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Total knee arthroplasty (TKA) is a standard of care to relieve
pain, restore function, and provide overall satisfaction to
patients affected by arthritis of the knee joint.1 Research has
shown good mid- to- long-term survivorship following TKA.
However, with the increasing elderly population combined
with the trend of TKA being conducted on younger, more
active patients, there has been an increased effort to provide
better clinical outcomes and longer survivorship.

A mechanically neutral limb alignment has been linked to
success and increased survivorship post-TKA.2–4 The correct

lower limb alignment postsurgery depends on the accurate
alignment of the femoral and tibial implant components with
respect to existing bone.5 Previous research5,6 conducted on
the effects of improper limb alignment suggests thatmalalign-
ment may affect implant function and lead to decreased
survival in TKAs. This is due to off-axis loading, polyethylene
wear, and subsequent implant loosening.7 Achieving a normal
mechanical axis alignment postsurgery with an alignment
ofþ/� 3° of themechanical axis reduces the risks of abnormal
wear, premature loosening, and early implant failure.8–10
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Abstract The objective of this study was to evaluate the accuracy of a customized individually
made total knee implant used in conjunction with patient-specific cutting guides in
restoring coronal plane mechanical axis alignment using computer-assisted surgery
(CAS). A consecutive series of 63 total knee arthroplasty (TKA) patients were
prospectively measured with intraoperative CAS. The patient-specific instruments
and implants were created utilizing a preoperative CT scan. CAS system was used
for all patients, to determine mechanical alignment. Bone cuts were made using the
patient-specific instruments. Both bone cuts and final coronal mechanical alignment
were recorded utilizing the navigation system for the assessment.
The patient-specific instruments and implants provided perfect neutral coronal
mechanical alignment (0°) in 53 patients. The remaining 10 patients had a post-
operative alignment within � 2° of neutral. The average preoperative deformity was
5.57° versus 0.18° postoperatively (p < 0.0001). The mean correction angle was 5.68°.
No patients had postoperative extension deficits as measured with CAS (7.50° pre-op
for 40/63 patients). Customized, individually made total knee implant with patient-
specific cutting jigs showed results that are comparable to those of CAS systems in this
study. This technology restores the neutral coronal mechanical axis very accurately,
while offering unique benefits such as improved implant fit and restoration of the
patient’s J-curves, which require further investigation.
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Patient-specific cutting guides have been introduced to
providemore accuratebone cuts andbetter implant alignment
without the use of computer-assisted surgery (CAS). The
ability of patient-specific cutting blocks to accurately achieve
neutral alignment in the coronal plane has previously been
reported by multiple studies with varying results.1,11–16Most
of these studies have shown an average alignment that is very
close to neutral, but have also found a varying number of
outliers (>3°) within specific brands (Otismed, Visionaire,
Signature, etc.) as well as between brands.

The objective of this study was to evaluate the accuracy of
a customized individually made total knee implant used in
conjunction with patient-specific cutting guides in restoring
mechanical axis alignment using CAS. We also compared the
results with previously published literature. We looked at
four parameters: (1) femoral varus/valgus cut angle made by
using the iJigs, (2) tibial varus/valgus cut anglemade by using
the iJigs, (3) mechanical axis alignment of the lower limb
postsurgery, and (4) extension deficit pre- to postsurgery
and the ability to achieve full leg extension. Our hypothesis
was that postoperative mechanical alignment for all patients
should be within þ/� 3° of neutral.

Materials and Methods

A consecutive series of 63 patients undergoing TKA, using
patient-specific instruments and implants (ConforMIS Inc.,
Billerica, MA), were recruited for this single surgeon (GL)
study. All surgeries were performed at the Gwinnett Medical
Center (Duluth, GA) between September 2011 andNovember
2013. The 63 patients enrolled represented the first 63
surgeries performed utilizing the customized implant and
jig system by the lead author. Hospital ethics committee
waiver was obtained from the hospital prior to submission.

The average age of the patient cohort was 64.7 years (range
44–89; std. dev.: 10.7) and consisted of 27males (42.9%) and 36
females (57.1%). Twenty-seven patients were implanted with a
right TKA (42.9%), while 36 patients received a left TKA (57.1%).
Noneof thepatient cohort received simultaneousbilateral TKAs
at surgery and all patients exhibited <15° of varus/valgus
deformity prior to surgery. A statistical analysis was not per-
formedonthepatientcohort tomatchsexandsurgerysidesince
this was a consecutive patient series and each patient was
scheduled for surgery depending on time of first consultation.

A preoperative CT scan was obtained from each patient
prior to surgery in accordance with the acquisition protocol
of the implant manufacturer. Customized femoral and tibial
components were designed using an automated proprietary
software (iFit, ConforMIS Inc., Billerica, MA) along with the
customized jig set for all bony cuts. This software plans the
placement of the TKA components to correct for deformity
and place the knee in a neutral mechanical axis alignment
postsurgery.

Surgery was conducted for all patients using CAS (AESCU-
LAP Orthopilot TKA v4.3 system, Center Valley, PA) as per the
standard operating technique recommended by the manufac-
turer. Once thekneewasprepared, arthrotomywasperformed
to access the affected joint. Intraoperative registration was

performed with bicortical screw trackers in the femur and
tibia. Center of rotation of the hip, knee, and ankle was
obtained dynamically. Tibial plateau, femoral condyles,medial
and lateral epicondyles,medial and lateralmalleolus, andtibial
spinewere then registered according to protocol. The CASwas
then used to measure the preoperative mechanical alignment
of the lower limb as well as the extension deficit, if present.

The patient-specific instruments were then utilized per the
manufacturer’s recommendations in the preoperative surgical
plan and included the following steps. The tibia was prepared
using a custom tibial cutting guide and the extramedullary
alignment rod was connected to the patient-specific jig. The
tibial cut was made using a posterior cruciate ligament (PCL)
preserving approach. With the help of femoral cutting and
alignment jigs, the distal femoral cut was performed. The femur
was thenpreparedusing four additional customized femoral jigs.
Anterior and posterior femoral resectionswere performed along
with three additional chamfer cuts. Once the kneewas balanced
in flexion and extension, trialing and cementing of the patient-
specific implantcomponentswerecompleted.Allbonecutswere
recorded utilizing CAS as a confirmatory measurement. Final
mechanical alignment and extension lag were recorded, again
utilizing the CAS to obtain the measurements. It is important to
notethatCASwasutilized formeasurementpurposesonly,not to
determine bone cuts or to modify implant placement.

Statistical Analysis
To determine the significance between data in each group, a
statistical analysis was performed either by using inbuilt or
custom functions in Microsoft Excel 2010 (Microsoft Corp,
Redmond, WA). Initially, all datasets (pre-op versus post-op)
for each comparison criteria (mechanical alignment and
extension deficit) were tested for normality using the An-
derson Darling Normality Test. Then, for each comparison
criteria, a two-tailed student’s t-test was conducted to
determine significance (p < 0.05).

Results

All surgeries were successfully completed with the use of
patient-specific jigs and the customized TKR. There were no
complications related to the use of the CAS system, for
example, pin fractures.

Preimplantation Alignment
The average preoperative deformity from neutral, which we
defined as a hip-knee-ankle (HKA) angle of 180°, for the entire
groupwas 5.57° (range: 12° valgus to 15° varus; std. dev.: 6.5)
(►Table 1). This included 4 (6.3%) patients with neutral
mechanical axis alignment, 37 patients (58.7%) with a varus
deformity (avg: 6.27°, range: 1–15 o, std. dev.: 3.41°), and 22
patients (34.9%) exhibited a valgus deformity (avg: -5.68°,
range: -2 to -12°, std. dev.: 3.27°). Extension deficit was seen
in 40 patients (63.5%) with an average of 7.50° (range: 1–30°;
std. dev.: 5.58°), while 18 (28.6%) patients exhibited preopera-
tive hyper-extension with an average of -5.44° (range: 1–13°;
std. dev.:3.79°). The remaining five patients exhibited a full
extension at examination.
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Postimplantation Alignment
Both tibial and femoral alignmentweredefinedasneutral, if the
proximal anddistal placement, respectively, achieved the target
of 90°, that is, were perpendicular to the HKA. The patient-
specific instruments and implants provided neutral alignment
of the tibial component in 55 of 63 (87.3%) patients, with the
remaining 8 (12.7%) patients being within þ/� 1° of neutral. A
neutral femoral varus/valgus angle was achieved in 48 of 63
(76.2%) of the patients with 12 of the remaining 15 patients
beingwithinþ/� 2°.Noneof thepatients required a recutof the
femur or the tibia. Neutral mechanical limb alignment after
implantation of all components was seen in 53 of 63 patients
(84.1%). Each of the 10 remaining patients had a postoperative
alignment within � 2° of neutral, with no outliers (►Table 2).
The average postoperative amount of deformity for this cohort
was 0.18° (range 0–2°; std. dev.: 0.42) which was found to be
statistically significantly different from the preoperative con-
dition (p < 0.0001). The mean correction angle for this cohort
was 5.68° (range: 15–0°, std. dev.: 3.48).

Extension Deficit
Before implantation, an average extension deficit of 7.50°
was observed in 40 of 63 (63.5%) patients. After implantation,
none of the 63 patients (100%) exhibited an extension deficit
as measured with CAS.

Discussion

This is one of the first studies, to our knowledge, that has
investigated with the use of CAS, the ability of a customized,
individually made total knee implant with patient-specific
cutting guides to accurately achieve neutral mechanical axis
alignment postoperatively. Restoration of the mechanical axis
of the lower limbpost-TKAhasbeenshowntobeacontributing
factor in ensuring implant longevity.2,4–6 Previous literature

has shown that a mechanical axis alignment>3° from neutral
is associatedwith increased risk of implant failure.6 This is due
to the fact that a poorlyalignedknee is not capable of providing
balanced loading to the lateral and medial compartments of
the polyethylene insert, leading to an unequal force distribu-
tion and ultimately failure of the tibial component due to
excessive polyethylenewear. A study conducted by Green et al
found that there is a definite association between tibial com-
ponent collapse and tibial varus alignment.4 Another study
conducted by Fang et al on 6070 knees with 51 failures found
that there is a statistical, aswell as clinical, correlationbetween
implant failure and mechanical alignment.17

Research conducted to measure mechanical axis alignment
postsurgery has found a varying pattern in percentage of
patients within þ/� 3° from neutral alignment. Lustig et al
investigated the accuracy of the Visionaire system on 45 TKAs
and looked at the coronal axis postsurgery for the femur, tibia,
and the total lower limb. They concluded that the error in
femoral alignment from planned alignment was on average
-0.2°, the tibial alignment fromplannedwas 0.6°, and the total
alignment from planned was 0.6°. However, 20.7% of their
subjects experienced an overall error in mechanical axis
alignment >3° from neutral.11 When the threshold was set
at 2° from neutral, they found that 44.8% of their knees were
virtual outliers.

A study conducted by Ng et al on a series of 569 knees
measured after TKA using the Signature patient-specific
cutting guides found that 14.4% of patients exhibited a
deviation of 3° from neutral.18 Nunley et al compared the
suggestedmechanical alignment using twodifferent patient-
specific systems and found similar results with the Signature
system (18% over 3°), but reported a much higher deviation
in the OtisMed system (44%).15,16

Basedonour reviewof thepublished literature, theseresults
observed with the customized, individually made total knee
implant with patient-specific cutting jigs were found to be
more consistently accurate than previous reports on patient-
specific cutting guides. Our results suggest that these implants
used with patient-specific cutting guides can consistently
provide a neutral distal femoral and proximal tibial bony cut,
while restoring the mechanical axis. Our hypothesis that all
patientswill bewithinþ/� 3° fromneutralwasvalidated,with
84.1% of the patient cohort exhibiting a 180° HKA neutral
mechanical alignment,withno outliersmore thanþ/� 2° from
neutral as measured by CAS. Average preoperative extension
lag of 7.5° was also corrected effectively during surgery, with
none of the 63 patients in the cohort exhibiting extension
deficits postsurgery.

We believe there are key differences that may have con-
tributed to thegreater accuracyof the iTotal systemwith its iJig

Table 2 Percentage of patients achieving neutral alignment
postoperative

Postoperative

Neutral
alignment
(%)

�2° of neutral
(%)

Tibial component
angle

87.3 12.7

Femoral component
angle

76.2 19.0

HKA angle 84.1 15.9

Abbreviation: HKA, hip-knee-ankle.

Table 1 Limb alignment pre- and postoperative

Preoperative Postoperative

Average Range Std. Dev. Average Range Std. Dev.

Limb deformity (HKA) 5.57° 12° valgus to 15° varus 6.5° 0.18° 0° valgus to 2° varus 0.42°

Abbreviations: HKA, hip-knee-ankle; Std. Dev., standard deviation.
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instrumentation compared with the published literature. All
other patient-specific cutting jig systems consist of a single
starter jig on the femur and a single starter jig on the tibia.
These jigs are used to guide pin placement for attaching
standard cut blocks or for placing a first cut. All subsequent
steps utilize standard instrumentation. The use of a full set of
patient-specific jigs with the iTotal implant, with each jig
customized to the patient, may result in greater accuracy.
Importantly, the iJig system is designed to provide 90° cuts of
the distal femur and proximal tibia in relation to the neutral
HKA. This allows the native medial and lateral offsets of the
femur to bemaintained in the customized implant design and
matched on the tibial side with differing insert thicknesses
medially and laterally. This obviates the need to introduce
varus or valgus cuts on the femur and tibia to maintain the
proper joint angle and achieve a neutral HKA angle.

This combination of factors may contribute to the higher
accuracy of the iTotal implant system in the present study.
Similar accuracy in alignment has been recently reported in a
study reporting on a customized partial knee system using
patient-specific jig instrumentationaswell ascustomized total
knee systems.Koecket al used full legweight-bearing standing
X-rays for the pre- and postoperative alignment assessment.19

Similarly, using weight-bearing X-rays for measurement pur-
poses, Ivie et al reported that patients with a patient-specific
TKA were 1.8 times more likely to achieve proper alignment
when compared with conventional TKAs.20

Use of a CAS as the reference for the measurements of the
mechanical axis pre- and postimplantation could be one of
the limitations of this study. The measurements arising from
CAS are dependent on what is registered and data may be
incorrect if the original registration is not accurate. However,
CAS has been commonly used during surgery for aligning
implant components. Also, the lead author is trained in using
CAS and has used them in >600 surgeries prior to use in this
study. We believe that this has a mitigating impact on
registration errors. Additionally, CAS systems have been
found to be more accurate than radiographic and CT mea-
surements and prevent the patient from being exposed to
additional ionizing radiation.21,22

Another limitation of this study is the fact that this study
was conducted on a sample size that is smaller than the
average volume of an orthopedic surgeon in the time window
analyzed, though it is comparable to similar previously pub-
lished studies. This could be seen as a limiting factor in
powering the study. Nevertheless, these were consecutively
recruitedpatients at a sportsmedicine practice and the results
of this study indicate that the results are highly reproducible;
therefore, we do not anticipate a deviation from the current
results by increasing the sample size. Also, the sample size
used for this study is comparable to previously published
reports on mechanical alignment using CAS.11

Aspartof the studydata collection, sagittalplanealignment
of the femoral and tibial bones, pre- and postimplantationwas
not collected. Presurgery femoral and tibial varus/valgus align-
ment was not assessed. The goal of our study was to evaluate
the iJig system used in conjunction with the iTotal implant in
reproducing overall coronal planemechanical alignment after

implantation and the ability of the system to return the
patients to full extension. These data have been presented in
thestudy. Futurestudies that investigate thesagittal alignment
in conjunctionwith the coronal alignment using these jigswill
provideadeeperunderstandingontheabilityof the iJig system
to restore sagittal and coronal alignment postsurgery.

Lastly, the study does not include a control group, which
wouldhaveprovidedadirectcomparisonofoutcomes. Thereare
multiple studies thathave investigated theuseofpatient specific
instrumentation blocks in conjunction with off-the-shelf im-
plants.Webelievecomparingour results tothe resultspresented
in thesemanuscripts as an adequate criterion for comparing the
outcomes with the customized implant used with the iJigs
platform. It is important to note, however, that many of these
studies investigated the use of patient-specific jigs manufac-
turedusingMRI imaging.Thepatient-specific jigs investigated in
this studyaremanufacturedusingCT imaging.Thedifferences in
the imaging modalities were not investigated in this study.

In conclusion, the customized, individuallymade total knee
implant with patient-specific cutting jigs showed results that
are comparable to those of CAS in this study. The technology
restores the neutral mechanical axis very accurately and
results were favorable when compared with previous studies
investigating patient-specific starter jigs used in conjunction
with standard, off-the-shelf implants.
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