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Abstract

Background. With improved accessibility of imaging and additive manufacturing, custom targeting guides and jigs are
now widely accepted across many areas of orthopaedics. During orthopedic surgery, patient-specific guides assist in the
accurate drilling and cutting of bone in conjunction with meticulous pre-operative planning. Given their increased uptake,
it is important to define the lessons learned from recent clinical experience, and to document the reported benefits when
using this technology intra-operatively.

The aim of this review is to evaluate the potential benefits of patient-specific guides for osteotomies about the knee, and to
clarify what evidence currently exists to support their use.

Methods. A systematic review of PubMed, Embase, and Web of Science was performed for studies investigating the use
of intra-operative patient-specific guides for realignment osteotomies about the knee. Randomised controlled trials, non-
randomised studies, observational studies, case series, and case reports, as well as in vitro studies, were included. Screening
was conducted with the Covidence software, and risk of bias was assessed with the Risk Of Bias In Non-Randomized Studies
of Interventions (ROBINS-I) tool.

Results. A total of 38 studies satisfied the inclusion criteria: 21 of these included patient-specific instrumentation (PSI)
for high tibial osteotomy, 6 with distal femoral osteotomy, 4 — for combined tibial/femoral rotational corrective
osteotomies, 4 — in double-level osteotomies, and 6 — for intra-articular osteotomies. The main outcomes reported
were accuracy of surgical correction, typically with reference to pre-operative plans, and execution accuracy based on
radiographic measurements. Other common outcomes were operative time, intra-operative fluoroscopy, and operative
costs. Many studies were observational in nature, with no control groups available for suitable comparison.

Conclusions. For corrective osteotomies about the knee, the literature suggests PSI has very strong potential to improve
accuracy in achieving pre-operative targets. This was reported for both opening and closing wedge osteotomies of the
femur, and for high tibial osteotomy. Some contradictory results have been reported for high tibial osteotomy, based
on limited evidence from small studies that in many instances lacked controls for comparative analysis. Additional
controlled trials are necessary to confirm the benefits of PSI for osteotomies about the knee, considering it has not
yet been conclusively validated. The literature currently available indicates PSI can improve the accuracy of corrective
osteotomies about the knee.

Keywords: patient-specific instrumentation, patient-specific guide, orthopedics, patient-specific jig, osteotomy, 3D printed,
knee.
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Pedepar

BeedeHue. VIcrionb30BaHMe MHAMBUIYAIbHO M3TOTOB/IEHHBIX HAIIpaBUTE/IEl B KOMOMHALIMY C TIIATEIbHBIM ITpeaomnepanu-
OHHBIM IIJITAHMPOBAHMEM CIIOCOOCTBYET BHITTOJIHEHMIO 60J1€€ TOYHBIX OITMJIOB BO BPpEMSI OCTEOTOMUM U MO3ULIMOHMPOBAHMIO
cBepiia npy GOpMUPOBaHMUM OTBEPCTUI. YUMUTHIBASI TOBCEMECTHOE VCIIOIb30BaHMe MOJOOHBIX YCTPOJCTB, BasKHO ITpoaHa-
JIN3MPOBaTh HAKOTVIEHHbIN KIMHUYECKU OTIBIT U OTIpele/IUThb IIPeUMYIIeCcTBa MHTPAOIIepaIlMOHHOTO MCIIOIb30BaHMSI TeX-
Hosioruit 3D-nevatu.

Llenv 0630pa — OLIEHUTD MOTEHIMAIbHbIE IPEUMYIIECTBA MHAMBUAYATbHO M3TOTOBJIEHHBIX HAIPaBUTEJIEN I OCTEOTO-
MMM B 06JIACTY KOJIEHHOTO CYCTaBa U 11eJ1eC006pa3sHOCTh UX UCIIONb30BAHMS.

Mamepuan u memodst. [ I0MCKa UCIOIb30BaINCh 6a3bl JaHHbIX PubMed, Embase 1 Web of Science. B 0630p Borim uc-
c/ieloBaHMs, TTOCBSIIIIeHHbIe MHTPAoIlepalMOHHOMY UCIIOb30BaHMUIO MHAVBUAYAJIbHO M3TOTOBIEHHbIX HalpaBuUTenei os
KOPPUTUPYIOIIMX OCTEOTOMMI B 00JIACTM KOJIEHHOTO CYCTaBa. BbUIM BK/IIOUEHbI PaHIOMM3VPOBAaHHbIE KOHTPOJMPYEMbIE
MCCIeI0OBaHMSI, HepAaHAOMMU3UPOBAHHbIE MCCIeNOBAHNS, 06CepBAIMOHHBIE MCC/IENOBaHMS, CEPUM KIMHUYECKMX CTydaeB, a
TaKKe MCCIeqoBaHys in vitro. CKpMHMHT IIPOBOAMIICS C TTIOMOIIbIO ITporpaMMHOro obecrieuenns: Covidence. Puck cucrem-
HOJ OIIMOKM OLIEHUBAJICS C TTOMOIIbI0 MHCTpyMeHTa Risk Of Bias In Non-Randomized Studies of Interventions (ROBINS-I).
Pe3ynvmamet. B ananu3 Bouuto 38 uccoieqoBanuii: 21 M3 HUX OBIIO MOCBSIIEHO MCIIOMb30BAHUIO MHIAVMBUAYATbHO U3T0-
TOBJIEHHBIX MHCTPYMeHTOB (VIVIU) 111 MPOKCUMATbHOI OCTEOTOMMUM 6OJbIIe6ePIIOBOI KOCTH, 6 — IJISI AUCTAIbHO OCTeo-
TOMMUM OGeIPEeHHOM KOCTU, 4 — IjIs KOMOVHMPOBAHHBIX POTAIMOHHBIX KOPPUTMPYIOIIVIX OCTEOTOMMIT GOJbIIIEOEpPIIOBOI
u 6eIpeHHO KOCTeil, 4 — IJI ABYXYPOBHEBBIX OCTEOTOMMIT U 6 — IJIsT BHYTPUCYCTaBHBIX OCTEOTOMMIA. OCHOBHBIMMU BBISIB-
JIEHHBIMMU IIPpEeMMYIIeCTBaMU IIPMMEHEHUS JaHHbIX yCTpOI‘/JICTB 6I>UII/[ TOYHOCTbH XI/[pypI‘I/[‘lECKOﬁ[ KOppeKInn B COOTBETCTBUN
C IpefoIepalMOHHBIM IIJIAHOM, a TaKKe PeHTTeHOJOTUUEeCK) MOATBePXKIeHHAs TOYHOCTDb ee peanu3sanyun. Cpeay Opyrux
YacTO OTMEUaBIIMXCS MPEMMYIIECTB ObUIM BpPeMs OIepairyu, BO3MOXKHOCTh MHTPAOIEPALMOHHOTO PEHTTeHOKOHTPOJIS
M CTOMIMOCTH OIIepalMOHHOTO BMeIaTe/lbCTBA. MHOrMe MCCIeAOBaHMUS HOCWIM 00CepBaIlMOHHBIN XapakTep U He MMeu
KOHTPOJIbHBIX I'PYIIII [IJII KOPPEKTHOI'O CPaBHEHMS.

3axntoueHue. COrIacHO IUTEPATYPHBIM JaHHBIM, MU MO3BOISIOT 3HAUUTENBHO OBBICUTh BEPOSITHOCTD AOCTVMOKEHUS T10-
CTaBJIEHHBIX TIPEAONEePAIMOHHbIX 1eJIell IPY BBITTOJIHEHMUM KOPPUTUPYIOLIMX OCTEOTOMMIE B 06JIACTM KOJIEHHOTO CyCTaBa.
DTO 6BLIO MOATBEPKAEHO KaK MPY OTKPBITO-, TAK U IIPY 3aKPbITOYTOIbHOM KIVMHOBUIHOV OCTEOTOMUM OEIPEHHO KOCTH,
a TaKKe MpU MPOKCUMMAaJIbHOI OCTEOTOMUM OOJIbIIe6epIloBOii KOCTU. B MCC/IeqoBaHMSX, MTOCBSIIIEHHBIX MTPOKCYMMAJIbHOI
OCTeOTOMMM OO0bIIEGEPIIOBOI KOCTU, Pe3ylbTaThl ObLIM HMPOTUBOPEUMBBI BBUIY OTPAHMUYEHHOrO UMCIA MyOGIMKaLNiA,
B GOJIBIIMHCTBE KOTOPBIX OTCYTCTBOBAIY KOHTPOJIbHbBIE IPYIIIIbI 1T CPABHUTEILHOTO aHa/IN3a. B CBSI3Y ¢ 3TMM HEOOXOIMMO
MpoBeAeHYe NOTIOTHUTEbHBIX KOHTPOIMUPYEMBbIX MCCIeI0BaHMI 1)1 TOATBEPXKAEHMS ITPeUMYILeCTB UCIoNb30BaHus NN
IIPY OCTEOTOMMM B 06JIaCTM KOJIEHHOTO cycTaBa. COBpeMeHHbIe MCTOUHVMKM JIUTEPATYPbl YKa3bIBAIOT HA TO, UTO MCITOJIb30Ba-
HMe TexXHOojorui 3D-nmeyaTyt MOKET ITOBbICUTh TOUYHOCTD BBITIOJIHEHMS JaHHBIX XMPYPIruueCKnx BMelIaTe/JIbCTB.

KiroueBbie cii0Ba: VHAVBUAYA/IbHO M3TOTOBJ/IEHHbIE€ MHCTPYMEHTbI, MHOAUBUOYAJIbHO U3TrOTOBJIEHHBIN XI/IpypI‘I/I‘IECKI/Iﬁ Ha-
IIpaBUTeJIb, OpTOIIEeas, OCTEOTOMMSI, KOJIEHHBI CyCTaB, TEXHOJIOT UM 3D-nevaTu.
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INTRODUCTION

Deformity correction via osteotomy is conceptually
quite simple; fracture the bone, straighten the limb,
stabilize, and allow to heal in the chosen position.
However, at the standard expected in contemporary
orthopedic practice, corrective osteotomies are
in fact highly demanding. The expectation is that
even the simplest lower limb realignment procedure
should be completed within a tolerance of less
than 2°. An isolated coronal plane deformity still
requires three-dimensional control of the osteotomy
site, with at least 4° of freedom. Moreover, higher
complexity corrections require high magnitude,
multi-apical realignment, sometimes requiring
multiple osteotomy sites. It is likely the combination
of these factors that has led to the increasing
implementation of patient-specific instrumentation
(PSI) for these procedures. The added confidence
providedbyPSIhasbeenproposedtoassistinreducing
the technical difficulty of complex osteotomies, and
PSI guides may reduce the inconsistency of less
experienced surgeons.

The use of additive manufacturing to create PSI
has several potential benefits. The ability to plan
pre-operatively, first performing a virtual procedure,
and then executing the planned procedure under
such guidance is believed to provide more accuracy
with respect to the correction. Having pre-fabricated
guides specific to the patient anatomy and based on
a pre-operative plan should enhance the accuracy of
any osteotomy, and therefore influence the quality
of the achieved correction. Theoretically, this would
affect the clinical biomechanics and perhaps improve
post-operative outcomes.

By using unique patient-specific templates
designed for each case, the use of a custom guide can
potentially expedite procedures. With knowledge
gained through meticulous pre-operative planning,
the location, orientation, and magnitude of the
required corrective osteotomy is already pre-
determined, for the surgeon to perform without
needing extensive fluoroscopy during the procedure.
While any reduction in intra-operative radiation is
at least in part offset by the need for pre-operative
CT scans, less fluoroscopy during the procedure has
the more significant impact of decreased operative
time. Less time in theatre under anaesthetic leads
to a lower potential for infection, blood loss, and
anaesthetic risk. All these aspects would be expected
to benefit outcomes, and, while difficult to determine
accurately, would also be expected to reduce the
overall cost to the healthcare system.

Considering the potential benefits of PSI and
their rapidly increasing uptake in many areas of
orthopedic surgery, it was the aim of this review to
establish whether or not the currently available
literature supports the use of PSI for realignment
osteotomies about the knee. The main outcome of
interest was accuracy of surgical correction. Other
outcomes of interest included operative time, intra-
operative fluoroscopy use, and operative costs.

METHODS

The methods described in the Cochrane handbook
were used to perform this systematic review [1]. The
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guideline statements were
used to report the results [2]. The search strategy was
developed toinclude all studies within the orthopedic
literature utilising any type of PSI for osteotomies
or surgical guidance. Given the heterogeneity of
terms in use, a variety of different synonyms were
selected to ensure sufficient coverage of the chosen
databases. The search terms are belaw*. These search
parameters were applied to PubMed, Embase, and
the Web of Science on 29 March 2024.

The following types of studies utilising
3-dimensional (3D) printed patient-specific guides
intra-operatively for orthopedic procedures were
included: randomised controlled trials, non-
randomised controlled trials, observational studies,
case reports, and in vitro studies. The following
exclusion criteria were applied for screening and full
text review: non-medical 3D printing applications;
3D printing applications in a non-medical setting;
full text unavailable, conference abstract only;
dental, spinal surgery, general surgery, thoracic
surgery, maxillofacial surgery, or veterinary
applications; 3D printed implants only; 3D printed
surgical models only; and 3D bioprinting. The
following exclusion criteria were applied for full
text review: orthopedic applications outside the
knee; total knee arthroplasty; or unicompartmental
knee arthroplasty. The Covidence software
(Melbourne, Victoria, Australia) was utilized for
screening of studies. Two independent reviewers
screened titles and abstracts based on the criteria
described. Studies were assessed as eligible by
voting “yes”, “maybe”, or “not eligible”. All voting
was blinded and all references deemed eligible were
carried forward for full text review. Discrepancies
between the reviewers were resolved by discussion
and consensus; indeterminate studies were carried
forward into full text screening stages.

* (Orthopaedics) AND (3D print OR 3D printed OR 3D printing OR additive manufacturing OR additive fabrication OR additive layer
manufacturing OR layer manufacturing OR fused deposition modelling OR freeform fabrication OR Patient Specific) AND (Targeting OR
Osteotomy OR Cutting) AND (Guide OR Guides OR Guiding Jig OR Jigs OR Instrumentation OR Template).
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Risk of bias was assessed using the Risk Of
Bias In Non-Randomized Studies of Interventions
(ROBINS-I) tool [3]. Narrative synthesis of included
studies was performed with consideration to the
study design and quality of evidence identified in the
quality assessment.

RESULTS

The search parameters were applied to PubMed,
Embase, and Web of Science on 29 March 2024,
identifying 854,619, and 128 candidates, respectively.
Following screening and full text review, 38 studies
were ultimately included, with further details in the
PRISMA flow diagram (Figure 1). Of the 38 selected

studies, 21 included PSI use for high tibial osteotomy
(HTO) [4-24], 6 — with distal femoral osteotomy
(DFO) [7, 10, 25-28], 4 — in combined tibial/femoral
osteotomies for rotational corrections [29, 30-32],
4 — during double-level osteotomies (DLO) [7, 33-35],
and 6 — with intra-articular osteotomies of the knee
[36-41]. The main outcomes reported were accuracy
of surgical correction, typically with reference to
pre-operative plans, and execution accuracy based
on radiographic measurements (see Tables 1-5).
Other common outcomes were operative time,
intra-operative fluoroscopy, and operative costs.
The majority of these articles were observational
studies without control groups for comparison.

Figure 1. PRISMA flow diagram [2]
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Risk of bias assessment

Risk of bias was assessed using the ROBINS-I
tool [3], and has been summarised in Appendix to
the article. It can be found on the journal website —
https://doi.org/10.17816/2311-2905-17524-151096.
Nine non-randomised studies with case-controls were
evaluated, with all 9 categorised as having an overall
“moderate” risk of bias. Another 22 observational
studies with no comparison group were also evaluated,;
20 of these were classified as “moderate” risk,
and 2 was classified as “serious” risk.

DISCUSSION

Orthopadic surgery can be considered inherently
complicated, yet is still governed by basic principles
of physics that have been well known for centuries.
It is therefore bound by the same fundamental laws
of mechanics that determine how modern buildings
are designed, bridges are constructed, and towers
are raised. Although routinely taken for granted, the
sophisticated biomechanics of normal stance and gait
demands quite literally a delicate balance of large
loads in almost constant motion on complex surfaces
through limbs with multiple articulations. Corrective
osteotomies about the knee to restore normal lower
limb alignment have been widely practiced for over
60 years, but have become increasingly more reliant
on jigs, guides, and navigation in the past decade.
The term PSI encompasses a wide range of custom
jigs, guides, and other devices used to assist surgeons
to complete surgical procedures with the greatest
accuracy and precision possible. These are generally
designed and manufactured after meticulous pre-
operative planning that has been completed based
on 3D reconstructions of CT scans or other advanced
imaging modalities. This is often implemented using a
mirror image of the contralateral limb (when normal)
as a virtual template. Custom patient-specific guides
are similar in many features to conventional surgical
jigs and guides, although further characterised by
several distinguishing features. Typical PSI designs
include openings to drill holes and insert osteotomes
or saws at carefully planned locations and in specific
orientations. These are based on pre-operative plans
and are positioned so that subsequent screw placement
and bony correction aligns with the definitive selected
implants and planned correction. In this way, the
subsequent plate can act as a reduction device,
finalising bony position in the planned orientation.

High tibial osteotomy

Most included studies examining high tibial
osteotomy (HTO) were observational cohort studies
with no control group for comparison. However,
several single group observational studies without
comparison included considerable cohort sizes.
V.Predescu et al.[9] reported coronal and sagittal plane

accuracies of <2° in 25 patients. S. Chaouche et al. [11]
similarly observed small differences in the accuracy of
correction for the hip-knee-ankle angle (HKA), medial
proximal tibial angle (MPTA), and posterior proximal
tibial angle (PPTA), with a mean variation of less than
1° across a 100 patient cohort. Standard deviation,
and therefore precision with respect to the HKA,
MPTA, and PPTA was also very narrow in this group,
with a range of £1° [11]. This contrasts markedly with
the accuracy and precision typically reported for HTO
using standard instrumentation. In the systematic
review of HTO using conventional techniques by
M. Van den Bempt et al. [42], reported levels of
accuracy were +5.6°, with a range of 4-8° [42].

The studies including formal comparison groups
were, for the most part, non-statistically significant.
Studies by R. Pérez-Mananes et al., [4] N. Tardy et al.
[6], and M.A. Abdelhameed et al. [7] all reported
improvements in post-operative accuracy for PSI
compared to conventional instrumentation, although
none were statistically significant. A meta-analysis
from S. Cerciello et al. aggregating results from two
of the included comparison studies demonstrated
PSI use reduced the rate of correction outliers with a
small trend towards superior accuracy [43]. In a recent
systematic review by Aman et al. [44], low rates of
correction outliers were also observed in comparison
with conventional techniques. Similar to the techniques
described in the included studies, at our institution
PSI are designed and manufactured to contour to a
patient’s unique bony anatomy, allowing the guide to
be precisely positioned in a predetermined location.
Case 1 described below illustrates the application of
HTO (Figure 2).

Case 1

A 42-year-old male patient with constitutional genu
varum deformity of the right lower extremity who
underwent a proximal tibial valgizing osteotomy
(HTO) to unload the medial compartment and achieve
mild valgus alignment. Instead of neutral, alignment
is taken to a point 0.625 of the distance across the
width of the tibial plateau towards the lateral side
(Fujisawa point).

Long-standing X-rays or weight-bearing EOS scans
of both lower extremities are necessary to complete
the initial radiographic assessment and determine
the nature of the deformity, and the magnitude of
the correction necessary to create alignment through
the Fujisawa point. The medial proximal tibial angle
(MPTA) measures 84°, resulting in 2.1° of overall varus.
A correction of 5° of valgization is necessary to achieve
an MPTA of 89°, in order to achieve a mechanical axis
of 2.9° valgus and place the mechanical axis through
the Fujisawa point. The pre-operative plan must also
maintain a neutral proximal tibial slope, and not
introduce an iatrogenic flexion deformity (Figure 2 a).
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Figure 2 (a, b, c). High tibial
osteotomy (unilateral opening
wedge/valgizing).

Read the Case 1 description

in the article text above
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The PSI jig for the right HTO, as designed and
visualized in both the coronal and sagittal planes,
when mounted on the virtual realization of the
intact right proximal tibia (marked in purple). Virtual
realization of the 5° valgizing corrective osteotomy,
depicting the size of the opening wedge as well
as the position of the plate planned to stabilize
the osteotomy and maintain the correction until
solid union is achieved 6-8 weeks post-operatively.
(NB! The opening wedge is always intended to be
trapezoidal in appearance, slightly wider posterior,
to limit the potential to introduce iatrogenic flexion)
(Figure 2b).

Intra-operative images demonstrating sequential
stages of the actual surgical procedure. The PSI jig
is inserted through the medial incision, and secured
with 4 K-wires. The wires converge laterally and act
as a “capture” to limit the progress of the saw blade
and prevent inadvertent disruption of the lateral
cortex. After confirming satisfactory placement
and orientation of the PSI jig, precision drill holes
are made through the jig that correspond with the
orientation they will later occupy in the corrected
position. At this point, the opening wedge (incomplete
laterally) osteotomy is performed, again using the
PSI jig to orient the saw blade at the planned level.
The opening wedge is created and provisionally
held in place with a small allograft bone wedge, and
X-rays obtained to confirm (Figure 2 c).

The definitive fixation plate is inserted and
the pre-drilled holes are aligned with the plate
both proximally and distally. Initially 2 screws are
incompletely inserted to maintain orientation of
the plate while still allowing the pre-drilled holes to
achieve the planned correction. To avoid potential

Figure 2 (d). High tibial
osteotomy (unilateral opening
wedge/valgizing HTO).

Read the Case 1 description

in the article text above

under-correction and residual varus deformity, slight
over-correction to the Fujisawa point of 2.9° valgus
was introduced. This mechanically unloads the
previously overloaded medial compartment, which
is the most important clinical consideration. In this
instance, 5° of valgization was planned and 5.1° of
valgization was achieved, resulting in a final overall
alignment of 3° valgus. The inherent inaccuracy and
limited precision of repeated measurements, as well
as minor ligamentous laxity, are perhaps responsible
for the inability to perfectly reproduce the virtual
correction during any actual procedure (Figure 2d).

Distal femoral osteotomy

Compared to HTO, there are relatively few studies
examining the benefits of PSI for distal femoral
osteotomy (DFO). Among lateral open wedge
varizing DFO, J. Arnal-Burr6 et al. demonstrated a
significant difference in terms of accuracy relative
to their planned correction [25]. The mean final
mechanical axis deviation was 0.3° (¥1°) with
custom jigs, compared to 1.8° (*¥4°) without
(p=0.002). They also demonstrated further benefits
of using patient-specific guides,with corresponding
reductions in operative time, total cost, and
intraoperative fluoroscopy time. In 21 lateral
opening wedge DFO, C. Jacquet et al. evaluated PSI
against age-matched controls [26]. The PSI group
demonstrated significantly greater accuracy in both
coronal and sagittal plane corrections. The mean
residual coronal plane angular deviation was 0.4°
(*0.5°), compared to 3.9° (¥1.6°) with conventional
instrumentation (p<0.001). The mean sagital plane
axial deviation measured 0.5° (+0.6°), compared
to 3.1° (£1.6°) with conventional intrumentation
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[26]. While selection bias against matched controls
may be a consideration across these results, their
reported accuracy with standard instrumentation is
very similar to previosuly published results of 4° to
4.5° [45, 46].

Opening wedge osteotomies about the knee
are generally preferred, due to their greater
reproducibility and accuracy compared to closing
wedge techniques [47, 48]. The technical difficulty of
the closing wedge method can in part be attributed
to the demand for two independent but very closely
matched osteotomies that must be completed to
allow a precise segment of bone to be removed, and
this alone may lead to less accurate correction when
using a closing wedge compared to an opening wedge
[49]. The use of PSI to assist accurate resection is
therefore of particular interest with a closing wedge
correction, as the precision demand is particularly
high. Y.C. Huang et al. describes a PSI assisted double
chevron technique in closing wedge DFO, which
further emphasises the demand on precise, matched
osteotomies [28]. In their opinion, the inherent
stability and native bone-bone contact achieved from
this double chevron technique can be performed
accurately only with the application of PSI. The ratio
of the distance from the medial tibial spine relative

to the width of the tibial plateau (weight-bearing line
ratio — WBL) was corrected with a mean accuracy of
2.3%2.9% relative to pre-operative targets. Again,
similar to the techniques described in the included
studies, at our institution PSI are designed and
manufactured to very closely contour to a patient’s
unique bony anatomy, allowing the guide to be
precisely positioned in a predetermined location.
Case 2 described below illustrates the application of
DFO (Figure 3).

Case 2

A 34-year-old male patient with constitutional
bilateral genu valgum who underwent sequential
(not simultaneous) bilateral DFO to restore normal
(neutral) alignment. This case demonstrates the pre-
operative status and planning, the PSI osteotomy jigs
as designed, and the postoperative X-rays confirming
satisfactory correction was achieved.

Long-standing X-rays or weight-bearing EOS
scans of both lower extremities are necessary to
complete the initial radiographic assessment and
determine the nature of the deformity, and the
magnitude of the correction necessary to restore
normal alignment. On the right side, the lateral
distal femoral angle (LDFA) measures 79°, and 7°

Figure 3. Bilateral opening wedge/varizing DFO. Read the Case 2 description in the article text above
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of varization is necessary to achieve an LDFA of 86°,
in order to achieve a mechanical axis of 0°. On the left
side, the LDFA measures 80.5°, and 7.5° of varization
is necessary to achieve an LDFA of 88°, in order to
achieve a mechanical axis of 0° (Figure 3 a).

The PSI jig for the right DFO, as designed and
visualized in both the coronal and sagittal planes,
when mounted on the virtual realization of the intact
and deformed right distal femur (marked in green)
(Figure 3b).

Virtual realization of the 7° corrective osteotomy,
depicting the size of the opening wedge as well
as the position of the plate planned to stabilize
the osteotomy and maintain the correction until
solid union is achieved 6-8 weeks post-operatively.
(NB! The opening wedge is always intended to be
trapezoidal in appearance, slightly wider posterior,
to limit the potential to introduce iatrogenic flexion.)
(Figure 3c¢).

The PSI jig for the left DFO, again as designed and
visualized in both the coronal and sagittal planes,
when mounted on the virtual realization of the intact
and deformed right distal femur (marked in beige)
(Figure 3d).

Virtual realization of the 7.5° corrective
osteotomy, again depicting the size of the opening
wedge as well as the position of the plate planned to
stabilize the osteotomy and maintain the correction
until solid union is achieved (Figure 3e).

Final weight-bearing images of both lower
extremities, 6 months following the second
procedure and confirming satisfactory union of
both osteotomies was achieved. To avoid potential
under-correction and residual valgus deformity, in
each instance slight over-correction to a final very
minor varus alignment of less than 2° was introduced
bilaterally. This mechanically unloads the previously
overloaded lateral compartment in both instances,
which is the most important clinical consideration.
On the right side, 7° of varization was planned and
7.3° of varization was achieved, resulting in slight
over-correction and a final overall alignment of 0.9°
varus. On the left side, 7.5° of varization was planned
and 8.5° of varization was achieved, resulting in
slight over-correction and a final overall alignment
of 1.4° varus. Again, the inherent inaccuracy and
limited precision of repeated measurements, as
well as minor ligamentous laxity, are most likely
responsible for the inability to perfectly reproduce
the virtual correction during the actual procedure
(Figure 3f).

Rotational osteotomy

For rotational osteotomies involving the tibia and/or
femur, there were no comparative studies identified
in the literature. L. Jud et al. [29] reported differences
between the planned and achieved rotation of

4.8° (£3.1°) for the femur, and 7.9° (+3.7°) for the
tibia. More accurate corrections were reported by
G. Micicoi et al., where the planned axial rotation
was achieved within 1.5° (£1.4°) and 1.3° (¥1.1°)
for the femur and tibia, respectively [30]. In their
series, the coronal and sagittal operative targets
were essentially always matching the pre-operative
values (either identical to or within <2°). Across the
radiographic criteria of MPTA, lateral distal femoral
angle (LDFA), PPTA, and posterior distal femoral
angle (PDFA), targeted values were noted to be highly
accurate to less than 1° (*¥0.9°). The targeted axial
correction is another valuable endpoint; however,
given that the surgeon actively requires adequate
three-dimensional control of the osteotomy
site in all directions, these are still valuable
secondary endpoints. Accurately controlled coronal
and sagittal alignment throughout rotational
osteotomies is demonstrated here, an added level of
security provided by PSI in this setting.

Intra-articular osteotomy

Within the literature examining intra-articular
osteotomies of the knee, all pertained to complex
intra-articular osteotomies following tibial plateau
fracture malunion. P. Fiirnstahl et al. described
3 cases of tibial plateau malunion corrected with
PSI [36]. Using their technique, PSI permitted
accurate multiplanar correction of deformities
with an accuracy of within 1 mm and 1.8° relative
to pre-operative targets. H. Yang et al. reported
an improvement in the height of the collapsed
lateral plateau from 4-12 mm pre-operatively to
<1 mm in all cases [38]. H. Wang et al. [37] noted
considerably reduced articular step-off following
surgery using PSI in 6 tibial plateau malunion
cases. In the correction of a malunited Schatzker V
fracture using PSI, J. Pagkalos et al. reported very
close reproduction of their pre-operative plan of
88.8° MPTA, achieving 89° post-operatively [39].
C.P. Hsu et al. provided in vitro results where PSI
improved accuracy of screw placement compared
to conventional techniques during simulated tibial
plateau malunion correction [41].

Deformity following intra-articular fracture is
often multiplanar and can require complex correction
to achieve an anatomical reduction. Theoretically,
this would be an ideal setting for PSI. These small
observational studies suggest the potential benefit
of PSI for intra-articular corrections; however, the
small cohorts and lack of comparison groups limits
their generalizability and significance.

Reduction in operative time

Use of PSI significantly reduces operative time
when compared with traditional techniques for
osteotomies about the knee [4, 9, 25, 26, 27].
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Operative time reduction averaged 31 minutes for
HTO, a time reduction of 34% [4]. For DFO, operative
time was reduced on average 32 minutes [25],
7 minutes [26], and 19 minutes [27] across various
studies. These equated to a reduction of 15%, 34%,
and 20%, respectively. Although the magnitude of
the reduction varies, these studies all consistently
demonstrate operative time is reduced with PSI. The
potential clinical benefits of reduced operative time
include decreased blood loss and lower infection
rates, while limiting aneasthetic risk. This reduction
in time may not be directly appreciated by the
surgeon, as there is an additional time investment
required pre-operatively for virtual planning and jig
design. The assessment and meticulous planning
for the correction is carried out formally well in
advance of surgery, rather than informally during
the procedure itself.

Reduction in radiation exposure

Utilising PSI can also significantly reduce the use of
fluoroscopy and surgeon radiation exposure intra-
operatively. The number of fluroscopic images taken
during surgery was reduced from 65 to 6 [25], 55 to
8 [4], 12 to 5 [26], and 35 to 6 [27] across the studies
that have investigated this aspect. J. Arnal-Burrd
et al. make a valid point regarding these benefits,
arguing any reduction in intra-operative fluoroscopy
needs to be weighed against the patient’s additional
pre-operative radiation exposure from CT scans [25].
Although CT scans are becoming more routinely
used in orthopedic practice, it could be considered
disingenuous to claim possible radiation reduction
using jigs, given the pre-requisite for a pre-operative
CT. Nevertheless, most likely the decreased need for
intra-operative fluoroscopy actively contributes to
the considerable time reduction associated with the
use of guides.

Reduction in costs and other benefits

J. Arnal-Burré et al. calculated the cost savings that
result from the use of guides and PSI [25]. In their
example, this was principally due to the reduction
in surgical time, offset by the additional expenses
associated with 3D printing materials and CT
scanning. They did not consider the cost of design or
of the necessary specialist salaries in their analysis.
In our opinion, it is likely that considerable cost-
savings still occur with PSI when based on more
advanced machines, even with the added expense
of an engineer and a medical modeller or technical
support. It has been estimated that operating room
running costs can range between $40 to $100 a
minute, when accounting for all costs of staff and
equipment [50]. Using a modest time reduction figure
from the included studies, a reduction of 19 minutes
operating time results in a gross savings of $1330

[27]. Based on our own experience in this field, the
current cost for print material is approximately
$0.50/ml, with the upper threshold for the volume
of a typical guide approaching 180 ml [4]. As
such, the necessary guide materials would equal
approximately $90.00 USD. Currently, CT scanning
of a knee without contrast costs approximately $225
USD. Engineers in our facility generally require
2-4 hours to design a guide, and technicians can
require 1-2 hours per guide produced, resulting in a
total of $320 USD in personnel costs. Based on these
estimated costs, the net savings equal nearly $700
USD per operation.

Other purported benefits include reducing
surgeon stress, and the ability for low-volume
surgeons to successfully perform these demanding
procedures with greater confidence [14]. The PSI
guides reduce the surgeon’s stress level intrao-
peratively, especially for those least experienced
[14]. In complex cases that may normally be limited
to select senior surgeons, there is the potential
to further enhance their technical abilities [14].
In areas with limited sub-specialty access, the guides
may enable broader interventions to be carried out
where they would not otherwise be available.

In the context of corrective osteotomies,
biomechanical correction is reliant upon a very
high degree of accuracy. Many publications have
explicitly identified specific correction targets
for osteotomies around the knee, and deformity
correction planning has become much more
sophisticated over the past 30 years. Ultimately,
the ability to perform corrections accurately and
reliably enables pre-operative plans to be more
consistently realised post-operatively. With greater
consistency in the accuracy of correction, it may
become possible to further optimize the correction
parameters. Combining rigorous biomechanical
analysis, sophisticated pre-operative planning, and
enhanced intra-operative accuracy may ultimately
define the correction parameters that result in the
greatest clinical benefit.

CONCLUSIONS

For corrective osteotomies about the knee, PSI shows
strong potential in achieving improved accuracy
relative to pre-operative targets. This included both
opening and closing wedge techniques for the distal
femur, as well as HTO, despite some contradictory
reports for the latter. It should be noted that this is
largely based on the limited evidence provided by
small observational studies, which in many cases
lack adequate controls for comparison. As such,
larger controlled trials will be necessary to confirm
the benefits of PSI for osteotomies about the
knee, particularly multi-planar and intra-articular
corrections. The available literature currently
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suggests PSI improves both the accuracy and
precision of corrective osteotomies about the knee.
However, large, multi-planar corrections are where
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