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Background: Historically, knee arthroplasties have been designed using average patient anatomy. Recent
advances in imaging and manufacturing have facilitated the development of customized prostheses
designed to ﬁt the unique shape of individual patients. The purpose of this study is to determine if
improving implant design through customized total knee arthroplasty (TKA) improves kinematic function.
Methods: Using state-of-the-art mobile ﬂuoroscopy, tibiofemoral kinematics were analyzed for 24 subjects with a customized individually made (CIM), cruciate-retaining TKA, and 14 subjects having an
asymmetric condylar cruciate-retaining TKA. Subjects performed a weight-bearing deep knee bend and a
rise from a seated position. Each patient was evaluated for weight-bearing range of motion, femorotibial
translation, femorotibial axial rotation, and condylar liftoff occurrence.
Results: Subjects having a CIM TKA experienced greater weight-bearing knee ﬂexion compared with the
traditional posterior cruciate-retaining (PCR) TKA design. During ﬂexion, the CIM TKA subjects consistently exhibited more posterior femoral rollback than the traditional PCR TKA subjects. The CIM TKA was
found to have statistically greater axial rotation compared with the traditional PCR TKA (P ¼ .05). Of note,
only the CIM TKA patients experienced femoral internal rotation at full extension, as exhibited in a normal
knee. Compared with the traditional PCR TKA, the CIM TKAs demonstrated minimal occurrences of paradoxical sliding and reverse rotation during ﬂexion and extension. The CIM TKA subjects showed minimal
liftoff and hence better stability in earlyﬂexion to midﬂexion compared with the traditional PCR subjects.
Conclusion: The CIM TKA demonstrated kinematics more similar to a normal knee. Therefore, using
customized implant technology through CIM TKA designs affords beneﬁts including more normal motion
compared with a traditional PCR TKA.
© 2016 Elsevier Inc. All rights reserved.
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Traditional total knee arthroplasty (TKA) has been a highly
successful procedure with respect to the restoration of basic function for late-stage arthritis patients, substantially increasing quality
of life. Although implant survivorship has been excellent, reported
patient satisfaction has lagged substantially behind other orthopedics procedures such as total hip arthroplasty, with upward of
20% of TKA patients reporting dissatisfaction with regard to implant
outcomes [1-5]. There are a number of reasons why such a large
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subset of patients report dissatisﬁed outcomes and the three most
recurring reported factors tend to be pain, stiffness, and limited
function [1,6]. It is believed that demographic factors such as age,
gender, and body mass index can also be inﬂuential factors with
respect to patient outcomes [2-13].
A properly functioning TKA tends to assuage the most common
criticisms regarding pain and stiffness, and for this reason has led to
the belief that a TKA should restore “normal-like” kinematic function. Although many implants currently on the market perform
well, they still fall short in successfully achieving the kinematics of
normal knee [14].
Every patient has a unique anatomical geometry and these
geometries can vary because of gender, ethnicity, and body type
between patients [15-20]. There is also substantial variation between individual subjects within these groups, suggesting that a
customized implant may be advantageous compared with ethnic
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Table 1
Summary of Subject Demographics for Both Groups Within the Study.
CIM TKA
Average
Age, y
Postoperative, mo
BMI, kg/m2

60.2
9.6
30.8

PCR TKA
Min
43.0
6.6
23.7

Max
71.3
17.4
38.9

SD
7.7
3.2
5.6

Average
a

66.7
13.3a
32.4

Min

Max

SD

57.0
7.5
28.5

78.0
29
41.6

5.7
5.6
4.3

BMI, body mass index; CIM, customized individually made; PCR, posterior cruciateretaining; SD, standard deviation; TKA, total knee arthroplasty.
a
Statistically signiﬁcant difference from CIM group (P < .05).

and/or gender-speciﬁc TKA [17]. Initially, patients receiving a
customized TKA undergo a computerized tomography scan, which
is used to design individualized implant components that match
the anatomy of the tibial plateau and femoral condylar geometries
of each patient, while simultaneously achieving a neutral mechanical axis [21-23]. These implants have shown success at
replicating normal knee kinematics in vitro [24], but there is
currently no research evaluating these implants in vivo.
The purpose of this study is to determine and compare the
in vivo kinematics of a customized posterior cruciate-retaining
(PCR) TKA when compared with a traditional PCR TKA in order to
determine what kinematic differences exist between these two
implant types, and whether improving the shape of an implant
using a customized methodology contributes to improved kinematic function. This data will then be further compare the results
with normal knee data previously reported in the literature. In
addition, this is one of the ﬁrst studies to use a state-of-the-art
mobile ﬂuoroscopy unitdwhich captures higher quality images,
while consistently keeping the knee joint in the center of the ﬂuoroscopic ﬁeld-of-viewdin order to compare the kinematics of both
implant types to determine what kinematic differences exist between them. It was hypothesized that improving implant component design using a customized TKA philosophy, will allow for more
normal kinematics than the subjects having a traditional TKA.

Methods
Patient Demographics
This study was conducted using 38 subjects. Twenty-four subjects were implanted with a customized individually made (CIM)
iTotal PCR TKA (ConforMIS Inc, Bedford, MA), and 14 subjects were
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implanted with a NexGen high-ﬂexion traditional PCR TKA (Zimmer
Biomet Inc, Warsaw, IN). This is a single surgeon series and all
patients had been diagnosed with progressive osteoarthritis. The
chosen surgeon in this study has more experience implanting the
traditional TKA and more recently began using the customized TKA.
Patients were all deemed to have excellent clinical performance as
assessed by Knee Society Scores (90) with no ligament laxity or
pain presented at a minimum 6-month postoperative time. The
subjects were evaluated for age, body mass index, and postoperative time between the two groups (Table 1). When compared
with the CIM group, the traditional PCR group had a statistically
signiﬁcant higher average age and longer postoperative evaluation
time. Before the data collection, all patients completed the informed
consent paperwork as required by the institutional review board.

Kinematic Analysis
Patients were asked to perform two activities under ﬂuoroscopic surveillance in the sagittal plane using a mobile ﬂuoroscopic
unit. Unlike the traditional static C-arms, where the patient moves
but the unit is stationary, the mobile ﬂuoroscopy unit has a control
system that allows the image intensiﬁer to automatically follow the
subject and constantly keep the joint of interest centered in the
ﬁeld-of-view. This unit leads to higher resolution (blur and occlusion free) images, and more importantly allows patients to perform
activities in an unhindered manner; thus providing a more natural
representation of dynamic activities. The activities performed by
the subject were (1) a weight-bearing deep knee bend (DKB) and
(2) a chair rise (Fig. 1). Subjects were asked to perform the DKB
without the assistance of handrails or other supports at a speed
with which they felt most comfortable.
The ﬂuoroscopic videos of each activity were then digitized and
kinematic analysis was performed from the ﬂuoroscopic images
using a 3D to 2D image registration technique at full extension,
maximum ﬂexion, and at 30 increments throughout the ﬂexion
cycle [25,26]. This technique registers computer-aided design
(CAD) models on the silhouettes of the ﬂuoroscopic images (Fig. 2)
in order to obtain transformation matrices of the computer-aided
design models oriented in the image space. The entire process
has previously been validated and error measurements are less
than 0.5 and 0.5 mm for in plane rotations and translations,
respectively [25] (Fig. 3).
Although the polyethylene bearing is radiolucent in ﬂuoroscopic
images and the implants studied are of ﬁxed bearing type, it was

Fig. 1. Subjects performing a deep knee bend (DKB) (top), chair rise (bottom), while under ﬂuoroscopic surveillance with the mobile ﬂuoroscopic unit.
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Fig. 2. Example of the 3D to 2D image registration interface.

assumed that the bearing was rigidly connected to the tibial
component. Using transformation matrices obtained from the
registered image sequence, the kinematics of the femoral component with respect to tibia and/or bearing component were extracted and used for analysis of implant motion. The origin of the tibia
coordinate system was set at the geometric center (obtained at the
intersection of the main diagonals of the bounding box containing
the tibial component; Fig. 4). The translation and rotational kinematics of the femur were analyzed by tracking the lowest point on
the femoral lateral and medial condyles with respect to the tibia in
the coronal plane. The speciﬁc measurements of interest included
the lateral anterior/posterior (LAP) position, the medial anterior/
posterior (MAP) position, and axial orientation (obtained as the

angle formed by the line joining LAP and MAP with the mediolateral axis of the tibia) of the femur with respect to the tibia. LAP
and MAP values are denoted as positive if they occur anterior to the
tibial origin and are denoted as negative if they occur posteriorly to
the tibial origin (Fig. 4). Axial orientation is denoted as positive if
the femur is externally rotated with respect to the tibia and negative if the femur is internally rotated. Translation and axial rotation
values were obtained as the difference of position or axial orientation values between two individual instances of the activity.
Contact maps between the femoral and polyethylene components were then calculated to identify contact points (assumed to
be the centroid of the area in contact). Any distance below the error
tolerance of the ﬂuoroscopic process was assumed to be in contact

Fig. 3. Fluoroscopic image sequence for DKB from full extension to maximum ﬂexion at 30 increments (top), and the same images with the respective computer-aided design
(CAD) models overlaid after completion of the 3D to 2D image registration process (middle) and calculated contact maps (bottom).
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between the CIM and PCR TKA groups to determine differences
between implant kinematics and ultimately determine which
implant had more normal kinematic patterns.

Results
Deep Knee Bend

Fig. 4. Anterior/posterior (AP) points for a right knee as measured by 3D to 2D image
registration process. Points A and C are deﬁned as positive AP positions, whereas B and
D are deﬁned as negative AP positions. A translation from a positive point to a negative
point is denoted as a negative translation. If a medial anterior/posterior (MAP) point is
more anterior than the lateral anterior/posterior (LAP) point, such as points A and D,
the angular orientation is positive. A pivot from point C to D about point A is an
example of positive axial rotation.

and any distance greater than 1 mm between the polyethylene and
femur contact points was considered to be condylar liftoff.
Statistical Analysis
Statistical analyses were carried out at 95% conﬁdence level
(a ¼ 0.05) using IBM SPSS (SPSS software, IBM, Armonk, NY) software. Samples were tested for variance between groups, and a two
tailed t test of signiﬁcance for independent samples of heteroscedastic distributions was carried out to identify statistically signiﬁcant differences between the means of the two implanted
groups. For categorical variables, a contingency analysis using
Fisher exact test was carried out. These results were then compared

Table 2
Range of Motion, Condyle Translation, Axial Rotation, and Condyle Liftoff Results
Between CIM (Customized Individually Made) and OTS (Off the Shelf) Implant Designs During Deep Knee Bend From Full Extension to Maximum Flexion.
iTotal CIM
Range of motion ( )
Medial condylar translations
Average contact at full extension, mm
Average contact at full ﬂexion, mm
Average femoral translation
(þanterior, posterior), mm
(full extension to maximum ﬂexion)
Lateral condylar translations
Average contact at full extension, mm
Average contact at full ﬂexion, mm
Average femoral translation
(þanterior, posterior), mm
(full extension to maximum ﬂexion)
Axial rotation
Axial orientation at full extension ( )
Axial orientation at maximum ﬂexion ( )
Axial rotation (þexternal, internal) ( )
(full extension to maximum ﬂexion)
Condyle liftoff
Early ﬂexion (<60 ) medial and
lateral liftoff, %
Late ﬂexion (60 ) medial and
lateral liftoff, %

103.8 ± 14.7

During the DKB activity, the average maximum ﬂexion was
higher for the CIM TKA (103.8 ) compared with the traditional PCR
(95.8 ) (P ¼ .228; Table 2). On average, from full extension to
maximum knee ﬂexion, the CIM patients (4.0 mm) experienced
signiﬁcantly higher amounts of posterior femoral translation
(femoral rollback) of the lateral condyle than the traditional PCR
group patients (1.2 mm; P ¼ .046). Twenty-one of 24 (88%) CIM
and 9 of 14 (64%) traditional PCR subjects exhibited posterior lateral
motion, consistent with normal knee motion. The medial condyle
translations were statistically similar for both groups (Table 2) with
18 of 24 (75%) CIM and 10 of 14 (71%) traditional PCR patients
exhibiting anterior motion of the medial condyle from full extension to maximum ﬂexion (Fig. 5).
On average, from full extension to maximum ﬂexion, the CIM
and the traditional PCR groups experienced 6.3 and 4.4 degrees of
axial rotation, respectively (Table 2) with 3 of 24 (13%) CIM TKAs
and 4 of 14 (29%) PCR TKAs demonstrating instances of reverse axial
rotation (internal rotation of the femur with respect to the tibia)
(Fig. 6A). Interestingly, the CIM TKA experienced femoral internal
orientation at full extension, as exhibited in the normal knee,
shifting to femoral external rotation with progressive knee ﬂexion.
The traditional PCR TKA experienced femoral external rotation at
each ﬂexion increment, inconsistent with normal knee motion. At
full extension, the CIM and the traditional PCR TKA
experienced 0.3 and 7.4 (P < .0001) degrees of femoral rotational
orientation, respectively, relative to the neutral orientation.
Contact map analysis revealed that from full extension to full
ﬂexion, there were instances of condylar liftoff greater than 1 mm
of the medial condyle in 6 of 24 (25%) CIM TKA subjects. None of the
CIM subjects demonstrated liftoff of the lateral condyle. For the
traditional PCR TKA subjects, 5 of 14 (36%) and 3 of 14 (21%)
demonstrated instances of liftoff for the lateral and medial condyles, respectively (Fig. 7). Although both CIM and PCR implants
demonstrated liftoff during the DKB activity, 35% of PCR patients

Nexgen PCR
95.8 ± 21.2

4.0 ± 1.5
2.5 ± 2.5
1.4 ± 2.6

3.0 ± 1.6
0.8 ± 3.2
2.2 ± 2.8

3.8 ± 2.8
7.8 ± 5.2
4.0 ± 4.9a

8.9 ± 4.4
10.1 ± 4.2
1.2 ± 3.9

0.3 ± 3.40a
6.0 ± 6.2
6.3 ± 5.9a

7.4 ± 5.3
11.8 ± 4.9
4.4 ± 5.8

0a

35.7

25.0

14.3

CIM, customized individually made; PCR, posterior cruciate-retaining.
a
Statistically signiﬁcant difference from Nexgen PCR (OTS) group (P  .05).

Fig. 5. Average A-P contact positions for subjects implanted with CIM or traditional
total knee arthroplasty (TKA). Information is also displayed graphically. CIM, customized individually made; LAP, lateral anterior/posterior; MAP, medial anterior/posterior;
PCR, posterior cruciate-retaining.
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(64%) patients in the traditional PCR TKA group. With respect to
the translation of the medial condyle 22 of 24 (92%) CIM patients
and 12 of 14 (86%) traditional patients exhibited posterior motion
of the medial condyle. Both groups were statistically similar with
respect to translation of the medial condyle, whereas the
magnitude of translation of the lateral condyle for the traditional
PCR TKA design was statistically smaller than the CIM TKA group
(P ¼ .05; Table 3).
On average, from the seated position to the standing position
subjects having a CIM and traditional PCR TKA experienced 7.1
and 4.8 degrees of axial rotation, respectively, with 2 of 24 (8%)
CIM TKAs and 4 of 14 (29%) PCR TKAs exhibiting reverse axial
rotation (external rotation of the femur with respect to the tibia).
The CIM TKA was found to have statistically greater axial rotation
compared with the traditional PCR TKA (P ¼ .05; Fig. 6B).

Discussion

Fig. 6. (A) Comparison of average tibiofemoral axial orientation during a DKB. (B)
Comparison of average tibiofemoral axial orientation during chair rise.

demonstrated at least one incident of liftoff before 60 degrees
of ﬂexion. All the CIM TKAs that demonstrated liftoff did so in
deeper ﬂexion.
Chair Rise
On average, from a seated position (90 degrees of ﬂexion) to
full extension, the CIM and the traditional PCR groups experienced 2.5 and 0.2 mm (P ¼ .05) of lateral roll forward (anterior
translation) motion during the chair rise, respectively. Twentyone of 24 (88%) subjects in the CIM TKA group exhibited a
roll forward motion of the lateral condyle compared with 9 of 14

This is the ﬁrst study to determine the in vivo kinematics for
subjects implanted with a customized TKA and one of the ﬁrst
studies using a mobile ﬂuoroscopy unit. The CIM implant experienced statistically greater lateral femoral condyle anterior/posterior (AP) motion and axial rotation compared with the traditional
PCR TKA during both a DKB and a chair rise. On average, the CIM
TKA demonstrated kinematic patterns consistent with those of the
normal knee, but with less overall magnitude [14,16,27].
The authors acknowledge that there are limitations associated
with this study as well. There is not a normal control for this study
although the motions of the normal knee are well understood in
literature and are consistent between various studies conducted to
investigate normal knee motion. This study also did not include
preoperative assessment to contextualize postoperative range of
motion; therefore, clinical signiﬁcance comparing the postoperative range of motion between two groups is limited. Although
there were statistically signiﬁcant differences within the data, the
number of patients included in the study was small and more
conﬁdent comparisons could be drawn from larger patient groups.
The nature of these intensive studies generally leads to study
groups that are relatively small, the group sizes are comparable
with other studies published in literature [27-32] using a similar
methodology. The postoperative times are also relatively short;
however, previously published studies had shown sufﬁcient
amount of time for postoperative recovery [32]. Furthermore,
studies conducted on implants at various time points postsurgery
have shown that in vivo kinematics over the entire range of motion

Fig. 7. Percentage of patients showing at least 1 mm of condylar liftoff during a DKB and chair rise activity between 0 and 60 degrees of ﬂexion in addition to liftoff greater than 1
mm occurring at greater than 60 degrees of ﬂexion. CIM denotes customized, individually made and OTS denotes off the shelf (traditional) design.
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Table 3
Condyle Translation, Axial Rotation, and Condyle Liftoff Results Between CIM
(Customized Individually Made) and OTS (Off the Shelf) Implant Designs During
Chair Rise From 90 Flexion to Full Extension.
iTotal CIM
Medial condylar translations
Average contact at full extension, mm
Average contact at full ﬂexion, mm
Average femoral translation
(þanterior, posterior), mm
(90 to full extension)
Lateral condylar translations
Average contact at full extension, mm
Average contact at full ﬂexion, mm
Average femoral translation
(þanterior, posterior), mm
(90 to full extension)
Axial rotation
Axial orientation at full extension ( )
Axial orientation at maximum ﬂexion ( )
Axial rotation (þexternal, internal) ( )
(90 to full extension)
Condyle liftoff
Early ﬂexion (<60 ) medial and
lateral liftoff, %
Late ﬂexion (60 ) medial and
lateral liftoff, %

Nexgen PCR

0.1 ± 3.1
3.8 ± 3.4
3.8 ± 1.8

0.8 ± 3.5
2.8 ± 1.8
3.6 ± 3.7

5.2 ± 3.2
2.7 ± 3.0
2.5 ± 3.0a

8.6 ± 3.3
8.4 ± 4.1
0.2 ± 3.5

6.0 ± 6.2
1.15 ± 3.7
7.13 ± 5.4a

12.0 ± 4.4
7.3 ± 5.1
4.75 ± 6.7

0a

21.4

12.5

35.7

CIM, customized individually made; PCR, posterior cruciate-retaining.
a
Statistically signiﬁcant difference from Nexgen PCR (OTS) group (P  .05).

do not change signiﬁcantly with time [30] especially over longer
postoperative times.
Although there were some statistically signiﬁcant differences
in the patient demographics, the traditional PCR group average
age was older and the CIM group had a shorter postoperative
time. Because patient age tends to affect TKA performance
inversely and postoperative time tends to inﬂuence overall TKA
performance directly over the short term (less than a year) after
the TKA procedure, we believe that the two factors play an offsetting role allowing for a reasonable comparison between the
two groups. Also, the chosen surgeon in this study had greater
experience implanting the traditional PCR TKA compared with the
CIM TKA. There are a number of variables built into any research
study in orthopedics; however, by using a single surgeon and
maintaining inclusion criteria to recruit successful TKA patients
(Knee Society Scores >90), it is possible to limit confounding
variables in the study. Although there were limitations, it is
deemed from our previous experience conducting ﬂuoroscopic
studies that the use of mobile ﬂuoroscopy is an advancement and
the limitations cited would not lessen the validity of the data and/
or the ﬁndings.
Previous studies conducted by Komistek et al [27] have
reported that the lateral femoral condyle of the normal knee

Fig. 8. Axial rotations of femur relative to the respective tibia for a PCR TKA (top row)
and CIM TKA (bottom row) during a DKB. The left images are at full extension and the
right images are at full ﬂexion. The red polygon represents the bounding region between the original medial and lateral contact points at full extension and the ﬁnal
medial and lateral contact points at 30 increments.
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exhibits an average of 14.1 mm of PFR and the medial condyle
exhibited an average of 1.5 mm of PFR from full extension to
90 degrees of knee ﬂexion in vivo. In a follow-up study, they
documented that the lateral condyle can roll in the posterior
direction up to 28.0 mm and the medial condyle up to 10.0 mm
from full extension to maximum knee ﬂexion [22]. This motion
leads to the femur experiencing up to 8.0 degrees of femoral
internal rotation at full extension and upward of 20 degrees of
femoral external rotation with respect to the tibia at maximum
knee ﬂexion [22]. Multiple studies also documented that, although
the medial condyle exhibits a net posterior motion from full
extension to maximum ﬂexion, after midﬂexion (approximately
70 ), the average medial condyle translates anteriorly through
maximum ﬂexion [14,27]. The asymmetrical motion pattern of the
femoral condyles facilitates an external axial rotation of the femur
with respect to the tibia. Dennis et al reported an average
magnitude of rotation to be 23.67 [14].
Compared with normal knee kinematics during a DKB, traditional PCR TKAs generally exhibit consistent instances of paradoxical anterior slide and reverse rotation of the femoral component
with increasing ﬂexion [28,33-35]. This motion pattern is believed
to be because of the absence of the anterior cruciate ligament
[14,27,36], the inability to balance the posterior cruciate ligament
properly with the absence of the counterbalance of the anterior
cruciate ligament [37-39], and account for the changed geometry of
the implanted knee.
In this present study, 88% of subjects having a CIM TKA
demonstrated posterior femoral translation, whereas only 64% of
traditional PCR subjects exhibited a posterior motion. This ﬁnding
is consistent with literature on traditional PCR TKAs [26,27,29,35].
Although the CIM TKA is a PCR design, subjects having this TKA
design experienced femoral translation magnitudes similar to the
normal knee, noted with a larger lateral posterior translation
and a minimal medial translation, although less in magnitude.
Because the medial translation was found to be similar between
the groups, the difference in translation of the lateral condyledsigniﬁcantly higher for the CIM group (Fig. 8)daccounts for
differences in the axial rotation patterns of both implants. In
addition, the CIM results compare well with past in vitro studies,
which showed that CIM implants can better approximate normal
knee motion. Lastly, these results were also similar during ﬂexion
to extension (chair rise) except that kinematic patterns were
reversed validating that ﬂexion of the knee occurs as a reversible
process.
The CIM TKA subjects did experience a transition from internal
femoral rotation at full extension to femoral external rotation
with increasing knee ﬂexion, whereas subjects having a traditional PCR TKA experienced external rotation of their femur with
respect to the tibia throughout all ﬂexion angles. This is likely due
to the external rotation required in traditional TKA during the
implantation process to close the lateral ﬂexion gap. Because the
CIM TKA maintains the distal and posterior femoral offset,
external rotation is not required during implantation, thus originating the femoral component in a more neutral, normal rotational alignment.
Condylar liftoff greater than 1 mm was observed in both groups
for at least one of the activities. Although both CIM and PCR implants
demonstrated liftoff, during the DKB activity, 35% of the traditional
PCR patients demonstrated at least one instance of liftoff before 60
degrees of ﬂexion. All the CIM TKAs that demonstrated liftoff did so
in deeper ﬂexion, a pattern that is similar to that of the normal knee
where liftoff tends to be more prevalent in deeper ﬂexion [40]. This
demonstrates improved midﬂexion stability of the CIM TKA
compared with the PCR design. One reason for this could be the
ability of the CIM implant to recreate patient's sagittal J-curves with
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better accuracy when compared with the traditional PCR TKA,
leading to a higher likelihood of a stable knee in midﬂexion.
Conclusions
In conclusion, this is one of the ﬁrst studies to determine in vivo
kinematics of a CIM implant with a mobile ﬂuoroscopy unit
tracking patients, allowing them to perform activities in unrestricted, normal fashion. Similar to previous studies, neither design
was able to replicate the translation and rotation magnitudes of the
normal knee. However, CIM TKA patients did exhibit patterns that
were more consistent with the normal knee than the traditional
PCR counterparts (Fig. 8). The authors postulate that for the CIM
TKA, the customized nature of the implant shape facilitates
improved translation and rotation properties compared with
traditional PCR TKAs.
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