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Original Article

Introduction

Many studies suggest that long-term function and survival 
rates improve when coronal plane alignment is within 3° of 
a neutral mechanical axis [2,4,14–16]. Others have reported 
on the early and midterm success of kinematic alignment 
[2,3,13]. Regardless of the desired goal, all surgeons have a 
target when performing total knee arthroplasty (TKA).

Robotic-assisted TKA (rTKA) has emerged as a patient-
specific tool that assists in preoperative planning, intraopera-
tive adjustment to customize the patient’s plan, and precise 
surgical execution that facilitates fewer outliers from the sur-
geon’s plan. Prior studies of non-haptic-based rTKA demon-
strated no difference in outcomes compared to conventional 

TKA [5]. However, non-haptic-based rTKA uses a much 
different technology platform than haptic rTKA. While 
haptic rTKA has the potential of providing enhanced com-
ponent positioning, only a few studies with small cohorts 
have examined subjective patient satisfaction and outcomes  
[7–11,16]. While the true, long-term clinical and functional 
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Abstract
Background: Robotic-assisted total knee arthroplasty (rTKA) has emerged as a patient-specific customizable tool that 
enables 3-dimensional preoperative planning, intraoperative adjustment, robotic-assisted bone preparation, and soft-
tissue protection. Haptic rTKA may enhance component positioning, but only a few small studies have examined patient 
satisfaction and clinical outcomes after haptic rTKA. Purpose: In patients who underwent haptic rTKA, we sought to 
evaluate (1) the discrepancy in alignment between the executed surgical plan and implanted alignment in the coronal 
and sagittal planes 1 year postoperatively and (2) patient-reported outcomes 2 years postoperatively. Methods: From 
a prospectively collected database, we reviewed 105 patients who underwent haptic rTKA from August 2016 to May 
2017. Two fellowship-trained arthroplasty surgeons independently reviewed hip-to-ankle standing biplanar radiographs 
to measure overall limb alignment and individual tibial and femoral component alignment relative to the mechanical axis 
and compared this to the executed surgical plan. Patient-reported outcomes were collected preoperatively and at 2 
years postoperatively using the Lower Activity Extremity Score (LEAS), Knee Injury and Osteoarthritis Outcome Score 
Junior (KOOS Jr.), and Numeric Pain Rating Scale (NPRS). Results: Mean patient age was 62.4 years, and mean body mass 
index was 30.6 kg/m2. Interobserver reliability was significant with a κ of 0.89. Absolute mean deviations in postoperative 
coronal alignment compared to intraoperative alignment were 0.625° ± 0.70° and 0.45° ± 0.50° for the tibia and femur, 
respectively. Absolute mean deviations in postoperative tibial sagittal alignment were 0.47° ± 0.76°. Overall mechanical 
alignment was 0.97° ± 1.79°. Outcomes in LEAS, KOOS Jr., and NPRS changed from 8 to 10, 78 to 88.3, and 8 to 1, 
respectively. Conclusions: Haptic rTKA demonstrated high reliability and accuracy (less than 1°) of tibial coronal, femoral 
coronal, and tibial sagittal component alignment postoperatively compared to the surgical plan. Patient-reported outcomes 
improved, as well. A more rigorous study on long-term outcomes is warranted.
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significance of rTKA is yet to be determined, we can now 
report on executed alignment and 2-year outcomes.

In order to investigate a haptic-based rTKA technology 
and surgical technique, we analyzed the following in a 
cohort of patients: (1) the accuracy between the executed 
surgical plan and follow-up implant position in both coronal 
and sagittal planes 1 year postoperatively and (2) selected 
patient-reported outcome measures preoperatively and 2 
years postoperatively.

Methods

Institutional Review Board approval was obtained prior to 
patient enrollment. During the initial release of a new rTKA 
system, 3 orthopedic surgeons at a single high-volume insti-
tution began enrolling patients. From August 2016 to April 
2017, a total of 105 patients were prospectively enrolled 
to undergo rTKA using computed tomography (CT)-based 
haptic guidance with a single manufacturer and design 
including both cruciate retaining and posterior stabilized 
prostheses. Exclusion criteria were body mass index (BMI) 
over 40 kg/m2, previous knee surgery, global instability, and 
neuromuscular or neurosensory deficiency. All patients had 
hip-to-ankle standing biplanar radiographs (EOS, Paris, 
France) preoperatively and 1-year postoperatively.

The Mako system (Stryker, Mahwah, NJ) was used for 
all cases. The standard technique with this system requires 

a preoperative CT scan, which allows for 3-dimensional 
preoperative planning (Fig. 1). During surgery, femoral 
and tibial arrays were placed, and the patient’s femur and 
tibia were registered. Once this was completed—and 
before the bony cuts were finalized—the surgeon assessed 
the patient’s alignment, correctability, and laxity and 
adjusted the implant position to optimize balance and 
maintain alignment goals (Fig. 2). In general, the align-
ment goal for overall coronal limb alignment was within 3° 
of neutral, and the tibial slope was between 0° and 3°. 
However, 2 cases were planned in 4° of varus, one due to 
an extra-articular deformity and the other due to severe 
medial tibial erosion. The alignment of the intraoperative 
cuts, implant position, and overall limb alignment were 
recorded and compared to postoperative standing biplanar 
imaging 1 year following surgery.

Independently, 2 fellowship-trained arthroplasty sur-
geons measured the overall coronal mechanical alignment, 
the coronal and sagittal alignment of the tibial component, 
and the coronal alignment of the femoral component rela-
tive to the mechanical axis on the 1-year postoperative 
standing biplanar radiographs (Fig. 2). These values were 
then compared to the executed intraoperative plan. The 
measurements were assessed for interobserver reliability. 
The following patient-reported outcome measures were 
taken preoperatively and at 2 years postoperatively: Lower 
Activity Extremity Score (LEAS), Knee Injury and 

Fig. 1.  Preoperative three-dimensional plan prior to surgery. The default plan is in neutral mechanical alignment and rotation.
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Osteoarthritis Outcome Score Junior (KOOS Jr.), and the 
Numeric Pain Rating Scale (NPRS).

Statistical Analysis

Continuous variables are reported as means and standard 
deviations in the descriptive analysis. Frequencies and per-
centages are used to report descriptive statistics of discrete 
variables. Longitudinal analysis of patient-reported out-
comes using KOOS Jr., LEAS, and NPRS was performed 
using generalized estimating equation (GEE) modeling. 
This modeling technique was chosen due to its robust 
nature for handling data, regardless of whether or not it met 
the assumption of normality. Additionally, GEE allows for 
the clustered analysis of all observations that have been 
collected longitudinally and accounts for any missing data 
from patients who were lost to follow-up. All observations 
were analyzed using maximum likelihood estimations. 
Each model contained time as the sole predictor (treated as 
a fixed effect). All parameter estimates from the GEE mod-
els are reported as means, standard errors, and 95% confi-
dence intervals (95% CIs). Bonferroni correction was used 
to adjust for multiple pairwise comparisons. Statistical sig-
nificance was defined as P ≤ .05. All analyses were per-
formed by our institutional statistician with SPSS, version 

23.0 (IBM Corp., Armonk, NY). Interobserver reliability 
to determine radiographic alignment was calculated using 
a κ score.

Results

In this study cohort, the average age was 62.4 ± 8.5 years, 
and the average BMI was 30.6 ± 6.1 kg/m2 (Table 1). 
Executed intraoperative alignment and the radiographically 
measured alignment of the implants at 1 year are displayed 
in Figs. 3 to 5. Of note, the preoperative template compo-
nent size was 100% accurate for both components and no 
intraoperative adjustment of implant sizing occurred. The 
overall mechanical alignment was 0.97° ± 1.79° [−2.4° to 
3°]. The absolute mean deviation in postoperative coronal 
alignment compared to intraoperative alignment was −0.74° 
± 1.23° and 0.01° ± 1.3° for the tibia and femur, respec-
tively. The absolute mean deviation in postoperative tibial 
sagittal alignment was 0.47° ± 0.76°. Interobserver reli-
ability was significant between both observers with a κ of 
0.89 (P < .05), and intraobserver reliability was significant 
with a κ of 0.84 (P <.05). Of the 6 reoperations, 5 were 
manipulations under anesthesia and 1 was arthroscopic 
debridement of patella clunk syndrome (Table 1). No reop-
erations for implant failures were reported. Patient-reported 

Fig. 2.  Adjusted three-dimensional plan based on an intraoperative assessment of the patient’s laxity and correctability. This adjusted 
surgical plan was executed during surgery and had 0.9 degrees of valgus in the femur, 2 degrees of varus in the tibia, and 3 degrees of 
posterior slope in the tibia.
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outcome scores (Table 2) were markedly improved 2 years 
postoperatively. In comparing preoperative to 2-year post-
operative scores, the following changes in outcome mea-
sures were reported: LEAS, 8 to 10 (P < .001); NPRS, 8 to 
1 (P < .001); and KOOS Jr., 78 to 88.3 (P < .001).

Discussion

To our knowledge, this is the first study to compare the 
executed intraoperative alignment to the 1-year follow-up 
alignment with standing biplanar imaging. We also assessed 
2-year postoperative patient-reported outcome measures. 
The improvement in patient-reported outcomes and tight 
radiographic range relative to the executed plan suggest  
that subtle changes in implant position may provide better 
balance while eliminating outliers. Further study and fol-
low-up are required to determine if haptic-guided rTKA 
with small intentional alterations in implant alignment will 
improve long-term outcomes and implant longevity.

There were several limitations to this study. In order to 
achieve the largest cohort of rTKA patients during the 
limited release period, we combined the results of 3 

Fig. 5.  Tibial coronal alignment angles.

Table 1.  Demographics.

Mean SD Minimum Maximum

Age at surgery 62.4 8.5 45.0 84.0
BMI at surgery 30.6 6.1 18.0 38.7
KOOS JR at 6 weeks 81.0 6.8 61.6 100.0
LEAS at 6 weeks 8.5 2.0 3.0 14.0
NPRS at 6 weeks 2.2 1.6 0.0 7.0
Laterality, n (%)
  Right 54 51%  
  Left 51 49%  
90-day adverse event, n (%)
  None 105 100%  
Reoperation, n (%)
  None 99 94%  
  Yes 6 6%  

BMI body mass index, KOOS JR Knee Injury and Osteoarthritis Outcome 
Score Junior, LEAS Lower Activity Extremity Score, NPRS Numeric Pain 
Rating Scale.

Fig. 3.  Postoperative standing biplanar images. In the coronal 
plane, the femur is in 1 degree of valgus, the tibia in 2 degrees of 
varus, and overall mechanical alignment of 1 degree of varus. In 
the sagittal plane, the tibia has 3 degrees of posterior slope. This 
matches the adjusted, executed plan in Figure 2.

Fig. 4.  Femoral coronal alignment angles.
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arthroplasty surgeons who were in the early stages of 
learning to use haptic-guided rTKA. Even though the 
study occurred during this period, the rTKAs performed 
were accurate to the executed plan. Other limitations 
included the following: (1) the study lacked a control 
group of manual/conventional TKAs; (2) the surgeons 
had not routinely used the specific knee replacement 
implanted by the robot, which added to the learning curve; 
and (3) the study looked only at short-term radiographic 
and functional outcomes.

The most recent reviews of non-haptic rTKA are that 
predicable alignment alone has not necessarily translated 
into improved clinical results [1,6,9,11]. Liow et  al [10] 
randomized 60 knees (31 robotic) and at 6 months’ follow-
up reported no overall difference in range of motion, Oxford 
knee score, Knee Society Score, or any Short Form Health 
Survey (SF-36) metrics (except vitality). Song et  al [18] 
performed a prospective, randomized trial of 100 TKA pro-
cedures (50 robotic) and at minimum 41 months’ follow-up 
reported no difference in HSS knee score, range of motion, 
or Western Ontario and McMaster University Arthritis 
Index (WOMAC) scores, but did note improvement in flex-
ion-extension gap balancing and reduction in alignment 
outliers. Yang et al [19] reported minimum 8-year follow-
up outcomes for 71 robotic TKA versus 42 conventional 
procedures and found no difference between HSS, 
WOMAC, visual analogue scale, or range of motion scores. 
Specifically, several well-designed studies concluded com-
puter-assisted TKA improves component alignment preci-
sion and accuracy [6], but future studies are required to 
determine if component alignment and short-term outcomes 
translate into improved long-term implant survivorship and 
patient satisfaction [8,12]. None of the above studies cus-
tomized the plan to the patient intraoperatively or changed 
their alignment goals depending on the patients’ soft tissue 

balance. Several studies have examined non-haptic rTKA, 
but few have focused on haptic-based technology with 
long-term clinical results.

When a surgical plan can be accurately adjusted with 
haptic execution, it may be possible to individualize surgery 
for each patient while maintaining near neutral mechanical 
alignment and avoiding excess soft tissue stripping. Kayani 
et al [7] developed a soft tissue scoring system and found 
that haptic-based robotic-assisted technology led to less soft 
tissue damage than mechanical guides. They went on to 
report in-hospital early outcomes and found that haptic 
rTKA patients had a short length of stay, lower opioid 
requirements, lower pain scores, better range of motion, and 
fewer physical therapy sessions prior to discharge [8].

Marchand et al [12] investigated short-term patient satis-
faction outcomes in 20 consecutive haptic rTKAs and 20 
manual TKAs at 6 months postoperatively, reporting sig-
nificantly improved outcomes with the haptic rTKA cohort 
in terms of WOMAC mean pain and overall satisfaction 
scores (P < .05).

While the previously mentioned studies [10,12,17,19] 
differ in clinical outcome measures, all reported improved 
alignment and reduction of outliers relative to the mechani-
cal axis with the use of robotics. Component positioning in 
this study not only resulted in fewer outliers, but precise 
alignment was achieved within 0.45° to 0.63° of the final 
planned position. Having the freedom and confidence to 
reliably place implants within 1° of a plan is advantageous, 
regardless of the intended target.

Haptic-guided rTKA demonstrated high reliability and 
accuracy of coronal tibial, coronal femoral, tibial sagittal, 
and mechanical alignment when comparing the executed 
intraoperative plan to the 1-year postoperative biplanar hip-
to-ankle radiographs. In addition, patient-reported outcomes 
were excellent 2 years after surgery. Long-term follow-up 

Table 2.  Patient-reported outcomes.

PROM Time Mean SE
95% CI
lower

95% CI
upper P value

KOOS JR 6 weeks 81.0 0.7 79.7 82.3 <.001
3 months 84.8 1.2 82.5 87.1  
1 year 89.6 1.1 87.5 91.7  
2 years 89.6 1.0 87.5 91.7  

LEAS 6 weeks 8.5 0.2 8.1 8.9 <.001
3 months 11.9 0.4 11.0 12.7  
1 year 11.9 0.3 11.4 12.5  
2 years 11.9 0.2 8.6 12.7  

NPRS 6 weeks 2.2 0.2 1.9 2.5 <.001
3 months 0.9 0.1 0.7 1.2  
1 year 0.7 0.1 0.5 0.9  
2 years 0.7 0.1 0.5 0.8  

CI confidence interval, KOOS JR Knee Injury and Osteoarthritis Outcome Score Junior, LEAS Lower Activity Extremity Score, NPRS Numeric Pain 
Rating Scale, PROM patient-reported outcome measures, SE standard error.
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studies should investigate the clinical advantage of reliable 
alignment, decreased outliers, and ability to place implants 
in patient-specific, precise alignment. Further clinical evi-
dence is needed to determine if this technology and tech-
nique of balancing will lead to improved long-term outcomes 
and survivorship.
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