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Abstract. Total knee arthroplasty (TKA) is a common orthopaedic
surgery to replace a damaged knee joint with artificial implants. The
inaccuracy of achieving the planned implant position can result in the
risk of implant component aseptic loosening, wear out, and even a joint
revision, and those failures most of the time occur on the tibial side in
the conventional jig-based TKA (CON-TKA). This study aims to pre-
cisely evaluate the accuracy of the proximal tibial resection plane intra-
operatively in real-time such that the evaluation processing changes very
little on the CON-TKA operative procedure. Two X-ray radiographs
captured during the proximal tibial resection phase together with a pre-
operative patient-specific tibia 3D mesh model segmented from computed
tomography (CT) scans and a trocar pin 3D mesh model are used in the
proposed simultaneous localisation and mapping (SLAM) system to esti-
mate the proximal tibial resection plane. Validations using both simula-
tion and in-vivo datasets are performed to demonstrate the robustness
and the potential clinical value of the proposed algorithm.
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1 Introduction

Total knee arthroplasty (TKA) is considered to be the gold standard to relieve
disability and to reduce pain for end-stage knee osteoarthritis. It is the surgery
to replace a knee joint with an artificial joint. The number of TKA surgeries has
increased at a dramatic rate throughout the world due to the growing prevalence
of knee arthritis and the increased access to orthopaedic care. For example, the
number of TKA procedures in USA is projected to grow to 1.26 million by 2030
[1]. Meanwhile, the frequency of TKA revisions has also increased and the most
common reason is aseptic loosening caused by implant malalignment [2].

Regarding the optimal implant alignment, studies have confirmed that the
distal femoral and proximal tibial should be resected perpendicular to their
mechanical axes [3] (the standard accuracy requirement is less than 3◦ angle
error). Otherwise, the inaccuracy of the distal femoral and proximal tibial resec-
tion will result in an increased risk of component aseptic loosening and early
TKA failure, and those failures often occur on the tibial side [4]. However, as
the most commonly used alignment guide device in the conventional jig-based
TKA (CON-TKA), the extramedullary (EM) alignment guide for the proximal
tibial resection shows a limited degree of accuracy [5]. Studies have shown that
roughly 12.4% and 36% of patients who underwent CON-TKA procedures have
the coronal and saggital tibial component angle errors more than 3◦, respectively
[6,7]. One main reason for causing the large errors is that no real-time feedback
on the orientation of the proximal tibial resection is provided [5].

In this work, we propose a robust and real-time intra-operative tibial pre-
resection plane measurement algorithm for CON-TKA which could provide real-
time feedback for surgeons. The algorithm uses information from a pre-operative
tibia CT scans, intra-operative 2D X-ray images, and a trocar pin 3D mesh
model to estimate the poses of the pins and the X-ray frames. Based on these,
the resection plane can be accurately calculated.

Our work has some relations to the research works on post-operative evalua-
tion in orthopaedic surgeries [8–10], reconstruction of 3D bone surface model
[11,12], and surgical navigation [13] using 2D-3D registration between pre-
operative 3D CT scans and 2D X-ray images. Features (anatomical points, mark-
ers or edges), intensity or gradient information in 3D scans and X-ray images are
used in the registration methods. However, these methods all have their own lim-
itations. For example, optimising X-ray and implants separately which result in
suboptimal results [8–10], requiring very accurate initialisation [11,12,14], rely-
ing on a custom-designed hybrid fiducial for C-arm pose estimation and tracking
which results in large incision [13], and requiring the time-consuming generation
of digitally reconstructed radiographs (DRRs) [14].

Some new techniques and devices have also been developed to improve the
accuracy and reproducibility in maintaining proximal tibial resection, distal
femoral resection, and implants alignment, including computer-assisted navi-
gation system [15], robot-assisted surgery [16], patient-specific instrumentation
[17], and accelerometer-based navigation devices [18]. However, they add many
extra operative procedures and instruments, which increase the operation com-
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plexity, time, cost and even the risk of infections and blood clots. And no sig-
nificant differences were found in mid-to-long term functional outcomes [19].

In summary, compared to existing methods, the key advantages of our pro-
posed framework are (i) no external fiducials or markers are needed (ii) pin poses
and X-ray poses are jointly optimised to obtain very accurate and robust intra-
operative pre-estimation of the tibial resection plane, and (iii) it can be easily
integrated clinically, without interrupting the workflow of CON-TKA.

2 Problem Statement

During a standard CON-TKA surgery, the tibial cutting block is first manually
aligned using an EM tibial alignment guide and secured to the patient’s tibia
with a pair of trocar pins, then the proximal end of the tibia will be sawed off
by an oscillating saw through the deepest portion of the trochlear groove on the
tibial cutting block (refer to Fig. 1).

In the proposed framework, the aligned cutting block is removed before the
execution of bone cutting and different views of X-ray images are captured for the
proximal tibia with drilled pins on it using a C-arm X-ray device. The problem
considered in this work is to use the pre-operative tibia mesh model, the pin
mesh model, and the intra-operative X-ray observations to estimate the poses of
the pins and X-ray frames w.r.t. the pre-operative tibia model intra-operatively.

Suppose N views of X-ray images are captured and k ∈ {1, ..., N} is the index
of the X-ray image, let Ck = {p̄k,1, ..., p̄k,Nk

} represent the edge observations of
the tibia and fibula on the k-th X-ray image, and Cl

k = {p̄l
k,1, ..., p̄

l
k,Nkl

} represent
the edge observations of the l-th pin on the k-th X-ray image, Nk is the number
of tibia and fibula edge pixels extracted from the k-th X-ray image, l ∈ {1, 2}
denotes the index of pin drilled into the tibia (only two pins are used in the
CON-TKA procedures) and Nkl is the number of pin edge pixels extracted from
the l-th pin in the k-th X-ray image.

Suppose pk,i = [uk,i, vk,i]T is the ground truth coordinates of the i-th
observed 2D edge point p̄k,i, its corresponding 3D point from the pre-operative
tibia model Mtibia is PM

k,i ∈ R
3, then the observation model of the tibia edge

point can be written as:

p̄k,i = pk,i + wki, [pT
k,i, 1]T ∝ K(RC

k P
M
k,i + tC

k ) (1)

where wki is the zero-mean Gaussian noise with covariance matrix Σpki
, K is the

C-arm camera intrinsic matrix, XC
k = {RC

k , tC
k } represents the rotation matrix

and translation vector of the C-arm camera pose at which the k-th X-ray image
is captured (in the frame of the pre-operative tibia model).

Similarly, suppose p̄l
k,j = pl

k,j + wl
kj is the j-th observed 2D edge point, in

which wl
kj is the zero-mean Gaussian noise with covariance matrix Σpl

kj
, and

p̄l
k,j ’s corresponding 3D point from the pin model Mpin is PMl

k,j ∈ R
3. Then, the

observation model of the pin edge point is:

[(pl
k,j)

T , 1]T ∝ K(RC
k (RM

l PMl

k,j + tM
l ) + tC

k ) (2)
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where XM
l = {RM

l , tM
l } is the pose of the l-th pin relative to the pre-operative

tibia model Mtibia. Thus (2) first transforms PMl

k,j from the pin model frame to
the pre-operative tibia model frame by using the pin pose XM

l , and then projects
onto the k-th camera frame by using XC

k .
Mathematically, the problem considered in this paper is, given the pre-

operative 3D tibia model Mtibia and the pin model Mpin, how to accurately
estimate the pin poses {XM

l }, l ∈ {1, 2} from N views of 2D intra-operative
X-ray observations, where the C-arm camera poses {XC

k }, k ∈ {1, ..., N} of the
X-ray images are also not available.

3 Resection Plane Estimation

To obtain a more accurate and robust estimation, we formulate the problem as a
SLAM problem where the pin poses and the C-arm camera poses are estimated
simultaneously. Then, the proximal tibial pre-resection plane can be calculated
using the estimated pin poses.

3.1 SLAM Formulation for Pin Poses Estimation

In the proposed SLAM formulation, the state to be estimated is defined as

X �
{

{XC
k }N

k=1, {XM
l }2l=1, {{PM

k,i}Nk
i=1}N

k=1, {{{PMl

k,j}Nkl
j=1}2l=1}N

k=1

}
(3)

where the variables are defined in Sect. 2. The proposed SLAM problem can be
mathematically formulated as a nonlinear optimisation problem minimising:

E = wrpErp + wbpEbp + wmpEmp (4)

which consists of three energy terms: Contour Re-projection Term Erp, Contour
Back-projection Term Ebp and Model Projection Term Emp. wrp, wbp and wmp

are the weights of the three terms. Overall, the three energy terms are used
together to ensure the accuracy and robustness of the estimation algorithm.

The Contour Re-projection Term penalises the misalignment between
the contours of the outer edges of the tibia and the pins in the X-ray images and
the contours re-projected by using the variables in the state in (3):

Erp =
N∑

k=1

⎡
⎣

Nk∑
i=1

‖p̄k,i − pk,i‖2Σ−1
pki

+
2∑

l=1

Nkl∑
j=1

∥∥p̄l
k,j − pl

k,j

∥∥2

Σ−1
pl
kj

⎤
⎦ (5)

where Σpki
and Σpl

kj
are the covariance matrices of the 2D contour feature

observations p̄k,i and p̄l
k,j , respectively. pk,i and pl

k,j are given in (1) and (2).
The Contour Back-projection Term minimises the sum of squared coor-

dinate distances (along the x, y and z axes, respectively) between the pre-
operative tibia model Mtibia and the 3D back-projected contour points {PM

k,i}
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in the state X, and between the pin model Mpin and the 3D back-projected
contour points {PMl

k,j} in the state X:

Ebp =
N∑

k=1

[
Nk∑
i=1

∥∥d(PM
k,i,Mtibia)

∥∥2

Σ−1
PM
ki

+
2∑

l=1

Nkl∑
j=1

∥∥∥d(PMl

k,j ,Mpin)
∥∥∥
2

Σ−1

P
Ml
kj

⎤
⎦ (6)

where d(PM
k,i,Mtibia) represents the shortest coordinate distance from 3D point

PM
k,i to Mtibia, and d(PMl

k,j ,Mpin) represents the shortest coordinate distance
from PMl

k,j to Mpin, ΣPM
ki

and Σ
P

Ml
kj

are the corresponding covariance matrices.

The Model Projection Term penalises the misalignment between the
observed contours in the intra-operative X-ray images and contours extracted
from the projection of the pre-operative tibia model Mtibia and pin model Mpin:

Emp =
N∑

k=1

⎡
⎣

N
M
k∑

m=1

‖d(p̃k,m, Ck)‖2Σ−1
pkm

+
2∑

l=1

N
M
kl∑

n=1

∥∥d(p̃l
k,n, Cl

k)
∥∥2

Σ−1
pl
kn

⎤
⎦ (7)

where {p̃k,m}, m ∈ {1, ...,NM
k } are the 2D contour points representing the edge

of the pre-operative tibia model projection, projected from Mtibia to the k-
th X-ray image using XC

k . d(p̃k,m, Ck) means the shortest Euclidean distance
between p̃k,m and the contour Ck of the k-th X-ray image. Similarly, {p̃l

k,n},
n ∈ {1, ...,NM

kl } are the 2D contour points representing the edge of the l-th pin
projection, projected from Mpin to the k-th X-ray image using XC

k and XM
l ,

d(p̃l
k,n, Cl

k) is the shortest Euclidean distance between p̃l
k,n and the contour Cl

k.

3.2 Resection Plane Estimation and the Approach Overview

The iterative Gauss-Newton (GN) algorithm is used to minimise the objective
function (4). After the optimisation, the two pins are transformed into the frame

Fig. 1. The framework of proposed proximal tibial resection plane estimation.
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of the pre-operative tibia model using the estimated poses, and the corresponding
tibial resection plane (parallel to the plane fitted by the two paralleled trocar
pins) is obtained by fitting all the vertices of the two transformed pin models. The
coronal tibial resection (CTR) angle and the sagittal tibial resection (STR) angle
of the estimated tibial resection plane are calculated w.r.t. the tibial mechanical
axis and compared to the desired bone resection requirement before the surgeon
cuts the proximal end of the tibia. Figure 1 shows the proposed framework which
consists of pre-operative data preparation, intra-operative X-ray imaging, and
intra-operative tibial resection plane estimation and evaluation.

4 Experiments

The proposed SLAM-TKA framework for real-time estimating the proximal tib-
ial pre-resection plane is validated by simulations and in-vivo experiments. The
pre-operative 3D tibia model is segmented from CT scans using the Mimics soft-
ware, the 3D trocar pin mesh model is created using the Solidworks software.
The minimum number of X-ray images are used both in simulations and in-vivo
experiments, then N = 2. The C-arm X-ray device was calibrated using a cal-
ibration phantom, and the calibration dataset and code are made available in
GitHub (https://github.com/zsustc/Calibration.git).

The proposed framework is compared to the feature-based 2D-3D registration
“projection” strategy used in [8–10] and the “back-projection” strategy used in
[11,12]. Four methods are compared, namely “projection (split)”, “projection
(joint) ”, “back-projection (split)’ and “back-projection (joint)”. “split” means
the poses of X-ray frames and pins are estimated separately, “joint” means all X-
ray frames and pins are optimised together. We have implemented the compared
methods ourselves since the source codes of the compared works are not publicly
available. Given that there is practically no pixel-wise correspondences between
the generated DRRs of the pin mesh model and X-ray images [14], currently the
DRR-based 2D-3D registration method used in [13] is not compared.

Fig. 2. Resection plane error for the simulation with five increasing noise levels.

https://github.com/zsustc/Calibration.git
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4.1 Simulation and Robustness Assessment

To simulate the in-vivo scenario, zero-mean Gaussian noise with standard devi-
ation (SD) of 2 pixels is added to the edge feature observations on the X-
ray images. Five different levels of noise are added to the ground truth and
used in the initialisation of state X, zero-mean Gaussian noise with SD of
{0.1, 0.2, 0.3, 0.4, 0.5} rad is added to the rotation angles, and noise with SD of
{20, 40, 60, 80, 100} mm is added to the translations and all the 3D edge points.

Ten independent runs are executed for each noise level to test the robust-
ness and accuracy of the proposed algorithm and the compared methods. The
absolute errors of CTR and STR angles (compared to the ground truth of the
simulated resection plane) of the ten runs for the estimation of tibial resection
plane are shown in Fig. 2. It shows that the proposed framework has the highest
accuracy and robustness in terms of CTR and STR angles.

4.2 In-vivo Experiments

We use data from five CON-TKAs for evaluating the proposed algorithm. The
doctor uses a stylus together with a touch screen to draw and extract the contour
edges of the proximal tibia and pins from the intra-operative X-ray images, and
only clear tibia and fibula contours are used as observations. The state variables
{XC

k } are initialised by the C-arm rotation angles and translation measured
using the device joint encoders, and {XM

l } are initialised by the pose of the ideal
resection plane in the pre-operative tibia model according to the optimal tibial
resection requirement. The state variables PM

k,i are initialised by back-projecting
their corresponding 2D contour observation points p̄k,i into the pre-operative
tibia model frame using {XC

k } and the initial guesses for the point depths. And

Fig. 3. The initialisation and optimisation on the first in-vivo dataset. “Ini” and “Opt”
are the abbreviations for initialisation and optimisation, respectively.
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Fig. 4. Results from the proposed framework on the five in-vivo datasets.

the points depth can be initialised by using the distance between the patella of
the patient and the X-ray tube from the C-arm X-ray device. Similar method is
used to initialise the state variables PMl

k,j .
Figure 3 shows the initialisation and optimisation results of the proposed

algorithm on the first in-vivo dataset. Figure 3(a)–(d) show the tibia and pin
contour re-projections onto the 2D X-ray images and contour back-projections
into the pre-operative tibia model frame and the pin model frame using the initial
values. It is obvious that the projected and back-projected contour features have
large errors. After optimisation, referring to Fig. 3(f)–(i), the projection from
the pre-operative tibia model and the pin model can fit well with the extracted
observation, and the contour back-projection features are very close to the outer
surface of the pre-operative tibia model and the pin model. Figure 3(e) and
Fig. 3(j) show two different views of the estimated tibial resection plane.

Figure 4 shows the comparison between the estimated tibial resection plane
angles (blue) using the proposed method and the ground truth (green) obtained
from post-operative tibial CT scans for the five in-vivo datasets. The proposed
method can achieve high accurate estimation of the tibial resection plane angles
intra-operatively, and this can guarantee the accuracy of tibial resection by com-
paring the estimation to the clinical bone resection requirement (CTR and STR

Table 1. Resection plane estimation error in five in-vivo testings.

Invivo datasets 1 2 3 4 5

Errors (◦) CTR STR CTR STR CTR STR CTR STR CTR STR

Proposed framework 1.64 1.15 1.44 −0.23 0.28 0.51 −1.13 0.79 0.76 0.94

Projection (split) 3.72 6.15 3.43 −1.6 4.13 7.43 −4.21 −4.9 5.8 4.0

Projection (joint) 2.75 5.32 2.61 −1.78 2.24 8.46 −3.81 −7.11 6.23 3.51

Back-projection (split) 5.75 4.97 2.0 −2.89 5.58 8.04 −5.29 −5.45 6.75 4.67

Back-projection (joint) 3.51 5.73 3.16 −1.31 3.97 7.80 −4.84 −4.9 5.14 4.18
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angles within ±3◦ w.r.t. the mechanical axis) before the surgeon cut the proximal
end of the tibia.

Table 1 summarises the accuracy of the proposed algorithm comparing to
other four methods using the five groups of in-vivo datasets, and overall the
proposed framework achieves the highest accuracy. The proposed algorithm con-
verged in about 15–20 iterations with around 1.5–2.5 s per iteration. Thus, the
computation time is short enough such that the tibial resection plane estima-
tion can be completed without much influence on the CON-TKA procedure.
In comparison, the compared methods use numerical optimisation tools such as
simulated annealing (SA) algorithm [20] or the Nelder-Mead Downhill Simplex
algorithm [21] and take hours to converge.

5 Conclusion

This paper presents SLAM-TKA, a real-time algorithm for reliably and intra-
operatively estimating the tibial resection plane for CON-TKAs. It solves a
SLAM problem using a patient-specific pre-operative tibia CT scans, a trocar
pin mesh model and two intra-operative X-ray images. Simulation experiments
demonstrate the robustness and accuracy of the proposed algorithm. In-vivo
experiments demonstrate the feasibility and practicality of TKA-SLAM. In con-
clusion, the algorithm proposed in this paper can be deployed to improve tibial
resection intra-operatively without the changing on the CON-TKA procedures.
In the future, we aim to use a general tibia model together with different views of
intra-operative X-ray images to recover the patient-specific tibia model, in order
to replace the procedure of pre-operative tibia CT scanning and segmentation.
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