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Abstract
Purpose The accuracy of patient-specific instrumentation (PSI) in total knee arthroplasty (TKA) is still controversial, espe-
cially in the tibial prosthesis. It was hypothesized that the design modification of PSI improved the tibial prosthetic alignment 
and reduced the associated complications. The aim of this study was to compare the accuracy of a conventional PSI with 
that of a newly designed PSI for total knee arthroplasty (TKA) using a new three-dimensional (3D) measurement method.
Methods Thirty TKAs each using the conventional and newly designed PSIs were studied. The postoperative 3D-computed 
tomography (3D CT) image was superimposed on the preoperative 3D CT plan. The absolute differences in the tibial pros-
thetic alignment between the preoperative and postoperative 3D CT images were directly measured in the coronal, sagittal, 
and axial planes. Knees in which the difference in the prosthetic alignment was > 3° were considered deviations.
Results The new PSI showed less mean absolute differences and lower rate of deviations than the conventional PSI in the 
coronal and axial planes (p = 0.045 and p = 0.004, respectively). The deviations (> 3°) of the tibial prosthesis using the con-
ventional PSI were 27, 30, and 63% and of those using the new PSI were 0, 20, and 20% in the coronal, sagittal, and axial 
planes, respectively.
Conclusions This is the first report to evaluate the effect of improvement in PSI design on the postoperative alignment using 
3D method, and it clearly showed that the modification significantly improved the accuracy of alignment and reduced the 
deviations.
Level of evidence Therapeutic study, case–control study, Level III.
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Introduction

Prosthetic alignment is one of the most important factors 
affecting the long-term clinical results associated with total 
knee arthroplasty (TKA) [7, 19, 20]. To improve prosthetic 
alignment and decrease cases of prosthetic deviations, 
patient-specific instrumentation (PSI) has recently been 
introduced for TKA [10, 12]. PSI, based on the data from 
either magnetic resonance imaging (MRI) or computed 

tomography (CT), is designed to correctly reproduce the 
preoperative three-dimensional (3D) plan during an opera-
tion. The accuracy of the PSI is still controversial [30]. Some 
previous reports showed that PSIs were accurate [16, 29], 
but other reports showed that PSIs were not accurate [1, 2, 
23] because of two reasons. First, there have been many 
designs of PSIs. Each PSI design varies; thus, the accuracy 
of each PSI is not always the same. Second, the evaluation 
method for the prosthetic alignment was not appropriate. To 
evaluate the accuracy of PSI, the preoperative 3D CT plan 
should be superimposed on the postoperative 3D CT image, 
and the prosthetic alignment between the preoperative 3D 
CT plan and postoperative 3D CT image should be directly 
compared.

Excellent intraobserver and interobserver reliabilities 
were shown in the new evaluation method for the accuracy 
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of PSI, which superimposed the preoperative 3D CT plan 
on the postoperative 3D CT image and directly compared 
the prosthetic alignment between the preoperative 3D CT 
plan and postoperative 3D CT image [33]. In a previous 
report, even with a CT-based PSI, the alignment of the tibial 
prosthesis is less accurate in the axial plane than in the coro-
nal and sagittal planes [33]. To improve the accuracy of the 
prosthetic alignment, several designs of the CT-based PSI 
have been improved (Fig. 1) as follows: (1) enlargement of 
the contact area between the bone and PSI (Fig. 2); (2) rota-
tional marker to be lined up to the bony landmark on the 
tibial plateau (Fig. 3); (3) extension of the hole length for 
the extramedullary rod to aid attachment of the ankle cramp 

Fig. 1  Design of the con-
ventional PSI (a) and newly 
designed PSI (b) of tibia. 
The contact area between the 
bone and PSI was enlarged, a 
rotational marker to be lined 
up to the bony landmark on 
the tibial plateau was added, 
and the length of the hole for 
the extramedullary rod was 
extended

Fig. 2  Contact area between the bone and PSI (green area) is 
enlarged in the newly designed PSI (b) compared to that in the con-
ventional PSI (a)

Fig. 3  Rotational marker 
has been added on the newly 
designed PSI (a). This line was 
lined up to the anteroposterior 
(AP) axis of the tibia (red dotted 
line). The AP axis is drawn 
on the tibial plateau according 
the preoperative plan (b). The 
rotational marker of the newly 
designed PSI and the AP axis 
of the tibia are lined up to repro-
duce the preoperative plan of 
the axial alignment (c, d)
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(Fig. 4); and (4) the hole of the anteroposterior (AP) marker 
pin was added in the tibial cutting jig (Fig. 5).

It was hypothesized that the improvement of the design 
of PSI enhanced the tibial prosthetic alignment, especially 
in the axial plane. The aim of this study was to compare 
the accuracy of a conventional PSI and a newly designed 
PSI using a new 3D measurement method. However, to the 
best our knowledge, no report has evaluated the effect of 
improvement in PSI design on the postoperative alignment 
using a 3D measurement method.

Materials and methods

Sixty consecutive knees that underwent TKA due to varus 
osteoarthritis of the knee using PSI were studied. Conven-
tional PSI was used in the first 30 knees, and the newly 
designed PSI was used in the remaining 30 knees (Fig. 1).

Patient-specific instrumentation was designed based on 
the preoperative plan (Prophecy; MicroPort Orthopedics, 
Inc., Arlington, TN, USA) developed using the data from 
the 3D CT of the whole leg. The preoperative plan was 

the same for the two groups, but there were several design 
improvements in the newly designed PSI. First, the contact 
area between the bone and PSI was enlarged (Fig. 2). Larger 
contact area ensured a tight fit between the newly designed 
PSI and the tibial bone. Second, a rotational marker, which 
lined up to the bony landmark on the tibial plateau during 
the operation, was added in the newly designed PSI (Fig. 3). 
This modification was expected to improve the axial align-
ment. Third, the length of the hole for the extramedullary 
rod was extended to aid attachment of the ankle cramp 
(Fig. 4), which helped the surgeons to check for the coronal 
and sagittal alignments before cutting the bone. This change 
was expected to reduce sagittal and coronal alignment errors. 
Fourth, the hole of the anteroposterior (AP) marker pin was 
added in the tibial cutting jig. The tibial component was 
placed parallel to this AP marker pin (Fig. 5). This procedure 
was expected to reduce the axial alignment error.

A postoperative 3D CT image taken 2 weeks postop-
eratively was superimposed on the preoperative 3D plan 
using a computer software (ZedView, ZedKnee; LEXI Co., 
Ltd., Tokyo, Japan) (Fig. 6). The preoperative 3D plan was 
provided by the company (MicroPort Orthopedics, Inc.). 

Fig. 4  Intraoperative photo-
graphs of the conventional PSI 
(a) and newly designed PSI 
(b). In the newly designed PSI, 
the length of the hole for the 
extramedullary rod is extended 
to facilitate attachment of the 
ankle cramp (b). Surgeons can 
easily check the coronal and 
sagittal alignment before bone 
cut

Fig. 5  Hole of the anteroposte-
rior (AP) marker pin is added 
in the tibial cutting jig (a). The 
tibial component is placed par-
allel to the AP marker pin (b). 
This procedure is expected to 
reduce the axial alignment error
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Prosthetic computer-aided design data were installed and 
combined on postoperative CT image using ZedKnee. These 
preoperative and postoperative images were installed in Zed-
Knee. This computer software indicated the coronal, sagittal, 
axial, and 3D views at the same time. The postoperative 
CT image was carefully moved to completely overlap the 
tibial bone image of the postoperative CT image and that of 
the preoperative 3D CT plan. First, in the coronal view, the 
tibial condyle and malleolus were superimposed. Second, in 
the sagittal view, the tibial tuberculum was superimposed. 
Third, in the axial view, the tibial condyle and malleolus 

were superimposed. Finally, in the 3D view, the superim-
position of the tibial bone image was checked. Then, the 
absolute difference in the tibial prosthetic alignment between 
the preoperative 3D plan and postoperative 3D CT image in 
the coronal, sagittal, and axial planes was directly measured 
in degrees up to one decimal place using the software. Cases 
demonstrating a difference > 3° in the prosthetic alignment 
were considered deviations [13]. The intraclass correlation 
coefficients of the 3D measurement method of the intra-rater 
reliabilities were 0.90, 0.95, and 0.98 in the coronal, sag-
ittal, and axial planes, respectively. Whereas those of the 

Fig. 6  Tibia of the postoperative 3D CT image is superimposed onto the tibia of the preoperative 3D CT plan. Differences in the prosthetic 
alignment between the preoperative 3D CT plan (red) and postoperative 3D CT image (blue) are measured (reprinted by permission from [33])

Table 1  Preoperative 
demographic details of patients 
treated using conventional and 
newly designed PSI

BMI body mass index, N.s. not significant, PSI patient-specific instrumentation
a Mean and range are provided

Conventional PSI (n = 30) Newly designed PSI (n = 30) P value

Age (years)a 69.3 (62–77) 70.4 (63–79) n.s.
Gender (female/male) 23/7 26/4 n.s.
BMI (kg/m2)a 27.0 (20.9–36.9) 26.3 (20.3–35.8) n.s.
Preoperative hip knee ankle 

angle (degrees of varus)a
12.2 (− 0.5 to 30) 10.7 (− 2 to 22) n.s.

Table 2  Absolute differences 
in the prosthetic alignment 
between the preoperative 3D 
CT plan and postoperative 3D 
CT image

Mean and standard deviation were provided
RMSE root mean square error, n.s. not significant, PSI patient-specific instrumentation

Conventional PSI Newly designed PSI P value

Plane Absolute differences RMSE Absolute differences RMSE

Coronal 2.0 ± 1.6° 2.59 1.2 ± 0.8° 1.46 0.045
Sagittal 2.2 ± 1.5° 2.65 2.3 ± 1.5° 2.75 n.s.
Axial 6.2 ± 5.5° 7.02 2.6 ± 1.6° 3.08 0.004
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inter-rater reliabilities were 0.95, 0.97, and 0.95 in the coro-
nal, sagittal, and axial planes, respectively. The mean abso-
lute differences between two measurements by one observer 
were 0.8 ± 0.5° in the coronal plane, 0.6 ± 0.5° in the sagittal 

plane, and 0.8 ± 0.6° in the axial plane. The mean absolute 
differences between two observers were 0.5 ± 0.5° in the 
coronal plane, 0.8 ± 0.7° in the sagittal plane, and 0.9 ± 1.1° 
in the axial plane. The same total knee prosthesis (Evolution 

Fig. 7  Histograms of the tibial 
prosthetic alignment in patients 
with the conventional PSI and 
newly designed PSI. The data 
for TKA using conventional 
PSI varies more widely than 
those using newly designed PSI 
in coronal (a), sagittal (b), and 
axial planes (c)
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PS; MicroPort Orthopedics, Inc. Arlington, TN, USA) was 
used in all cases. All operations were performed by one sur-
gical team. The knees were exposed using a medial para-
patellar approach, and the anterior and posterior cruciate 
ligaments were resected.

Statistical analysis

The Mann–Whitney U test after an F test to determine vari-
ance equality was used to compare the absolute difference 
in the prosthetic alignment between the preoperative 3D CT 
plan and postoperative 3D CT image in the coronal, sagittal, 
and axial planes. The Pearson Chi-square and Fisher exact 
tests were used to determine the deviations. A sample size 
calculation was performed using G*Power 3.1.9.2 [8], and 
the results showed that a sample of 21 knees in each group 
was required to achieve a power of 0.8 to detect a significant 
difference (α = 0.05, two-sided significance level). All data 
analyses were performed using SPSS version 24.0 (SPSS 
Inc., Chicago, IL, USA). The level of significance (p value) 
was set at 0.05.

Results

The differences in age during the operation, sex, BMI, and 
preoperative hip–knee–ankle angle were not significantly 
different between the two groups (Table 1). The absolute 
differences in the tibial prosthetic alignment (coronal, sag-
ittal, and axial planes) between the preoperative 3D plan 
and postoperative 3D CT data are shown in Table 2. When 
comparing the conventional PSI and the new PSI, the mean 
absolute differences were significantly less in the coronal 
and axial planes when using the new PSI (p = 0.045 and 
p = 0.004). The deviations (> 3°) of the tibial prosthesis 
using conventional PSI were 27, 30, and 63% and using 
the new PSI were 0, 20, and 20% in the coronal, sagittal, 
and axial planes, respectively (Fig. 7; Table 3). The same 
prosthetic size as the preoperative plan was implanted in 46 
knees (77%). One larger size was used in three knees (5%). 
One smaller size was used in 11 knees (18%). No knees have 
used two or more different sizes.

Discussion

The most important finding of this study was that the 
improvement of the PSI design enhanced its accuracy. 
Larger contact area, rotational marker on PSI, connection 
to the extramedullary guide, and AP marker pin proved sig-
nificantly effective for the improvement of coronal and axial 
alignments of the tibial component.

Some previous reports showed that PSIs were accurate 
[16, 29], but other reports showed that PSIs were not accu-
rate [2, 23]. The accuracy of PSIs varies because of the dif-
ference in the designs of previous PSIs. Therefore, the usage 
of PSI is still controversial. A meta-analysis showed that the 
deviations (> 3°) of the tibial prosthesis using other PSIs 
were 10.5% in the coronal plane and 29.9% in the sagit-
tal plane [30]. In the axial plane, a previous report showed 
more than 5° of tibial malrotation in 95% cases using a PSI 
[28]. Although the deviations of the conventional PSI in 
the present study were comparable to those of the previous 
reposts, the deviations of our newly designed PSI were much 
less than those of the previous reports. This study clearly 
showed that the minor changes in PSI design (enlargement 
of the contact area between the bone and PSI, rotational 
marker, extension of the hole length for the extramedullary 
rod, and the hole of the AP marker pin) significantly changed 
the accuracy of PSI. This study suggested that differences in 
PSI design might result in the inconsistency of the accuracy 
of PSI in the previous reports. Thus, design improvement is 
mandatory to improve the accuracy of PSI.

An advantage of this study was that the preoperative 3D 
CT plan was superimposed on a postoperative 3D CT image, 
and the prosthetic alignment between the preoperative and 
postoperative images was directly compared. Most previ-
ous reports evaluated the accuracy of PSI using postopera-
tive radiographs [4–6] or two-dimensional (2D) CT [18, 
21]. However, measuring the prosthetic alignment using 
radiographs or 2D CT had several limitations [17, 27] and 
was less accurate than a 3D measurement using CT [11]. 
To eliminate measurement errors, the postoperative 3D CT 
image was superimposed on the preoperative 3D CT plan 
and directly compared. Therefore, our measurement method 
was suitable for this study, and the method also showed 
excellent interobserver and intraobserver reliabilities.

In the coronal and sagittal planes, the accuracy of the 
newly designed PSI was better than that of the conventional 
technique [9] and was comparable with that of the CT-free 
navigation system [14] and CT-based navigation system [24]. 
In the axial plane, a previous report showed more than 3° of 
tibial malrotation in 67% of cases using conventional tech-
nique [15], in 54% of cases using CT-free navigation system 
[14], and in 49% of cases using CT-based navigation sys-
tem [15]. The axial alignment of the tibial component was 
less accurate than that of the coronal and sagittal alignments 

Table 3  Alignment outliers (> 3°) of tibial prosthesis

Number of cases and % are provided
n.s. not significant, PSI patient-specific instrumentation

Plane Conventional PSI Newly designed PSI P value

Coronal 8/30 (27%) 0/30 (0%) 0.005
Sagittal 9/30 (30%) 6/30 (20%) n.s.
Axial 19/30 (63%) 6/30 (20%) 0.001
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even with the navigation system. However, this study showed 
that > 3° of tibial malrotation occurred only in 20% of cases 
using the newly designed PSI. Rotational malalignment of 
the tibial component can lead to altered joint kinematics and 
painful TKA. Excessive malrotation of the tibial component 
can result in various complications after TKA such as painful 
knee [25, 26], stiff knee [31], patellofemoral instability [22], 
or excessive wear of the polyethylene insert [32]. The newly 
designed PSI is expected to reduce the malrotation of the 
tibial component and the associated complications.

This study had some limitations. First, the subjects com-
prised only patients who had primary varus osteoarthritis 
of the knee. Therefore, the results of this study might not 
always be applicable to other diseases and deformities. 
Second, the clinical outcomes were not evaluated in this 
study. The previous reports showed that the higher accuracy 
achieved by PSI did not always translate into better clinical 
outcomes [3]. Further study should be performed to compare 
the clinical outcomes between two groups.

The clinical relevance of the present study is that the 
design improvement of PSI enhanced the accuracy of the 
PSI in the coronal and axial planes. This study suggested 
that the design improvement is mandatory to improve the 
accuracy of PSI.

Conclusions

This is the first report to evaluate the effect of a PSI design 
improvement on postoperative alignment using a 3D meas-
urement method, which superimposed the preoperative 3D 
CT plan on a postoperative 3D CT image, and then directly 
compared the prosthetic alignment between the preoperative 
3D CT plan and postoperative 3D CT image. This study 
clearly showed that the design improvement of PSI enhanced 
the accuracy of PSI in coronal and axial planes.
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