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Introduction

The primary goal of computer-assisted surgical systems such 

as robotic systems and patient specific instruments for total 

knee arthroplasty (TKA), is to accurately place an implant 

according to a preoperative plan. The accuracy of implant 

placement in most clinical studies is usually evaluated by 

determining whether neutral limb alignment has been 
achieved on postoperative coronal long-leg radiographs 
(1-4). However, this technique has limitations (5-8) which 
include low repeatability and reproducibility, the assessment 
of implant placement is limited to the coronal plane, and 
the applicability is limited to surgical techniques where 
neutral limb alignment is the goal. 
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To overcome the limitations of long-leg radiographs, a 
different measurement technique based on preoperative 
and postoperative computed tomography (CT)/magnetic 
resonance imaging (MRI) scans has been adopted in some 
studies (9-12) to determine implant placement accuracy 
in all six degrees-of-freedom (DoF) and for any planned 
limb alignment (i.e., not only mechanical alignment). 
This measurement technique requires, in addition to a 
preoperative CT or MRI scan needed for the preoperative 
plan, a postoperative CT or MRI scan to generate 3D 
models of the bones and implants after surgery. Then, a 
3D-to-3D surface registration between the uncut bone 
regions of the preoperative and postoperative 3D bone 
models is required to establish a common reference plane 
between the preoperative and postoperative CT/MRI  
scans (13). Similarly, once the 3D bone models are 
registered to each other, a 3D-to-3D surface registration 
between the planned and postoperative 3D implant models 
is required to compute the 6-DoF differences between 
planned and postoperative implant placement. However, 
both 3D-to-3D surface registration of the 3D bone models 
and implants are susceptible to errors if the morphology 
of the preoperative and postoperative 3D models do 
not match closely. The difference in morphologies 
between preoperative and postoperative 3D bone and 
implant models can originate from inaccuracies in image 
segmentation, from image artifacts due to the presence of 
metal in the postoperative CT or MRI scan, and from the 
process of identifying common anatomical regions between 
the preoperative and postoperative 3D model. 

Any error in the 3D-to-3D surface registration between 
the 3D bone models and between the 3D implant models 
may affect the accuracy of the 6-DoF implant placement 
error determined with such a methodology. Thus, it 
is important to validate this measurement method to 
understand the contribution of the measurement technique 
alone to the implant placement errors that are identified. 
To the best of the author’s knowledge, only one study 
validated a similar method based on preoperative and 
postoperative CT scans (14). However, this study did 
not specify which anatomical regions were used for the 
3D-to-3D surface registration of the bone and only used 
sawbones for validation. Given the lack of surrounding soft 
tissues, sawbones can be segmented much more accurately 
than human bones on a CT/MRI image, which may 
have resulted in an underestimation of the errors of the 
measurement technique. 

Hence, the purpose of this paper is to validate a CT-

based measurement technique for the evaluation of the 
6-DoF differences between postoperative and planned 
implant placement in patients that undergo a TKA 
requiring a preoperative plan. Specifically this study will 
determine (I) the anatomical regions that result in the 
lowest 6-DoF errors for 3D-to-3D surface registration of 
preoperative and postoperative bone models, (II) the 6-DoF 
errors for 3D-to-3D surface registration of the planned and 
postoperative implant models, and (III) the 6-DoF errors 
of the complete measurement technique for component 
placement error in TKA.

Methods

Eighteen unpaired fresh-frozen human cadaveric lower limb 
specimens (average age: 74 years, age range, 51–94 years,  
8 females and 10 males) with full femur and tibia were 
included in the study. Each limb was free of radiographic 
signs of degenerative joint disease at the knee and the hip. 
Fiducial markers were fabricated using a 3D printer (Object 
Connex 260V, Stratasys, USA) as semi-hollow spheres of  
10 mm in radius. The fiducial markers were designed in two 
parts: a cap and a body. The cap and body were assembled 
with Epoxy applied to the flat rim around the body  
(Figure 1A). The assembled cap and body formed a hollow 
sphere which could be seen in CT images with high 
contrast (Figure 1B). Using nylon threaded studs and methyl 
methacrylate nine to ten fiducial markers were implanted 
along the shaft of the femur and tibia to not damage the 
surfaces of interest (Figure 1C). The design, number, and 
location of the fiducial markers used in this study was 
previously validated in a study by Hsieh et al. where it 
was found that the 6 DoF registration error between two 
3D fiducial models across 1,000 simulations was within  
0.0±0.1 mm/deg using different numbers (7, 8, and 9) of 
fiducial markers (15). 

After implantation of the fiducial markers, the incision 
was closed (Figure 1D) and each specimen was CT scanned 
using a clinically adopted imaging protocol with a slice 
thickness of 0.625 mm, pixels size of 0.37 mm × 0.37 mm,  
matrix size 512×512, and 120 kV. The CT images were 
segmented to create contours of the whole femur and 
of the fiducial markers with a commercially-available 
segmentation software (Mimics®, Materialise - Belgium) by 
using thresholding and manual editing. The femur and tibia 
were segmented with an initial standard threshold range of 
320–2,535 Hounsfield units, then local thresholding was 
applied in different regions of the knee and ranges varied 



477Quantitative Imaging in Medicine and Surgery, Vol 10, No 2 February 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(2):475-484 | http://dx.doi.org/10.21037/qims.2020.01.02

within specimen and location. The fiducial markers were 
segmented with a threshold range of 0–300 Hounsfield 
units. Three-dimensional models of the preoperative femur 
and fiducial markers were generated using a variation of 
the standard marching cubes algorithm as implemented in 
Mimics®.

Errors in the 3D-to-3D bone models registration

Twelve specimens were used to validate the 3D-to-3D 
bone model registration. After the preoperative CT scans 
were performed, the specimens were subjected to a second 
CT scan as it would occur after a TKA procedure when 
using this measurement technique, hereafter referred 
as “postoperative CT scan”. For each specimen, the 
preoperative and postoperative CT scans were segmented 
to generate the 3D model of the femur and of the fiducial 
markers. 

The 3D-to-3D surface registration of the preoperative 
and postoperative 3D femur models was performed using 
the iterative closest point algorithm (ICP), which is a 
common shape-matching algorithm widely available. For 
each specimen, the ICP registration was performed four 
times, each one using a different femoral region segmented 
from CT to evaluate which one would result in a more 
accurate surface registration (Figure 2). This resulted in four 
transformation matrices (TICP) from the different femoral 
regions, being (I) the full 3D femur model (FF), (II) the 3D 
femur model excluding the distal femur (FED), (III) the 3D 
femur model excluding both the proximal and distal femur 

(FEPD), (IV) the 3D femur model excluding the femoral 
shaft and the distal femur (FESD). The four femoral 
regions were chosen to account for different CT scan 
protocols where only a limited region of the femur may be 
included in the CT scan reconstruction. Also, it needs to be 
noted that the 3D model of the distal femur cannot be used 
for the 3D-to-3D femur registration as the surface has been 
replaced with the femoral component in the postoperative 
3D femur model, therefore the scenario including the FF 
for registration was used as the ideal case, but will not be 
usable for TKA applications. 

A gold standard registration was obtained by registering 
the preoperative and postoperative 3D models of fiducial 
markers using a closed-form algorithm (16) resulting in 
a gold standard transformation matrix (TGS). For each 
specimen, the placement error in the 3D-to-3D surface 
registration was quantified for each femoral region as 
follows:

TErr(FF) = TGS * (TICP(FF))-1 [1]

TErr(FED) = TGS * (TICP(FED))-1 [2]

TErr(FEPD) = TGS * (TICP(FEPD))-1 [3]

TErr(FESD) = TGS * (TICP(FESD))-1 [4]

from which the 6-DoF errors were expressed in standard 
anatomical parameters (Figure 3). For each DoF, the bias 
in the registration was computed as the average of the 

Figure 1 Fiducial markers. (A) Cap and body of the fiducial marker were glued along the rim (black arrow). (B) Assembled fiducial marker 
has a an inner hollow sphere that can be CT-scanned with high-contrast. (C) Distribution of fiducial makers on the femur and tibia. (D) 
Specimen ready for CT scanning. 
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placement errors across all the 12 femurs, precision was 
computed as the standard deviation of the placement errors 
across all the 12 femurs, and the overall accuracy was 
computed as the root mean square (RMS) of the placement 
errors across all 12 femurs. 

Errors in the 3D-to-3D implant model registration

Six specimens were used to validate the 3D-to-3D implant 
model registration errors. The specimens were prepared for 
TKA using an active robotic system (TSolution One, Think 
Surgical, Inc.) and the femoral and tibial implants were 
subsequently implanted into the bone using bone cement. 
The six specimens were then dissected from soft tissues to 
facilitate laser scanning (Figure 1C). Three-dimensional 
models of the implants and fiducial markers were generated 
using a high-accuracy laser scanner system (Metrascan 3D, 
Creaform, Canada) (17). Next, the specimens were CT-
scanned and 3D models of the implants and fiducial markers 
were generated after segmenting the CT images. To reduce 
metal artifacts, the CT images were filtered with a median 
filter and initially segmented with a threshold between 
2,500–3,100 Hounsfield units and finalized manually. 

The accuracy in the 3D-to-3D surface registration 
between the postoperative 3D implant model segmented 

Figure 2 Description of the four different regions of the femur used to perform a 3D-to-3D registration of the preoperative and 
postoperative bone model: (I) the full 3D femur model (A), (II) the 3D femur model excluding the distal femur (B), (III) the 3D femur model 
excluding both the proximal and distal femur (C), (IV) the 3D femur model excluding the femoral shaft and the distal femur (D).

Figure 3 Steps to orient the femur in the standard planes. (A) 
The femur model was imported to the 3D visualization software. 
(B) The medial and lateral posterior condyles were superimposed 
to project the femur in the standard sagittal plane. (C) The most 
posterior surface of the greater trochanter and the most posterior 
surfaces of the medial and lateral condyles were set simultaneously 
tangent to a plane to project the femur in the standard coronal 
plane. The standard axial plane was mutually perpendicular to the 
standard sagittal and coronal planes. The origin of the coordinate 
system was placed on the most proximal point of the intercondylar 
notch. 
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from CT and the planned 3D implant model (i.e., nominal 
implant in CAD—Computer Aided Design format) was 
computed by comparing the resulting transformation 
matrix (TICP Implant)) to the gold standard transformation 
matrix obtained after registration of the same surfaces 
using fiducial markers (TGS implant) as outlined in Figures 4,5.  
Specifically, the 3D-to-3D registration error was computed as

TErr Implant = TGS Implant * (TICP Implant)-1 [5]

from which the 6-DoF errors were expressed in the same 

standard anatomical parameters as for the bone registration 
error. For each DoF, the bias, precision, and overall 
accuracy were computed as described for the 3D-to-3D 
bone registration error. 

Overall error

The total 3D-to-3D registration errors (i.e., bias, precision, 
and accuracy) were computed for each specimen as the 
sum of each 3D-to-3D registration error for the bone and 
implant. Since this study did not compute a 3D-to-3D bone 

Figure 4 Workflow to determine the error in the 3D-to-3D femoral implant registration. The first step was to shape-match (i.e., ICP) the 
CAD implant used in preoperative planning to the laser scanned implant to complement the missing geometries. Next, the planned CAD 
implant model was shape-matched via ICP to the 3D model of the postoperative implant segmented from CT generating a transformation 
matrix (TICP implant)). To validate this transformation matrix, a gold standard registration (TGS implant) was generated by registering the 
laser scanned fiducial markers with the CT-segmented fiducial markers. If the registration of the fiducial makers resulted in an RMSE higher 
than 0.3 mm, the specimen was excluded from the analysis as a motion of the fiducial markers may have occurred.

Figure 5 Workflow to determine the error in the 3D-to-3D tibial implant registration. 
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registration error for the tibia, the total error for the tibia 
including tibial implant and tibia 3D-to-3D registration 
errors were computed using the femur 3D-to-3D bone 
registration errors. It was assumed that the 3D-to-3D bone 
registration errors for the tibia are the same as the 3D-to-
3D bone registration errors for the femur which may be 
justified by the high amount of points used in the ICP. 

Statistical analysis

The analysis plan was designed to compare the bone 
placement error when using four different anatomical 
regions for the 3D-to-3D bone registration. The study was 
conducted with three observers and five randomly selected 
specimens from an available twelve. A Bayesian hierarchical 
model for each method was fit separately. Each model 
contained as a fixed effect the DOF (medial-lateral, anterior-
posterior, proximal-distal, flexion-extension, varus-valgus, 
internal-external), and the observer, specimen, and observer 
by specimen interaction included as random effects. The 
metric used to compare among bone registration methods 
was the Bayesian posterior distribution of observing a value 
within the range of “clinical insignificance” (within ±0.2 

mm/° for at least 1, at least 2, 3, 4, 5, and 6 DOF). Non-
informative gaussian prior distributions N (0, 2.5) were 
assumed for parameters associated with the above effects 
and modeled through rstanarm (18). The results were used 
to determine the likelihood that a specimen will have ≥k (k=1 
to 6) DOF within the desired range. 

Results

The accuracy of the 3D-to-3D bone registration varied 
depending on the regions of the femur used for the analysis  
(Table 1). When the FF (i.e., ideal case) was used to register 
the preoperative and the postoperative 3D model (Figure 2A), 
the average bias, precision, and accuracy were within 0.2 mm  
for translations and 0.1° for rotation (Table 1). When 
only the FESD was used for registration (Figure 2D), the 
accuracy was particularly low for the medial-lateral and 
anterior-posterior translations, being on average 1.7 and 
1.1 mm respectively (Table 1). However, when the FED was 
used for registration (Figure 2B), the accuracy was within 
0.2 mm for translations and 0.2° for rotations (Table 1). 
When the FEPD was used for registration (Figure 2C), 
the accuracy was particularly low for the medial-lateral 

Table 1 Results from the 3D-to-3D bone model registration for TKA using 4 different femoral regions: (I) the full 3D femur model (FF), (II) the 
3D femur model excluding the femoral shaft and the distal femur (FESD), (III) the 3D femur model excluding the distal femur (FED), (IV) the 
3D femur model excluding both the proximal and distal femur (FEPD)

TKA

FF—ideal case FESD FED FEPD

Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy

Translations (mm)

Medial*-lateral 0 0.1 0.2 -0.5 1.6 1.7 0 0.2 0.2 1.3 1.9 2.3

Anterior-posterior* 0.2 0.1 0.2 0.6 1 1.1 0.1 0.2 0.2 -0.1 0.3 0.3

Proximal*-distal 0 0.1 0.1 0.1 0.2 0.2 0.1 0.2 0.2 -0.2 0.7 0.7

Rotations (deg)

Flexion-extension* 0 0 0.1 0.1 0.1 0.2 0 0 0.1 0 0.1 0.1

Varus-valgus* 0 0 0 0.1 0.2 0.3 0 0 0 0 0 0

Internal*-external rotation 0 0.1 0.1 -0.1 0.2 0.2 -0.1 0.1 0.2 -0.1 0.2 0.2

*, indicates positive direction. TKA, total knee arthroplasty.
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Table 2 Results from the 3D-to-3D femoral implant model 
registration

TKA femoral implant errors Bias Precision Accuracy

Medial*-lateral −0.2 0.1 0.2

Anterior-posterior* 0 0.1 0.1

Proximal*-distal 0.7 0.1 0.7

Flexion-extension* −0.4 0.4 0.6

Varus-valgus* 0.3 0.2 0.3

Internal*-external rotation 0.1 0.3 0.3

*, indicates positive direction. TKA, total knee arthroplasty.

Table 3 Results from the 3D-to-3D tibial implant model registration

TKA tibial implant errors Bias Precision Accuracy

Medial*-lateral −0.2 0.4 0.4

Anterior-posterior* 0.2 0.2 0.2

Proximal*-distal −0.6 0.4 0.7

Flexion-extension* −0.1 0.3 0.3

Varus-valgus* 0 0.3 0.3

Internal*-external rotation 0.4 0.2 0.4

*, indicates positive direction. TKA, total knee arthroplasty.

translation, being 2.3 mm (Table 1). The Bayesian posterior 
probabilities of observing clinical significance in all 6-DoF 
errors were relatively low when using the FF (0.827) or 
the FED (0.679), but very high when using only the FESD 
(0.000). The accuracy of the 3D-to-3D femoral and tibial 
implant registration was within 0.7 mm for translations and 
0.6°–0.4° for rotations, respectively (Tables 2,3).

For the femur, the total error including 3D-to-3D bone 
and implant registration errors was the lowest when the 
FF or FED were used with an accuracy of 0.8–0.9 mm and 
0.6°, respectively (Table 4). Similarly, for the tibia, the total 
error was the lowest when the 3D tibia model included the 
complete surface or, at a minimum included the tibial shaft 
and the distal tibia, with an accuracy of 0.8–0.9 mm and 0.6°, 
respectively (Table 5). 

Discussion

The present study validates a CT-based measurement 
technique to determine implant placement accuracy 
for TKA. The key finding of this study is that implant 
placement accuracy can be determined reproducibly with 
this CT-based measurement technique with errors that 
are within 0.9 mm and 0.6°. Thus, this technique can be 
used for any orthopedic applications aiming at determining 
implant placement accuracies that are higher or as high as 
these values. The second finding of this study is that using 
the FEPD or the FESD to perform a 3D-to-3D bone 
registration is not adequate to determine implant placement 
errors that are within 1 mm and 1° and larger surface area 
that are more feature-rich are preferable. The third finding 
of this study is that the main source of error in determining 
implant placement comes from the 3D-to-3D registration 
of 3D implants. Inaccurate registration of 3D implants is 

mainly due to an inaccurate implant segmentation caused 
by metal artifacts (i.e., beam hardening) in the postoperative 
CT scan. Specifically, these artifacts resulted in a larger 
implant (Figure 6) which created a bias mostly in the 
proximal-distal direction for which the femoral implant 
tends to be on average 0.7 mm more proximal and the tibial 
implant 0.6 mm more distal. 

Jonkergouw et al. (14) validated a similar CT-based 3D 
measurement technique and found that the average absolute 
error in 3D-to-3D surface registration was within 0.3 mm  
and 0.1° for the femur registration and within 1–0.5 mm 
and 0.3–0.4° for the registration of the femoral and tibial 
component, respectively. In agreement to our study, 
Jonkergouw et al. found that the main source of error of 
this measurement technique is introduced by the 3D-to-3D 
implant registration error with the error in the proximal-
distal direction being the highest. 

There are some limitations to the present study. One 
limitation is that the total registration error for the tibia 
was computed under the assumption that the errors in the 
3D-to-3D registration of the tibia 3D bone models are 
comparable to the 3D-to-3D registration of the femur 
3D bone models. Although it is possible that the 3D-to-
3D registration of the tibia 3D bone models could have 
higher errors than the registration of the femur since 
there are less anatomical features in the tibia than the 
femur, the assumption of comparable errors seems to be 
reasonable based on the high amount of points used in 
the ICP. Another limitation is that a further reduction of 
metal artifacts in the postoperative CT scan could have 
contributed to a more accurate implant segmentation 
leading to a more accurate 3D implant registration and 
an overall reduction of the error with this measurement 
technique (19). 
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Table 4 Results from the combined 3D-to-3D femoral implant model registration and 3D-to-3D bone model registration using 4 different 
femoral regions: (I) the full 3D femur model (FF), (II) the 3D femur model excluding the femoral shaft and the distal femur (FESD), (III) the 3D 
femur model excluding the distal femur (FED), (IV) the 3D femur model excluding both the proximal and distal femur (FEPD)

TKA

TKA total errors—femur

FF—ideal case FESD FED FEPD

Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy

Translations (mm)

Medial*-lateral −0.1 0.3 0.4 −0.7 1.7 1.9 −0.2 0.3 0.4 1.8 2.0 3.3

Anterior-posterior* 0.2 0.3 0.4 0.6 1.1 1.3 0.1 0.3 0.3 −0.2 0.4 0.5

Proximal*-distal 0.7 0.2 0.8 0.8 0.3 0.9 0.7 0.3 0.9 0.7 0.8 1.4

Rotations (deg)  

Flexion-extension* −0.4 0.4 0.6 −0.3 0.5 0.8 −0.4 0.4 0.6 −0.5 0.4 0.6

Varus-valgus* 0.3 0.2 0.4 0.4 0.4 0.6 0.3 0.2 0.4 0.3 0.2 0.4

Internal*-external rotation 0.1 0.4 0.4 0.1 0.5 0.5 0 0.4 0.5 0 0.5 0.5

*, indicates positive direction. TKA, total knee arthroplasty.

Table 5 Results from the combined 3D-to-3D tibial implant model registration and 3D-to-3D bone model registration 4 different tibial regions: (I) 
the full 3D tibia model (FT), (II) the 3D tibia model excluding the tibial shaft and the proximal tibia (TESP), (III) the 3D tibia model excluding 
the proximal tibia (TEP), (IV) the 3D tibia model excluding both the proximal and distal tibia (TEPD)

TKA

TKA total errors—tibia

FT—ideal case TESP TEP TEPD

Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy Bias Precision Accuracy

Translations (mm)

Medial*-lateral −0.2 0.5 0.6 −0.8 2.0 2.1 −0.3 0.5 0.6 1.7 2.3 3.5

Anterior-posterior* 0.3 0.3 0.4 0.7 1.2 1.4 0.2 0.3 0.4 0 0.4 0.6

Proximal*-distal −0.6 0.5 0.8 −0.5 0.6 0.9 −0.5 0.6 0.9 −0.6 1.1 1.4

Rotations (deg)

Flexion-extension* 0 0.3 0.4 0 0.4 0.5 0 0.3 0.4 −0.1 0.3 0.3

Varus-valgus* 0 0.4 0.4 0.1 0.6 0.6 0 0.4 0.4 0 0.4 0.4

Internal*-external rotation 0.4 0.3 0.6 0.3 0.3 0.6 0.3 0.3 0.6 0.3 0.4 0.6

*, indicates positive direction. TKA, total knee arthroplasty.

Figure 6 Segmentation of implant. (A) Example of CT image of implant with metal artifacts. (B) CAD implant used in planning (blue) 
registered to the postoperative segmented implant. 

A B

CT image for implant CAD implant udes in planing

Segmented postoperative implant
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In conclusion, this CT-based measurement technique can 
be used in patients to evaluate implant placement accuracy 
when measurement errors of up to 0.9 mm in translation 
and 0.6° in rotation are acceptable. Based on these results, it 
is recommended to use the entire uncut surface of the femur 
and tibia after TKA to minimize the error in the 3D-to-3D 
bone registration. 
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