

Overall, 3D PSG osteotomies were closer to the tar-
get osteotomy using a 5� clinically acceptable threshold
for accuracy in ALD correction. In groups 1 and
2, 32 total measurements were obtained in individual

TABLE 2 Frequency of corrective osteotomies excess of 5� tolerance of the intended virtual target.

Group Osteotomy type 3D PSG FH p value

Frontal uniplanar osteotomy Proximal Frontal 0% 75%* .041

Sagittal 13% 50% .371

Distal Frontal 0% 63% .074

Sagittal 25% 63% .248

Pooled (n = 32 osteotomies) 9% 63%* <.001

3D Wedge (x, y, z) 0% 25% .467

Oblique plane osteotomy Proximal Frontal 13% 0% .999

Sagittal 38% 50% .999

Distal Frontal 0% 38% .248

Sagittal 25% 13% .999

Pooled (n = 32 osteotomies) 19% 25% .724

3D Wedge (x, y, z) 13% 38% .467

Single oblique plane osteotomy Frontal 50% 100% .134

Sagittal 0% 50% .134

Pooled (n = 16 osteotomies) 25% 75%* .013

Abbreviations: PSG, patient–specific guide; FH, freehand. *p < .05.

TABLE 3 Mean ± standard deviation distance deviation (mm)

from target osteotomy location.

3D PSG FH

Group 1 1.0 ± 0.9 1.9 ± 1.2

Group 2 2.2 ± 1.6 1.6 ± 2.2

Group 3 2.9 ± 1.3 2.2 ± 1.3

Abbreviations: PSG, patient–specific guide; FH, freehand. *p < .05.

TABLE 4 Mean (± SD) time (s) to complete 3D PSG and FH

osteotomies.

3D PSG FH

Group 1 358 ± 43 372 ± 81

Group 2 292 ± 48 293 ± 82

Group 3 84 ± 10 162 ± 35*

Abbreviations: PSG, patient–specific guide; FH, freehand. *p < .05.

6 TOWNSEND ET AL.
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planes (proximal/distal sagittal/frontal for 8 limb pairs).
In group 1, 63% (20/32) of measurements were greater
than 5� from the target osteotomy in the FH group, in
comparison with 9% (3/32) in the 3D PSG group
(p < .001). In group 2, 25% (8/32) of the FH measure-
ments were greater than 5�, in comparison with 19%
(6/32) of the 3D PSG measurements (p = .72). Group
3 had 16 measurements total in which 75% (12/16)
of the FH group were greater than 5� from target,
compared with 25% (4/16) of the 3D PSG measurements
(p = .013) (Table 2).

The mean deviation of osteotomy location was less
than 3 mm from the target location in all three osteotomy
groups and was not different between the 3D PSG or FH
approaches (Table 3). The maximum error across all
groups was 5.5 mm and 6.8 mm using 3D PSG and FH
approaches, respectively.

The time required to perform group 1 and 2 wedge
osteotomies using the 3D PSG approach did not differ
from the FH osteotomies (Table 4). The maximum times
required in group 1 and group 2 were 346 and
489 seconds, respectively. Time to perform group 3 osteo-
tomies (SOO) using 3D PSGs was less than for FH osteo-
tomies (p < .001), and the maximum time was 106 and
226 seconds.

4 | DISCUSSION

The aim of the current study was to compare the accu-
racy of radial osteotomies performed using 3D PSGs ver-
sus the previous standard FH approach in normal ex vivo
canine radii. It was hypothesized that 3D guide use
would improve osteotomy angle and location accuracy.
This hypothesis was partially supported for the simple
frontal plane wedge and the most complex single oblique
(inclined) plane osteotomy but not for oblique plane
osteotomies. Using an acceptable osteotomy angle toler-
ance of 5�,3 it was found that 84% of 3DP guided osteo-
tomies were within this range, in comparison of 50% of
FH osteotomies.

Three-dimensional printed guides provided improved
angle accuracy but this comparison with freehand was no
different in the sagittal plane for both wedge groups.
Guided osteotomy accuracy was consistent in all planes
and typically within 5� of the targets. This is consistent
with recent clinical case series of guided radial osteo-
tomies in dogs with deformity.3 Freehand performance
was more variable, with greater accuracy in group 2 as a
whole and in the sagittal plane for groups 1 and 2. Intrao-
perative clinical assessment and alignment of a saw to
this plane may be easier to execute although this has not
been investigated specifically. Improvement in freehand

performance may also be related to increasing surgeon
skill with sequential performance of the osteotomies
(group 1, group 2, group 3). All osteotomies were per-
formed by a surgical resident under the guidance of a
board-certified surgeon. The resident had no prior clini-
cal experience with corrective osteotomies other than
completion of a practice osteotomy session on 2 limb
pairs prior to this project. Right and left limbs were ran-
domized for treatment but we could have considered ran-
domizing group order too. Furthermore, the same
individual who performed the 3D virtual planning and
guide design conducted the subsequent surgical osteo-
tomies. This preoperative planning process likely
improved the outcomes overall but in particular for the
freehand group. Despite these comments, improvement
was not sustained in group 3; however, freehand orienta-
tion and execution of a single oblique plane osteotomy is
considered very technically challenging.12,13

Causes for deviation from the virtual target may vary
between groups. The location of the osteotomy was gen-
erally accurate in all groups, typically within 3 mm.
There was greater variation in the angles of the osteot-
omy planes. We did not account for the kerf of the saw
blade (0.3 mm) during the assessment, which may have a
small effect on our data. In 3D-guided cases, error may
arise from imprecise guide placement on the bone, sur-
geon technical error such as bending of the oscillating
saw blade away from guide shelves or slot, or flex of the
guide material. In FH cases, surgeon technical error in
measurements on the bone, or angle of the saw blade are
potential sources of deviance.

The methods developed and used for limb alignment
planes and postoperative analysis were novel and com-
pleted using 3D planning software. The frontal, sagittal,
and axial planes of the proximal limb were based on a
subjective visual assessment of the proximal antebra-
chium/distal humerus.3,8 Target osteotomy planes were
measured in relation to these neutral planes on both the
virtual and freehand corrections. Postoperative CT scans
were individually shape-matched to the preoperative
proximal limb using an automated iterative global 3D
surface superimposition tool (global registration,
3-Matic). This is an established strategy for overlay of
images and differential assessment with a precision of
<0.5 mm depending on points or surface structure.14 This
approach allowed for the direct comparison of the loca-
tion and angle of the executed osteotomy and wedge to
the intended virtual target. This strategy can be explored
for use in clinical cases to precisely examine outcomes in
three dimensions.

The time required for osteotomy execution after free-
hand templating or guide placement was evaluated in
this study although the clinical relevance is limited with

TOWNSEND ET AL. 7

 1532950x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/vsu.13968 by U

niversitaet B
ern, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



normal dog cadaver limbs. Times were typically
between 4 and 5 min for wedges and 1–2 minutes for
the single oblique plane osteotomy. Freehand single
oblique plane osteotomies took twice as long as 3D
guided but a difference of 1 minute in the overall dura-
tion of a deformity correction is negligible. The time for
osteotomy execution and corrected alignment in limbs
with deformity may provide more clinically relevant
comparisons. Subjectively, the guides were easy to apply
to the distal radius. The use of the extensor groove as a
unique anatomic landmark for guide contouring and
placement instilled confidence in the novice resident
surgeon. Execution of the FH osteotomies was more
challenging in group 1, but confidence and efficiency
increased as would be expected with repeated osteotomy
performance.

Computed tomography-based 3D planning and
additive manufacturing of 3D PSGs is now feasible,
efficient, and cost effective.11,15,16 Orthopedics and
bone deformities are a natural target due to ease of
automated threshold-based segmentation of bone and
the technical challenge of assessment and successful
correction of complex cases. The 3D-PSGs offer an
operative tool to take a complex alignment assessment
(degrees of difference in three planes) and ensure accu-
racy in intraoperative execution. Guides provide both
novice and experienced surgeons added comfort in the
execution of a technique but does not replace good sur-
gical acumen. Guides are typically built with a base con-
toured to the normal anatomy that creates a key-in-lock fit
of the guide onto the bone, which is essential to achieve
the intended target. Outcomes and operative time saved
may outweigh time and resources required for 3D planning
and manufacturing of guides, although this analysis has
not been explored.

The authors have experienced a paradigm shift in
their practices having collectively performed hundreds of
deformity corrections FH, prior to a change in the past 5–
10 years performing nearly all clinical cases using 3D
PSG osteotomy and alignment guides. Anecdotally, the
ease of guide application, lack of intraoperative subjectiv-
ity, and reduction of surgical time are dramatic improve-
ments with current 3D PSG. More objective data to
support these observations and comparisons in affected
deformity cases are targets of future work.

Limitations of this study include use of normal ex
vivo dog limbs. Subjective freehand alignment assess-
ment in limbs with bone deformity is more challenging,
which may have led to greater differences in comparison
with guide use. We only evaluated osteotomy execution
as we did not feel reduction of bone ends into a mala-
ligned orientation would be clinically relevant. In the
authors’ experience, 3DP alignment guides provided an

even greater benefit than osteotomy guides in achieving
optimal clinical outcomes.

Our data would suggest that as the complexity of the
desired osteotomy increases, the guides become more
critical. The use of guides resulted in more consistent
acceptable outcomes across all osteotomy types. The
advanced 3D methods used for limb alignment and 3D
outcome assessment may be useful and improve clinical
assessments. Future work evaluating 3D PSG in limbs
with deformities may provide additional guidance to
refine clinical case selection more effectively.
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