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Abstract

Background Weight-bearing CT (WBCT) scanners are growing in availability and provide the capability of three-
dimensional imaging while a joint is under load. This may be particularly useful in relation to personalized total knee
arthroplasty (TKA) with cementless implants. The objective of the present study was to evaluate the utility and inter-
observer repeatability of WBCT in assessing patients with cementless TKA in a loaded position.

Methods Forty patients who underwent primary TKA approximately 3 years previously and received one of two
cementless implant systems were recruited, including two subjects with bilateral TKA, for a total of 42 knees. All
subjects underwent examination of their knee with WBCT while standing, thereby loading the indicated knee.
Lateral distal femoral angle (LDFA), medial proximal tibial angle (MPTA), hip-knee-ankle angle (HKAA), and joint line
obliquity (JLO) were measured on full length radiographs and the WBCT exams by two observers. Femoral and tibial
component rotation was measured on WBCT. Greyscale values representing bone density were assessed in five
identically sized regions of interests in both the femur and the tibia on WBCT.

Results Inter-observer agreement for alignment was good (95% ICC: 0.87). Inter-observer agreement for femoral
component rotation was moderate (95% ICC: 0.67) and for tibial component rotation was good (95% ICC: 0.84).
Inter-observer agreement for femoral greyscale values was good (95% ICC: 0.87) and for tibial greyscale values was
excellent (95% ICC: 0.97).

Conclusion Cementless TKA can be assessed postoperatively using WBCT to measure implant position and bone
density in a functional, loaded joint position with good inter-observer repeatability.

Keywords Cementless total knee arthroplasty, Implant fixation, Coronal alignment, Hip-knee-ankle angle, Joint line
obliquity, Bone density
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Introduction

The ideal positioning of components in total knee arthro-
plasty (TKA) remains a topic of debate [1]. Assessment
of component positioning is most often performed from
standing hip-to-ankle radiographs [2]. Short film radio-
graphs can be an acceptable alternative in some instances
but are not as accurate as full-length radiographs [3, 4].
Computed tomography (CT) scans enable full three-
dimensional (3D) analysis of component position relative
to bony anatomy [5]. CT scans also allow the assessment
of peri-implant bone density [6]. However, CT scans are
performed with the patient supine in the scanner bed, so
that the joint is unloaded.

Recent advances in cone-beam CT (CBCT) technol-
ogy have led to the development of weight-bearing CT
(WBCT) scanners capable of 3D scans of joints under
loading [7]. An additional benefit of this technology is
reduced ionizing radiation dose compared to conven-
tional CT [8]. WBCT has become recognized for its
utility in studying knee osteoarthritis and injury to the
anterior cruciate ligament [9, 10]. Cone-beam CT scan-
ners have been used to assess patients with cemented
TKA, but not with the patient in a standing position [8,
11,12].

There are current trends towards personalized TKA
that respects patients’ native joint alignment and the use
of cementless TKA implants that rely on bone ingrowth
[13, 14]. WBCT is therefore a potentially useful tool in
both the clinical and research environments to assess
implant position and bone in patients receiving cement-
less TKA. The objective of the present study was to eval-
uate the utility and inter-observer repeatability of WBCT
in assessing patients with cementless TKA in a loaded
position for alignment, component rotation, and bone
density.

Materials and methods

Ethics approval was obtained from the Western Uni-
versity Health Sciences Research Ethics Board in accor-
dance with the Declaration of Helsinki. All participants
provided consent to participate. Patients who had under-
went primary TKA with one of two cementless implants
and were at least one year post-operation were eligible
for inclusion. Excluded were patients who had under-
gone revision of their TKA as well as those who lacked
a post-operative hip-to-ankle radiograph. The two
implant systems were the Triathlon Tritanium (Styker,
Mahwah, NJ) and the Attune Cementless Rotating Plat-
form (DePuy Synthes, Warsaw, IN). For each implant
system, there were n=21 knees assessed from n=10
men and »=10 women per group, with one patient per
group having bilateral TKA. Patients in the Triath-
lon group were recruited first and then Attune patients
were subsequently recruited with matching sex, age, and
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post-operative hip-knee-ankle angles. For the Triath-
lon group, all 21 knees were cruciate retaining. For the
Attune group, n=17 knees were cruciate retaining and
n=4 were posterior-stabilized. In the Triathlon group
the mean age was 69 years (range, 55 to 81 years) and the
mean time post-operation was 3.6 years (range, 2.6 to 5
years). In the Attune group the mean age was 67 years
(range, 54 to 80 years) and the mean time post-operation
was 2.9 years (range, 2.4 to 3.4 years). Data from both
groups was pooled for a total of n=42 knees examined.

All patients received hip-knee-ankle radiographs
as part of standard of care at least one year postopera-
tion. Patients also underwent a WBCT scan in a stand-
ing, weight-bearing position on the indicated knee using
a commercially available WBCT system (Onsight 3D
Extremity System, Carestream Health, Rochester, NY).
Scan parameters were 90kVp, exposure 20-41mAs, slice
thickness 0.26 mm, increments 0.26 mm, 884 slices, a
matrix of 1024 x 1024, rotation time 10 s, and approxi-
mate dose 0.04-0.06mSv. Analysis of the DICOM images
for the radiographs and WBCT was performed in 3D
Slicer (slicer.org).

The lateral distal femoral angle (LDFA) and medial
proximal tibial angle (MPTA) were measured on the
radiographs [15]. The LDFA was the lateral angle formed
between the femoral mechanical axis and the joint line of
the distal femur, while the MPTA was the medial angle
formed between the tibial mechanical axis and the joint
line of the proximal tibia. The hip-knee-ankle angle
(HKAA) was calculated as the difference between MPTA
and LDFA. The joint line orientation (JLO) was calcu-
lated as the summation of the MPTA and LDFA angles.

Two observers assessed the WBCT images for radiolu-
cencies at the bone-implant interface, measured HKAA
and JLO, measured femoral and tibial component rota-
tion, and measured bone density via greyscale values in
regions of interest surrounding femoral and tibial com-
ponents. The LDFA and MTPA were measured for the
calculation of HKAA and JLO as described above. For
LDFA, the femoral mechanical axis was drawn as the line
between point 1 at the hip centre, and point 2 at the cen-
tre of the intercondylar fossa; the femoral joint line was
the line tangential to the most distal points on the con-
vexity of the medial and lateral femoral condyles of the
femoral component. For MTPA, the tibial mechanical
axis was drawn as the line between point 1 at the centre
of the tibial plafond, and point 2 at the centre of the inter-
condylar eminence; the tibial joint line was the line par-
allel to the tibial plate. Femoral component rotation was
measured by obtaining the angle between the trans-epi-
condylar axis and a line through the most posterior edge
of the femoral condyles (Fig. 1a) [8]. Tibial component
rotation was measured as the angle between two lines:
the first through the centre of the keel, perpendicular to
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Fig.1 Axial view of the knee joint using weight-bearing computed tomography with measurements for femoral and tibial component rotation and bone
density. (@) Femoral component rotation. Measured by calculating two angles using the trans-epicondylar axis and a line through the posterior edge of
the femoral condyles, and then subtracting their sum from 180° to determine the final rotation angle. (b) Tibial component rotation. Measured using the
angle formed between two reference lines: the first passing through the center of the tibial keel, perpendicular to the posterior tibial plate, and the sec-
ond extending from the point of intersection to the tip of the tibial tuberosity. (c) Femoral bone density measurement. Green boxes highlight examples of
the regions of interest (ROIs) in the femur, specifically at the posterior part of the lateral and medial condyles. Bone density was assessed using greyscale
values in 6 mm x 6 mm x 6 mm ROIs. (d) Tibial bone density measurement. Green boxes highlight examples of the ROIs in the tibia, specifically under the
four pegs (anterolateral, posterolateral, posteromedial, and anteromedial). Bone density was assessed using greyscale values in 6 mm x 6 mm x 6 mm ROIs

the tangent of the posterior tibial plate, and the second
line from the point of intersection of the previous per-
pendicular lines to the tip of the tibial tuberosity (Fig. 1b)
[8]. Bone density was obtained from greyscale values
in five regions each in the femur and tibia with dimen-
sions of 6 mm x 6 mm x 6 mm. Femoral regions were
anterior behind the flange, above the two pegs (lateral
and medial), and at the posterior part of the lateral and
medial condyle (Fig. 1c). Tibial regions were under the
four pegs (anterolateral, posterolateral, posteromedial,
and anteromedial) and the keel of the tibial component
(Fig. 1d). These regions were chosen since they were in
the closest proximity to the parts of implant component
responsible for fixation.

Statistical analyses were performed using Prism v9
(GraphPad, La Jolla, CA). Data normality was assessed

using the Shapiro-Wilk test. A Pearson correlation was
used to determine the correlations between radiographic
and WBCT measurements of MPTA, HKAA, and JLO,
while a Spearman correlation was used for LDFA. A
Friedman test was used to compare greyscale values
between the regions of interest adjacent to the femoral
and tibial components. An intraclass correlation coef-
ficient (ICC) was calculated between observers for the
WBCT measurements of LDFA, MPTA, HKAA, JLO,
femoral and tibial component rotations, and femoral and
tibial greyscale values.
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Fig. 2 Comparison of coronal plane alignment measurements between hip-knee-ankle radiographs and weight-bearing computed tomography for
lateral distal femoral angle (LDFA) (a), medial proximal tibial angle (MPTA) (b), hip-knee-ankle angle (HKAA) (c), and joint line orientation (JLO) (d)
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ing computed tomography. The grey lines represent mean values

Results

All implants appeared well-fixed on WBCT. Artifacts
were common at the bone-implant interface, but no
radiolucency was observed beyond what was determined

to be artifact.

Moderate correlations were found between the radio-
graphic and WBCT measurements for MPTA (r=0.555,
p=0.001, Fig. 2b), HKAA (r=0.328, p=0.034, Fig. 2¢),
and JLO (r=0.405, p=0.008, Fig. 2d) but not LDFA
(r=0.114, p=0.472, Fig. 2a). Interobserver agreement
for the alignment measurements from WBCT was good
(95% ICC: 0.87).

There was a mean external rotation of 1.9° for the fem-
oral component and mean internal rotation of 9.4° for
the tibial component (Fig. 3). Interobserver agreement
for the rotation measurements from WBCT was moder-
ate for femoral component rotation (95% ICC: 0.67) and
good for tibial component rotation (95% ICC: 0.84).

Bone density adjacent to the femoral component was
lower in the anterior region of interest compared to the
medial (p<0.0001), posterolateral (p<0.001), and pos-
teromedial (p<0.05) regions (Fig. 4a). Bone density
adjacent to the tibial component was lower (p<0.05)
under the anterolateral region of interest compared to
the posterolateral, posteromedial, and anteromedial
regions (Fig. 4b). Bone density under the keel was also
lower (p<0.001) than the posterolateral, posteromedial,
and anteromedial regions. Good interobserver agree-
ment was found for the femoral greyscale values (95%
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Fig. 4 Bone density represented by greyscale values from weight-bearing computed tomography in regions of interest surrounding the femoral com-

ponent (a) and tibial component (b). The grey lines represent mean values

ICC: 0.87), and excellent agreement was found for tibial
greyscale values (95% ICC: 0.97).

Discussion
WBCT has been reported on for studying the knee, dem-
onstrating value in assessing joint space width, detect-
ing osteophytes and subchondral cysts, and assessing
instability following ligament injury [7, 9, 10]. However,
WBCT has thus far been applied only in a limited man-
ner to study cemented TKA [8, 11, 12]. To our knowl-
edge, this is the first study using WBCT in a loaded,
weight-bearing position to evaluate TKA patients, the
first to evaluate cementless TKA, and has examined the
greatest number of subjects to date. It is useful to assess
WBCT in this manner given the rise in personalized
TKA alignment and the use of cementless TKA fixation
[13, 14]. Assessing the bone-implant interface, coronal
alignment, femoral and tibial component rotation, and
femoral and tibial bone density, we found good to excel-
lent agreement between observers for all measurements.
Nardi et al. used a CBCT scanner with patients in
supine position to assess 20 patients with symptom-
atic cemented TKA [11]. They found they were able
to accurately measure femoral and tibial component
rotational alignment and analyze structures with little
impediment from metal artifacts. Similarly, Jaroma et al.
used a CBCT scanner in non-weight-bearing position
to assess 18 patients with cemented TKA prior to revi-
sion surgery for a variety of indications [12]. While our
study examined a well-performing cohort and found no
radiolucency beyond what could be attributed to metal
artifact, the Jaroma study examined failing devices and
found excellent sensitivity (97%) and good specificity

(85%) for detecting component loosening amongst their
cohort. They found moderate inter-observer reliability
for femoral component rotation and good reliability for
tibial component rotation, as we also did in the present
study. They concluded that CBCT offers a simpler imag-
ing protocol with a lower cost and lower radiation dose
to the patient than conventional CT. More recently, Dar-
tus et al. examined 28 patients with both conventional
CT and CBCT who had pain following cemented TKA
[8]. While metal artifacts were noted with both CT sys-
tems, better image quality was found with CBCT, which
also had a reduced radiation dose compared to conven-
tional CT. Overall, our study of cementless TKA patients
in the standing position is consistent with these three
prior reports on supine scans of cemented TKA patients
for metal artifact and reliability of component rotation
measurements.

We observed only moderate correlations between
WBCT and hip-to-ankle radiographs for measurements
of MPTA, HKAA, and JLO, and no agreement for LDFA.
The model of WBCT scanner used in the study was
only able to scan to mid-thigh, thus the WBCT images
are more comparable to short films than long leg radio-
graphs. It has been found that short knee films are less
accurate than full length radiographs for measuring
HKAA [3]. Newer WBCT systems are capable of scan-
ning from the hip to the ankle with the patient in a load-
bearing position, and may be better suited to these types
of measurements.

Greyscale values were lower in the femoral regions of
interest compared to the tibial regions of interest. How-
ever, distal femur bone density was reported to be greater
than proximal tibia bone density in patients undergoing
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TKA [16]. Since the femoral component is made of dense
cobalt-chromium, the femoral measurements were likely
more affected by metal artifact. This is supported by the
range of values in the femoral regions of interest, which
fell below 0 HU in some instances, suggesting the pres-
ence of artifact. Interobserver reliability of the mea-
surements was also better for the tibia than the femur.
Together, this suggests caution is required in interpreting
the greyscale values adjacent to the femoral component.
In contrast, the lower tibial bone density in the anterolat-
eral and keel regions of interest is consistent with normal
anatomical variation measured previously with conven-
tional CT [17]. The tibial components are made from
porous titanium, much less dense than cobalt-chromium,
and thus produce less artifact. Therefore, it is likely fea-
sible to monitor tibial bone density adjacent to the tibial
component with WBCT.

This study has several limitations. A single WBCT
scanner was evaluated which may not be representative
of all WBCT scanners on the market. A particular lim-
itation of this WBCT scanner is that it can only obtain
scans about the knee, rather than translate from the hip
to the ankle as can be performed by other WBCT scan-
ners available on the market. Like how short-film radio-
graphs are less accurate than full-leg radiographs for
alignment measurements [4], the knee-only WBCT used
in the present study represents a worst-case accuracy
compared to WBCT that can translate from hip to ankle.
In contrast to prior studies only patients without any
known pain or other symptoms were assessed. However,
we included subjects with two common cementless TKA
implant systems. Cementless implants are more recently
available on the market and therefore there is a smaller
population to draw from, and thus an even smaller pop-
ulation that would have issues following their TKA. A
bone mineral density calibrator was not included in the
scans, thus measurement accuracy cannot be verified,
however opportunistic screening in CT scans without
calibrators is becoming common [18]. Further, WBCT
can distinguish anatomical differences in bone mineral
density [19]. Neither was the accuracy of limb alignment
assessed, only inter-observer repeatability.

In conclusion, standing WBCT has excellent poten-
tial in evaluating patients with cementless TKA, with
good to excellent measurement repeatability across met-
rics encompassing limb alignment, component rotation,
and bone density. WBCT is noted to be cost effective in
orthopaedic practices and offers reduce radiation dose to
patients [20]. Further applications of WBCT that include
hip to ankle scans and scans in multiple positions (i.e.
loaded versus unloaded or extended versus flexed) could
make WBCT even more useful in assessing patients fol-
lowing TKA. As this study reflects measurement repeat-
ability and not measurement accuracy, future studies
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should also consider the accuracy of implant position and
bone density measurements adjacent to the implant using
WBCT. This might be accomplished via a three-way
comparison between long-leg radiographs, hip to ankle
conventional supine CT, and hip to ankle WBCT, with
both CT and WBCT including bone density calibrators.
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