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Abstract

AIM: To summarise and compare currently available
evidence regarding accuracy of pre-operative imaging,
which is one of the key choices for surgeons contem-
plating patient-specific instrumentation (PSI) surgery.
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METHODS: The MEDLINE and EMBASE medical
literature databases were searched, from January 1990
to December 2013, to identify relevant studies. The
data from several clinical studies was assimilated to
allow appreciation and comparison of the accuracy of
each modality. The overall accuracy of each modality
was calculated as proportion of outliers > 3% in the
coronal plane of both computerised tomography (CT)
or magnetic resonance imaging (MRI).

RESULTS: Seven clinical studies matched our inclusion
criteria for comparison and were included in our study
for statistical analysis. Three of these reported series
using MRI and four with CT. Overall percentage of
outliers > 3% in patients with CT-based PSI systems
was 12.5% vs 16.9% for MRI-based systems. These
results were not statistically significant.

CONCLUSION: Although many studies have been
undertaken to determine the ideal pre-operative imaging
modality, conclusions remain speculative in the absence
of long term data. Ultimately, information regarding
accuracy of CT and MRI will be the main determining
factor. Increased accuracy of pre-operative imaging
could result in longer-term savings, and reduced
accumulated dose of radiation by eliminating the need
for post-operative imaging and revision surgery.

Key words: Patient-specific instrumentation; Arthroplasty;
Alignment; Accuracy; Cost-effectiveness
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Core tip: At present there is not enough published data
to convincingly conclude in favour of computerised
tomography (CT) or magnetic resonance imaging for
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accuracy of pre-operative imaging in patient-specific
instrumentation. We recommend CT as a more favourable
option at present due to reduced scanning times,
increased availability, and relatively cheaper cost.

Stirling P, Valsalan Mannambeth R, Soler A, Batta V, Malhotra
RK, Kalairajah Y. Computerised tomography vs magnetic
resonance imaging for modeling of patient-specific instrumentation
in total knee arthroplasty. World J Orthop 2015; 6(2): 290-297
Available from: URL: http://www.wjgnet.com/2218-5836/full/v6/
12/290.htm DOI: http://dx.doi.org/10.5312/wj0.v6.i2.290

INTRODUCTION

Patient-specific instrumentation (PSI) was developed
to simultaneously optimize patient outcomes and
surgical efficiency in total knee arthroplasty (TKA),
and PSI evolved with the aims to improve component
placement accuracy. Improving accuracy of placement
of the tibial component can reduce the incidence of
malalignment and rotation, errors which are associated
with patient dissatisfaction after arthroplasty'™ -
reported in up to 19% of cases™® - and are believed
to reduce implant survival®*. The current technique
combines pre-operative imaging using computerised
tomography (CT) or magnetic resonance imaging (MRI)
and full-length radiograph in combination with rapid-
prototyping technology to create bespoke guides or
jigs which direct cutting tools during bony resection.
Pre-operative computer-assisted planning allows
determination of resection margins, implant size and
position, the overall aim being to improve component
alignment and operative efficiency™® whilst avoiding
violation of the intramedullary canal. Pre-operative
imaging and planned guides are approved by the
surgeon, thus shifting the navigational aspects of
the procedure to the pre-operative stage, which may
improve operative efficiency™.

Proponents of the technique argue that PSI can
improve component alignment accuracy, post-operative
functional outcome'”), whilst reducing intraoperative
blood loss, operative time, number of surgical steps”’,
and time between cases, ultimately resulting in
cost savings associated with reduced inventory and
sterilization costs. Evidence in this area is still however
conflicting. Many studies report good alignment
achieved with PSI®™ in both coronal and frontal planes,
yet separate studies have demonstrated no significant
difference in component alignment using PSI"***, with
some even reporting an increase in outlier incidence**.,
In addition, there are conflicting reports of the proposed
reduction in operative time and technicality: whilst
some studies report a significant reduction in operating
timel”'®), others report increased intra-operative
changes to implant size™” due to mismatching of the
specific prosthesis and the pre-operative plan™®,
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Many current opinions regarding PSI remain spe-
culative in the absence of medium and long-term
data. Proposed benefits regarding patient functional
outcomes, complication rates, alignment, and cost-
effectiveness are summarized comprehensively in
review articles authored by Ast et a'®, Nam et a/™,
and Lachiewicz e/ al*®.

The use of pre-operative CT vs MRI varies depending
on the PSI system used, and is a source of major
ongoing debate. CT is relatively inexpensive and imaging
times are short. It is therefore financially appealing.
However, exposure to radiation is a concern and there
have been recent reports of increase in cancer attributed
to unnecessary CTs?**3, MRI, on the other hand, does
not use ionising radiation and is deemed a safer and
more appealing imaging modality. Some pre-operative
MRI imaging for PSI also requires a whole leg plain film
and so may not wholly be without additional radiation
exposure. Moreover, most CT-based PSI systems utilise
focused scans of the hip, knee, and ankle to reduce
unnecessary exposure: the equivalent dose has been
calculated at 5 mSyv, comparable to a yearly background
radiation dose, or roughly 70 chest X-rays™.

Although MRI avoids radiation exposure, the cost
and time of the investigation is greater than for CT.
For PSI, there is no need to report the scans once
performed as the image data is sent directly to the
company, and the only cost of imaging is in performing
the scan itself. In our trust, the cost of pre-operative
imaging using MRI is almost double that of CT (£171 vs
£97). Importantly, the comparatively longer length of
time for an MRI scan may result in movement artefacts
worsening the quality of MRI images.

Ultimately, information regarding accuracy of CT
and MRI will be the main determining factor. This
review article summarises and compares currently
available evidence regarding accuracy of pre-operative
imaging, which is one of the key choices for surgeons
contemplating PSI surgery.

MATERIALS AND METHODS

The MEDLINE and EMBASE medical literature databases
were searched, from January 1990 to December 2013,
to identify relevant studies. The Keywords used were
(1) Patient Specific templates in total knee replacement
(TKR); (2) Patient specific instrumentation in TKR;
and (3) Customised Patient Jigs in TKR. Studies were
eligible for review if they met the following criteria: (1)
the language was English and one of the following;
(2) had a comparison between conventional TKR and
PSI; (3) comparison between CT and MRI for PSI; and
(4) reported cadaveric or clinical analysis of accuracy
of component placement using PSI. Due to scarcity
of clinical studies available, studies were stratified for
inclusion, with animal studies considered lowest in the
hierarchy, followed by human cadaveric studies, and
finally, human clinical studies.
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Table 1 Articles directly comparing computerised tomography and magnetic resonance imaging

Ref. Atrticle type Sample size Comparison of accuracy Dimensional accuracy

Ensini et al™ Prospective randomized trial 25 CT PSI and 25 MRI PSI Intra-operative navigation system and Comparable outcome
post-operative radiographic alignment

Cenni et al” Prospective randomised trial 23 CT and 21 MRI PSI Post-operative radiograph Comparable outcome

Fritschy et al™ Prospective controlled trial

1[27]

Van den Broeck et a Human cadaveric study

White et al™
Rathnayaka et a

Animal study

= Animal study

10 PSI patient, 10 standard
TKAs (control)
9 cadaveric tibia

10 ovine knees
5 ovine limbs

Intra-operative navigation and post- Comparable outcome
operative long standing X-ray
Comparison with bone dimensions using ~Comparable outcome
optical white-light scanner
Direct comparison with bone dimensions

Direct comparison with bone dimensions

CT > MRI
Comparable outcome

TKA: Total knee arthroplasty; PSI: Patient-specific instrumentation; CT: Computerised tomography; MRI: Magnetic resonance imaging.

As most studies available focus on validation of a
single technique rather than a direct comparison, the
data from several clinical studies was assimilated to
allow appreciation and comparison of the accuracy
of each modality. The overall accuracy of each
modality was calculated as proportion of outliers >
3% in the coronal plane of both CT and MRI. A test
for assumption of homogeneity between studies was
conducted using Cochrane Q statistics and ratio of
heterogeneity to total variance was calculated (I°
statistic). A random-effects method was performed
with single stage proportion meta-analysis using
R-software. The metaprop command available in
meta library was applied with Freeman-Tukey Double
arcsine transformation to calculate overall proportion
and DeSimonian-Laird method for estimation of
variance between studies®*.

RESULTS

Only six studies were identified which directly com-
pared CT and MRI. These studies are summarised in
Table 1.

Aside from the study by Ensini et ai*® and Cenni
et al®, all studies focus on 3D reproduction of bone
models, rather than surgical outcomes. White et a/*®
undertook an animal study in 2008, comparing CT
and MRI based 3D reproductions using PSI systems
and compared the reproduced bone dimensions with
the actual bony anatomy of 10 ovine knees. They
found that bony dimensions of the MRI-based models
were significantly less accurate than those created
by CT, reporting an average accuracy of 0.61 mm
£ 0.41 mm for CT, and 2.15 mm £ 2.44 mm with
MRI. This study also found increased bony landmark
resolution in CT-based systems compared with MRI.
This contradicts previous theories that CT may be less
accurate due to its reduced ability to delineate articular
cartilage from bone®”. Rathnayaka et af*®' repeated
the study in 2012 using five ovine femora but found
comparable outcomes with both imaging modalities.
The cadaveric study undertaken by Van den Broeck
et al””’ and presented at the European Society of
Biomechanics in 2013 corroborated these results,
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using clinical scanning protocols and human tibia, and
finding comparable accuracy of 0.42 mm £ 0.38 mm
for MRI and 0.53 mm £ 0.38 mm for CT*’). Fritschy
et al'® prospectively compared accuracy of CT and
MRI in ten patients undergoing computer-navigated
TKA, concluding that either technique may be used
effectively for PSI synthesis.

There were only two clinical studies which directly
compared post-operative alignment in two separate
patient groups randomised to CT or MRI. Ensini et a/*>!
undertook a prospective, randomized study comparing
25 patients randomized to TKA with MRI-based PSI,
with 25 patients randomized to TKA with CT. Outcomes
measured were intra-operative accuracy and resection
thickness, and post-operative axis alignment as
defined by post-operative plain radiograph. The
authors found acceptable alignment and intra- and
post-operative measurements with both systems in
the coronal, sagittal and frontal planes. Importantly,
the authors reported a higher incidence of mechanical
axis outliers of 37% in the pre-operative CT group,
compared with 18% in the MRI group. This result
however did not reach statistical significance. Cenni et
al® report a similar study with 23 patients randomised
to pre-operative CT and 21 to MRI. Similar mean post-
operative mechanical axes were found in both groups
(-0.9 £ 2.3 for CT, 0.7 = 2.4 for MRI) with three
outliers in each group.

Seven clinical studies matched our inclusion criteria
(3) for comparison and were included in our study for
statistical analysis. Three of these reported series using
MRI and four with CT. The data from these studies is
summarised in Table 2.

All studies reported alignment in the coronal plane.
Several studies reported alignment and percentage
of outliers with reference to the sagittal plane, and
rotational alignment. As a result we were only able to
compare percentage of outliers in the coronal plane
between studies.

Table 2 shows consistent outlier percentage in all
studies investigating accuracy of pre-operative CT. The
largest study was reported by Koch et al*"! reporting
outlier incidence of 12.4% in a cohort of 301 patients.
Accuracy of component placement was found to be
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Table 2 Data assimilation of current patient-specific instrumentation literature

Ref. Comparison Type of study System used Imaging used No. of patients % outliers > 3%
Boonen et al'¥ PSI with disposable guides vs Case control Signature MRI 40 29
conventional intramedullary guides

Barrett et al™ PSI vs conventional - absolute Prospective Trumatch CT 66 19
mechanical axis measure cohort study

Bugbee et al™ PSI vs conventional Retrospective Trumatch CT 25 4

cohort

Chareancholvanich et al™  PSI vs conventional instrumentation RCT Zimmer MRI 80 25

Koch et al™ PSI vs computer-navigated My knee CT 301 124

Chen et al"” PSI vs conventional TKA Randomised ~ Zimmer PSI MRI 30 31

control study
Roh et al™ PSI vs conventional RCT Signature CT 50 12

TKA: Total knee arthroplasty; PSI: Patient-specific instrumentation; CT: Computerised tomography; MRI: Magnetic resonance imaging; RCT: Randomised

controlled trial.

Study Events Total Proportion, 95%CI W (fixed) W (random)

e
Boonen et a/ 2012 11 40 : 0.28 (0.15, 0.44) 26.7% 33.1%
Chareancholvanich et a/ 2012 2 80 E § o 0.02 (0.00, 0.09) 53.1% 34.8%
Chen et a/ 9 30 j = 0.30 (0.15, 0.49) 20.1% 32.1%
Fixed effect model 150 == 0.12 (0.07, 0.17) 100% -

e
Random effects model <: 0.17 (0.01, 0.43) - 100%
Heterogeneity: 7 = 91.5% Tau’ = 0.2348, P < 0.0001 L w w |
0.1 02 03 0.4

Figure 1 Forest plot for outlier incidence using magnetic resonance imaging.

equal to computer-navigated surgery. Comparable
outcomes were reported by Roh et a/® in their
randomised controlled trial of 50 patients treated with
PSI and 50 with conventional TKA, reporting outlier
incidence of 12%. Barrett et al'**! reported a slightly
higher outlier incidence of 19% from their study of
66 patients using the CT-based Trumatch system.
Bugbee et al®® reported the most accurate results in
a retrospective cohort study with 25 patients treated
with conventional TKA and 25 with the CT-based
Trumatch PSI system, with an outlier incidence of 4%.
These result show little variation and all studies report
comparable accuracy between CT-based PSI and
computer-navigated or conventional instrumentation.
For the four studies using CT, I> was 30.1% (0%;
74.6%) and this was not significant (P = 0.2317).
To maintain the similarity with MRI a random-effects
method was applied. The overall proportion of outlier >
3% was 0.1249 (95%CI: 0.0827-0.1737). Therefore
we conclude that percentage of outliers > 3% is
12.50% and with 95% confidence at least 9.27% and
at most 17.4% for the cohort using pre-operative CT.
Three studies were identified which investigate
post-operative outcomes with MRI-based PSI. Although
Chareancholvanich et al'** reported excellent post-
operative alignment and an outlier incidence of 2.5%
in their randomised controlled trial of 80 patients,
results from the studies by Boonen et a®, and Chen
et al™ reported much higher outlier incidence of
29% and 31% respectively. It is worth noting that the
highest incidence of outliers in the MRI-based systems
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occurred in the sagittal plane with 24% for both
femoral and tibial component as reported by Chen et
al™ , and 41% and 36% for sagittal femoral and tibial
respectively as reported by Boonen et al®.

For the three studies evaluating MRI, I* was 91.5%
(95%CI: 0.782-0.967) suggesting a high degree
of variance between the studies (Q statistic, P <
0.0001). Sensitivity analysis revealed that the study
reported by Chareancholvanich et a/** dramatically
influenced on the heterogeneity of the analysis.
The overall proportion of outliers > 3% was 0.1696
(95%CI: 0.0117-0.4349). Therefore the percentage of
outliers > 3% was 16.96% and with 95% confidence
at least 1.2% and at most 44% for the cohort using
pre-operative MRI. This suggests a higher level of
variability between studies, and that overall outlier
percentage may in fact be higher than the 16.96%
reported.

It was not possible to directly compare the two
cohorts, however due to the overlapping confidence
intervals, it can be concluded that the difference in
outlier incidence appears to be slightly lower using pre-
operative CT. No statistically significant conclusions can
be drawn from this analysis, however. These results
are presented in Figures 1 and 2.

DISCUSSION

Increasing costs in healthcare together with financial
restraints are forcing further rationalisation of available
resources. There is a year-on-year increase in the
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Table 3 Currently available patient-specific instrumentation platforms (data adapted

from Ast er a/"*)
Manufacturer Product Imaging Type of guide Launched
Biomet Signature-vanguard CT or MRI Pinning MRI-2007
CT-2010
DePuy Trumatch CT Cutting 2009
Smith and nephew Visionaire MRI Pinning 2008
Wright medical Prophecy CT or MRI Pinning 2009
Zimmer PSI MRI Pinning 2009
Conformis Conformis iTotal CT Cutting 2011
Medacta My knee CT Cutting 2009

PSI: Patient-specific instrumentation; CT: Computerised tomography; MRI: Magnetic resonance

imaging.
Study Events Total Proportion, 95%CI W (fixed) W (random)
Barrett et a/ 2013 13 66 & 0.20 (0.11, 0.31) 15.0% 21.9%
Bugbee et a/ 2013 1 25 & 0.04 (0.00, 0.20) 5.7% 10.2%
Koch et a/ 2013 37 301 R 0.12 (0.09, 0.17) 67.9% 50.1%
Roh et a/ 2013 6 50 £ 0.12 (0.05, 0.24) 11.4% 17.8%
Fixed effect model 442 e 0.12 (0.09, 0.16) 100% -
Random effects model _— 0.12 (0.08, 0.17) - 100%
Heterogeneity: /> = 30.1% Tau® = 0.0058, £ = 0.2317 ‘

Figure 2 Forest plot for outlier incidence using computerised tomography.

PSI
Pinning guide Cutting guide
CT or MRI MRI [T ]
Wright medical DePuy trumatch
prophecy Visionaire conformis iTotal
signature-vanguard zimmer PSI medacta MyKnee

Figure 3 Summary of currently available patient-specific instrumentation
systems. PSI: Patient-specific instrumentation; CT: Computerised tomography;
MRI: Magnetic resonance imaging.

number of primary knee arthroplasties and all national
joint registries are reporting increasing numbers of
revision arthroplasties®"**, A great percentage of
these revisions are due to mechanical failure as a
result of malalignment®®**"), The cost of revision TKR
is high and depending on the bone loss, implant
required, and hospital stay, it can exceed many times
over the cost of primary TKRPE®,

If through a primary procedure we can accurately
reproduce a patient’s mechanical and anatomical
alignment, then we may reduce the burden of revision
surgery. PSI was introduced to improve implant
positioning. Component positioning with traditional
instrumentation uses coronal plane alignment with
reference to the femoral head and ankle joint™ ", or
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anterior or posterior referencing in the sagittal plane.
Rotational alignment of the femoral component is also
a point of debate as it may affect patella tracking.

Despite the rapid evolution and growing body of
evidence around PSI in recent years, Joint Registry Data
shows that conventional arthroplasty using standard
instrumentation remains in more widespread use!*?,
Current commercial systems differ from each other in
three key ways. Firstly, pre-operative imaging modality,
whether CT or MRI, is always required to collate the
3-dimensional data required for creation of the patient-
specific guide. Secondly, two types of PSI are currently
in use: pinning guides and cutting guides. The third
and final difference is the method of alignment used,
whether mechanical axis or pre-arthritic knee anatomy
matching. All currently available systems favour
mechanical axis alignment.

Table 3 and Figure 3 summarise the different
pre-operative imaging modalities and types of guide
employed for currently available PSI systems.

Choice of pre-operative imaging modality will be
affected by availability and cost, but will ultimately be
determined by accuracy. Comparison of the accuracy
of 3D modeling of knee anatomy using CT and MRI
was first reported by Smith et a/** in 1989, who
found equally high quality of reconstruction using
the two techniques. Subsequent development of PSI
means that the emphasis has shifted to accuracy of
the reciprocal guides created. Due to the subsequent
rapid-prototyping stages of manufacturing, there will
result a small degree of acceptable variation between
the final models and the native anatomy'®. This
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inherent variation may be a source of incremental
error between imaging modalities. We were not able
to account for this and thus it is a potential limitation
to this study.

The non-clinical cadaveric and animal studies
summarised in Table 1 show similar accuracies for
both modalities. Due to the heterogeneous nature of
these studies, it is impossible to perform statistical
analysis on this subset of data. Hypothetically, CT
would be expected as a more accurate imaging
modality, due to improved imaging of osteophytes over
MRI as landmarks for PSI guides. The small-sample
comparison studies in Table 1 did not demonstrate
this. The two direct clinical comparison undertaken
by Cenni et al®’ and Ensini et al* also demonstrated
comparable results both in terms of proportion of
outliers and in post-operative alignment.

Assimilation of currently available clinical reports
showed good post-operative mechanical alignment
using CT-based PSI systems. Outlier incidence, although
high at 19% in the study by Barrett et a** was not
found to be significantly higher than conventional or
computer-assisted TKA in any of the studies.

Examination of studies using MRI-based PSI
systems revealed a range of post-operative results.
Chareancholvanich et al'* found a low outlier incidence
of 2.5% with MRI-based systems. This study only
performed post-operative imaging in the coronal plane,
which may partially explain their lower incidence of
outliers. Comparison of all studies evaluating MRI
showed comparable outlier percentage, but a wider
range of outlier percentages when compared to CT.

In our study we were only able to directly compare
outlier incidence with CT and MRI in the coronal plane.
We were unable to analyse component alignment
in the sagittal or rotational axes and this is a further
limitation of our study. We found the overall percentage
of outliers > 3% in patients with CT-based PSI systems
to be 12.5% in the current literature. For MRI-based
PSI, outlier percentage was higher at 16.9%. Therefore
outlier incidence appears to be slightly lower using pre-
operative CT. There is also lower variability between
studies in the CT group, however no statistically
significant conclusions can be drawn from this analysis.

Current evidence shows comparable accuracy
with both imaging modalities. Increased accuracy
of pre-operative imaging could result in longer-term
savings, and reduced accumulated dose of radiation
by eliminating the need for post-operative imaging
or revision surgery. Concern regarding radiation
exposure with CT, and increased cost of MRI could
both be accepted if one modality had been proven
superior to the other. The lack of convincing evidence
towards one imaging modality creates difficulty for the
clinician. Our review has been unable to demonstrate
a significant difference in accuracy between the two
systems, primarily due to a lack of published evidence.
As such, imaging selection will depend on surgeon
preference, PSI system used, and local facilities
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available to the surgeon. At present there is no
difference in waiting times for manufacture of the PSI
components from MRI or CT-based models once the
images are acquired. It is important to note that many
district general hospitals will have more than one CT
scanner, but usually only one MRI scanner, and these
must be shared with other elective specialties as well
as emergency work. This will be of logistical concern
to the surgeon and may increase waiting times to PSI
arthroplasty.

At present there is not enough published data
to convincingly conclude in favour of CT or MRI for
accuracy of pre-operative imaging in PSIL. Large-number
randomised controlled trials would be required to
determine the ideal modality. Given the developing
nature of PSI, this seems unlikely in the near future. It
is our conclusion, therefore, that CT would be a more
favourable option at present due to reduced scanning
times, increased availability, and relatively cheaper
cost.
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