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Abstract
Purpose Patient-specific instrumentation (PSI) has the poten-
tial to offer numerous benefits—not least of all, improved
resection accuracy; but its potential has not been realised in
clinical studies. An explanation may be the focus of such
studies on the total knee replacement (TKR—a common pro-
cedure, with which surgeons are generally very familiar.
Consequently, we sought to investigate the potential role of
PSI in guiding novice surgeons to perform the more techni-
cally demanding and less familiar lateral unicondylar knee
replacement (LUKR).
Methods Twelve orthopaedic trainees naive to LUKR were
instructed to perform the procedure according to a pre-
operative plan. These were carried out on synthetic sawbones
and were completed once with conventional instrumentation
alone and once with the adjunct of PSI, allowing a comparison
of the plan adherence achieved by the two sets of
instrumentation.
Results There was a tendency for PSI to demonstrate im-
proved plan adherence, though a statistically significant im-
provement was only seen in compound rotational error of the
femoral implant (p = 0.004). PSI was, however, able to pro-
duce narrower standard deviations in the mean translational
displacement of the femoral implant and also the mean rota-
tional displacement of both implants, suggesting a higher de-
gree of precision.

Conclusions Our study provides some evidence that PSI can
improve the ability of novice surgeons to replicate a pre-
operative plan, but our results suggest the need for larger-
scale clinical studies to establish the role of PSI in this
procedure.
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Introduction

Patient-specific instrumentation (PSI) involves the production
of individually designed and printed cutting guides, precisely
matched to the patient’s own anatomy. Proposed benefits of
this technology to arthroplasty surgeons include: increased
accuracy of implant placement, reduced costs and faster oper-
ating times [1].

The lateral unicompartmental knee replacement (LUKR) is
a relatively uncommon procedure; numbers are not recorded
by most registries, including the England and Wales National
Joint Registry [2], but the Swedish registry reported only three
were performed in 2013 [3]. However, there is increasing
evidence for the superior efficacy and lower cost of
unicompartmental knee replacement (UKR) over TKR in
cases of single compartment arthrosis [4–8]. Importantly,
there is also evidence of a better safety profile with this smaller
operation, with lower rates of morbidity and mortality [9].
Despite these benefits, a significant barrier to increased use
of UKR and LUKR in particular is the technical difficulty of
the operation, a significant learning curve, and the need to
perform larger numbers to achieve the lowest reoperation
rates, which have traditionally been higher in UKR compared
with TKR surgery [10, 11]. As a means of potentially simpli-
fying and improving the accuracy of a procedure, PSI may
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offer a way to increase the use of the LUKR and allow more
patients to experience this small, safe and effective operation.

Seeking to test this potential, we assessed the accuracy of
placement of LUKR implants by orthopaedic surgical trainees
unfamiliar with the operation. Through the analysis of syn-
thetic bones used on a LUKR training course, where both PSI
and conventional instrumentation were used, we compared the
adherence of the trainee surgeons to a specified operative plan
using each technique. Our null hypothesis was that there
would be no difference in the degree of deviation from the
plan using either technique.

Material and methods

Twelve orthopaedic trainees attended an instructional course
on LUKR. None of the trainees had practical experience of the
procedure and, as part of the course, performed their first two
LUKR procedures on synthetic dry bones (Biomet, Bridgend,
UK). All the synthetic bones were identical and were devel-
oped from the computed tomography (CT) scan of a patient
with knee osteoarthritis. They consisted of a femur and a tibia
joined by tight cords that replicated the collateral and cruciate
ligaments.

Prior to performing the LUKRs, all the surgeons were privy
to a live demonstration of the procedure using both PSI and
conventional instrumentation and were also presented with an
instructional booklet, which included detailed diagrams and
measurements of the surgical plan. This plan was created by an
experienced surgeon on in-house planning software and was
designed to recreate the natural joint line using implant positions
that could be realistically achieved with conventional instrumen-
tation. PSI guides were designed and produced by Embody
(London, UK) using the EOS Formiga P110 Printing System
with a medical grade polymer (PA2200) (Figs. 1 and 2).

Each trainee was then charged with performing the LUKR
twice: once with PSI (Embody, London, UK) and once with
conven t iona l i ns t rumen ta t ion (Oxfo rd Phase 3
Instrumentation, Biomet, Bridgend UK). Half the surgeons
used PSI first and the other half used conventional instrumen-
tation before swapping over. Trainees were guided individu-
ally by experienced faculty and asked to replicate the pre-
operative plan.

After the resections were complete, three-dimensionally
printed simplified femoral and tibial LUKR implants were
glued onto the bones. The implants included multiple refer-
ence spikes that were used during the process of registering
the implant position relative to the bone (Figs. 3 and 4). An
investigator who was blinded to the instrumentation used to
prepare the implant beds completed the placement of the im-
plants onto the cut surfaces.

A desktop laser scanner (NextEngine 3D, Santa Monica,
CA, USA) was used to create three-dimensional

representations of the cut bones and their accompanying im-
plants. The scanner has a reported accuracy to within
0.127 mm and has also been validated in previous studies to
contain a root mean square (RMS) error of less than 1 mm
compared with a pre-operative CT plan [12]. The scanned
images were formatted as stereolithograph (STL) files and
transferred into in-house planning software to identify
predetermined reference points on the positioned implants.

Once the reference points were identified, they allowed
investigators (who were blinded to the method of instrumen-
tation) to determine the extent to which the positioned im-
plants deviated from the predetermined plan. This was pre-
sented in terms of compound rotational and translational er-
rors and also as the displacement in each of the six degrees of
freedom. Compound rotational error was calculated by find-
ing the sum of the RMS values for axial rotation, flexion-
extension and varus-valgus and compound translational error
was calculated by finding the sum of the RMS values for
absolute anterior-posterior, medial-lateral and proximal-distal
translations.

Fig. 1 Tibial PSI guide
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The referencing stage of the method was repeated to validate
the accuracy of our methodology. Intra-observer reliability was
assessed by re-referencing the same bone five times on separate
days and the mean rotational and translational errors compared.
Inter-observer reliabilitywas assessed by re-referencing four sep-
arate bones from which Bland-Altman plots were created.

Statistical analysis was performed using Statistical Package
for the Social Sciences (SPSS 22, IBM, NewYork, NY, USA),
with statistical significance set at p < 0.05. Visual assessment
of histograms and the Kolmogorov-Smirnov test confirmed
normality of distribution of our data and a paired t-test was
used for analysis with Holm’s sequential Bonferroni correc-
tion to accommodate multiple comparisons.

No human or animal tissue was used during this study.

Results

Tibial and femoral compound error

There was a trend for lower measures of mean compound
error in the PSI group compared to conventional instrumenta-
tion (Fig. 5) in both the tibia and femur with respect to

translation and rotation. However, statistical significance
was only achieved with respect to femoral rotational
(p = 0.004).

Displacement across the six degrees of freedom

There was no significant improvement in any degree of free-
dom between the two forms of instrumentation, though there
was a strong trend for improvement in tibial resection depth
accuracy with PSI (Fig. 6). There was a significant difference
between the errors achieved for medial and lateral translation,
with the PSI guides producing excessive medialisation, whilst
the conventional instrumentation produced excessive
lateralisation. The spread of errors achieved by trainees, rep-
resented by the standard deviation, were almost universally
narrower with PSI across the six degrees of freedom, and
when calculated, the mean standard deviations for rotational
and translational displacements for both implants were lower
(Tables 1 and 2), denoting a higher level of precision with PSI.

Reliability studies

Both inter- and intra-observer studies and their accompanying
Bland-Altman plots demonstrated values that were within
±1.96 standard deviations of the mean difference and thereby
within acceptable limits of agreement.

Discussion

LUKR is a smaller, safer, cheaper and more effective opera-
tion than TKR for the treatment of lateral compartment arthro-
sis [5, 13]. On this basis LUKR should be a popular proce-
dure. However, although isolated lateral compartment disease
affects 10% of patients, LUKR accounted for only three out of
493 UKRs from a total of 13,338 knee arthroplasties in the

Fig. 2 Femoral PSI guide

Fig. 3 Simplified implant with reference spikes in situ on prepared tibia

International Orthopaedics (SICOT) (2017) 41:1379–1385 1381



2014 Swedish registry report [3, 14]. There are a number of
reasons for the reluctance of surgeons to use UKR and LUKR
in particular: improved function comes at the cost of a higher
reoperation rate—a fact that is heavily publicised through reg-
istry reports [2–4, 15]. In the United Kingdom this has extend-
ed to the publication of unit-level data by the National Health
Service and to the reporting of surgeons who are outliers with

respect to revision rate for knee arthroplasty to their hospital
executives [2]. UKR surgery is also associated with a learning
curve that leads to poorer results whilst acquiring experience
of the procedure [16, 17]; it can, consequently, be difficult for
surgeons to learn on their patients rather than use the more
familiar TKR. LUKR is a technically challenging operation
due to difficulty of obtaining adequate exposure and lateral
collateral ligament laxity in flexion, making gap balancing
more complicated than in medial UKR [11].

Logic suggests that PSI should improve implant position-
ing and our experience has been that complex operations, in
particular, can be made simpler with the assistance of patient
matched guides. However, studies to date, principally on the
use of PSI guides in TKR surgery, have failed to show signif-
icant clinical improvements, particularly with respect to com-
ponent alignment. An issue with the existing literature is that
studies assessing PSI are dominated by TKR procedures that
are facilitated by generally well-designed conventional instru-
mentation and performed by surgeons experienced in the pro-
cedure. It has been suggested that the benefits of PSI may
instead be felt most by inexperienced surgeons performing

Fig. 5 Femoral and tibial compound translational and rotational error expressed as interval plots: mean ±2 standard errors of the mean

Fig. 4 Simplified implant with reference spikes in situ on prepared femur
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unfamiliar procedures [18]. PSI therefore offers a potential
way to reduce the technical challenge and shorten the learning
curve of the effective but underutilised LUKR. This may help
surgeons feel more confident to perform the procedure and
reduce the fear driven by the registry reports. Our study sought
to investigate the benefits of PSI with this operation when

performed by inexperienced surgeons. The results demon-
strated non-inferiority of PSI and showed some evidence that
improvements may be made in accuracy of implant placement
with PSI over conventional instruments.

In particular, this study demonstrated an improvement in
femoral implant compound rotation and a trend for

Fig. 6 Implant positioning errors for each of the six degrees of freedom represented as mean rotational and translational deviations ±2 standard errors of
the mean

Table 1 Standard deviations of
tibial implant positional error
(values to nearest millimetres or
degree)

Degrees of freedom PSI Conventional instrumentation Difference

Axial rotation (o) 2 7

Flexion-extension (o) 2 3

Varus-valgus (o) 3 2

Mean rotational error standard deviation(o) 2 4 2

Anterior-posterior (mm) 1 1

Medial-lateral (mm) 2 2

Proximal-distal (mm) 2 2

Mean translational error standard deviation (mm) 2 2 0

International Orthopaedics (SICOT) (2017) 41:1379–1385 1383



improvement in tibial rotation and femoral translational com-
pound errors. Levels of precision, as measured by the standard
deviation of the errors measured, were greater for the PSI pro-
cedures than with the conventional instrumentation. We were
unable to demonstrate any significant improvement in the indi-
vidual degrees of freedom for either tibial or femoral implant
placement, though there was a strong trend for improvement
with PSI with respect to implant resection depth. There was a
difference between the placement of the tibial implants in the
coronal plane, with PSI resulting in greater medialisation of the
implant and conventional instrumentation tending towards
lateralisation. This was due to the tightness of the cord ligaments
making placement of the sagittal saw cut in the planned position
difficult; importantly, PSI tended to result in the medialisation of
the tibial implant, which reduces the risk of bearing dislocation
compared with a more laterally placed implant that could lead to
the bearing impinging on the medial tibial implant wall [19].

The benefits of PSI have been questioned in the literature, but
these conclusions have predominantly been based upon the as-
sessment of experienced surgeons undertaking a common pro-
cedure, specifically TKR [1]. This has potentially undervalued
the benefits of PSI with infrequently performed procedures, es-
pecially when undertaken by inexperienced surgeons.

There is sparse literature on the clinical use of PSI in UKR
surgery. With respect to LUKR, Demange et al. [20] described
the use of PSI in the placement of custom-made LUKR im-
plants compared with a retrospective series of conventionally
sited Miller-Galante implants. Whilst this study reported su-
perior survivorship and greater tibial plateau coverage with
the custom implants, the study does not specifically address
the question of whether PSI is helpful in LUKR surgery. With
respect to the use of PSI in medial UKR (MUKR) surgery,
Trong et al. [21] reported excellent implant alignment when
comparing patients’ post-operative CTs to pre-operative plans.
Kerens et al. [22] found that PSI improved the position of the
femoral component in the frontal plane, but had no effect on
other implant placement parameters. However, Ollivier et al.
[23] found no differences in functional score, gait, lower limb
alignment or implant positioning between PSI and conven-
tional instrumentation.

There are limitations to this study. The degree of implant
placement superiority demonstrated by PSI over conventional
instrumentation was less than might have been expected. This
may be attributed to underpowering of the study. However, a
sample size of 12 has been advocated as a suitable size for
studies such as this, where there are insufficient data for an a
priori power calculation [24] and previous in vitro studies
conducted on MUKR have used similar numbers of subjects
[25]. A greater improvement with PSI may also have been
observed with a higher-fidelity simulation, such as using a
cadaver. This is because whilst conventional instrumentation
relies heavily on landmarks (which were clearly seen with our
synthetic bone model) to maintain its accuracy, PSI is less
likely to benefit from this increased visibility. However, the
use of synthetic bones is well established in arthroplasty re-
search [12] and allowed greater consistency between trials
than could have been achieved with cadaveric specimens.

In conclusion, this study demonstrates that PSI can lead to
some improvement in the accuracy of replicating an operative
plan by novice LUKR surgeons. The effect demonstrated in
this study is modest and further investigation is required to
determine whether these improvements are translated into im-
proved in vivo LUKR implant positioning as well as patient
outcomes. However, our study would suggest PSI may have
the potential to assist inexperienced surgeons undertaking the
effective, but underutilised LUKR.
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Table 2 Standard deviations of
femoral implant positional error
(values rounded to nearest
millimetre and degree)

Degrees of freedom PSI Conventional Instrumentation Difference

Axial rotation (o) 3 6

Flexion-extension (o) 4 4

Varus-valgus (o) 2 5

Mean rotational error standard deviation (o) 3 5 2

Anterior-posterior (mm) 1 1

Medial-lateral (mm) 1 2

Proximal distal (mm) 1 2

Mean translational error standard deviation (mm) 1 2 1
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