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arthroplasty using NAVIO

and ROSA
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This study aimed to compare the cutting and component placement accuracies and early outcomes
after total knee arthroplasty (TKA) between an image-free handheld robotic system (NAVIO) and a
radiography-based robotic system (ROSA). This retrospective study included 88 patients (88 knees)
who underwent TKA using the NAVIO (40 patients) or ROSA (48 patients) robotic systems. The
accuracies of the robotic systems were compared. Clinical scores were evaluated using the Knee
Society Score 2011 (KSS 2011) and the forgotten joint score (FJS)-12 at 1 year postoperatively. The
femoral sagittal cutting error was smaller in the NAVIO group than in the ROSA group. The other
cutting errors were not statistically different in both groups. Implantation errors did not differ
between the groups. Regarding the clinical outcomes of the KSS 2011 subscales, the symptoms score
was higher in knees operated using ROSA than in those using NAVIO. The other KSS 2011 subscales
and the FJS-12 showed no differences between the two groups. In conclusion, the femoral sagittal
cutting error was smaller in the NAVIO group than in the ROSA group, and the KSS 2011 symptom
score subsection at one year was higher in the knees operated using ROSA than in those using NAVIO.

Total knee arthroplasty (TKA) using a robotic system yields excellent knee alignment and reduces radiographic
outliers. However, there is a debate surrounding the clinical outcomes after TKA using a robotic system versus the
standard TKA!"*. Most previous studies have focused on computed tomography (CT)-based robotic systems!™.
However, surgeons can perform robot-assisted TKA without preoperative CT imaging>-5.

NAVIO is an image-free handheld robotic system (Smith & Nephew, Memphis, TN, USA). After morphing
the femoral and tibial surfaces, surgeons can manually apply varus and valgus stresses during full range of motion
(ROM) to apply tension the lateral and medial structures. All cutting levels are determined based on soft tissue
laxity. The distal femur and proximal tibia are cut using a handheld burring device with robotic control of the
planned resection area and depth (Fig. 1A)"58,

Rosa is an image-based robotic system (Zimmer Biomet, Warsaw, IN, USA), where the surgeon can proceed
only if the landmark points show a correspondence with the preoperative radiographic planning; it is also avail-
able in an imageless option, relying solely on the correct quality of the acquisition for bone morphology and
resections®'’. As with NAVIO, varus and valgus stresses are applied manually during full ROM, and the cutting
levels of the distal femur and proximal tibia are determined based on soft tissue laxity. After intraoperative plan-
ning, the ROSA robotic system places and holds the cutting guide at the desired location, and the surgeon cuts
the bone through the guide using a bone saw (Fig. 1B)!"'2

Both robot-assisted surgical systems enable surgeons to obtain excellent radiographic results and satisfactory
early outcomes”*!31*, Mancino et al.’’ conducted a comparison between the accuracy of the planned implant
positioning of the ROSA robotic system and an accelerometer-based navigation system. The knees treated with
ROSA exhibited a significantly reduced error from the planned target angles for both femoral and tibial com-
ponents. However, no studies have compared the radiographic and clinical outcomes of the NAVIO and ROSA
systems.

This study aimed to compare the cutting and component placement accuracies, as well as early outcomes
after TKA using NAVIO and ROSA. It was hypothesized that radiographic and early clinical outcomes would
be similar when using either NAVIO or ROSA.

Department of Orthopaedic Surgery, Mie University Graduate School of Medicine, 2-174 Edobashi, Tsu City,
Mie 514-8507, Japan. “email: masahase@clin.medic.mie-u.ac.jp

Scientific Reports|  (2024) 14:3192 | https://doi.org/10.1038/s41598-024-53789-4 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-53789-4&domain=pdf

www.nature.com/scientificreports/

Figure 1. (A) NAVIO, cutting the distal femur with a hand-held burring device. (B) ROSA, cutting the distal
femur using a bone saw.

Materials and methods

Patients

This retrospective study included 88 patients (88 knees) who underwent TKA using the NAVIO or ROSA robotic
systems. Forty patients were treated using NAVIO between January 2021 and January 2022, whereas forty-eight
patients were treated at another institution using ROSA between February 2021 and December 2021. The exclu-
sion criteria were revision surgeries and severe deformities requiring a constrained implant. The same surgeon
(MH) performed all surgeries via the midvastus approach. Table 1 shows the patient demographics including
age, sex, diagnosis, and body mass index (BMI).

Surgical technique and component design

The anterior and posterior cruciate ligaments were sacrificed in all cases. In the NAVIO group, a second-gen-
eration bicruciate-substituting (BCS) prosthesis (Journey II, Smith and Nephew) was used. The surface of the
tibial polyethylene insert is concave on the medial side and convex on the lateral side. The coronal joint line was
designed with a 3° varus to replicate the normal knee anatomy'®. In the ROSA group, the Persona Knee (Zim-
mer Biomet) with a medially congruent (MC) polyethylene insert was used. The MC polyethylene insert has a
greater medial contact area to reduce contact stresses and a higher anterior lip on the medial side to increase
subluxation resistance'”. On the lateral side, reduced posterior conformity and an arcuate-bearing path facilitate
external rotation. The surface of the insert is concave on both sides.

In both groups, after applying varus and valgus stresses manually from extension to flexion, the bone cut
thicknesses of the distal femur and proximal tibia were planned, allowing for medial tightness (Fig. 2A,B). The
distal femoral and proximal tibial osteotomies were planned perpendicular to the mechanical axis in the coronal
plane. The flexion angles in the sagittal plane were 3° and 4° in the NAVIO and ROSA groups, respectively. The
posterior slopes in the sagittal plane were 3° and 4° in the NAVIO and ROSA groups, respectively. In the ROSA
group, the size and external rotation of the femoral component were determined using a tension meter in exten-
sion and 90° flexion (Fig. 2C). Femoral rotation was determined to be parallel to the epicondylar axis. In knees

NAVIO group’ | ROSA group | p-value

Age (years) 723+7.3 73.6+6.4 0.494
Sex 0.131
Male 13 8

Female 27 40

Diagnosis >0.999
Osteoarthritis 40 47

Rheumatoid arthritis | 0 1

BMI (kg/m?) 27.7%5.1 26.3+5.1 0.081

Table 1. Demographic characteristics. BMI body mass index. Values of age and BMI are presented as
mean * standard deviation.
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Figure 2. Screenshot of planning for bone cutting. The amount of bone cutting was determined to achieve
equal soft tissue balance in extension and 90° of flexion, allowing medial tightness. (A) NAVIO, the bone-cutting
plan in extension and 90° flexion. (B) ROSA, the bone-cutting plan in extension. (C) ROSA, the bone-cutting
plan in 90° flexion.

with excessive medial tightness, external rotation of the femoral component up to 7° relative to the posterior
condylar axis was planned.

Evaluation
The cutting angles were validated using the robotic system in both groups. After inserting the polyethylene sur-
face, the soft tissue balance was manually evaluated under varus and valgus stresses from extension to flexion.
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Intraoperative mediolateral laxity was defined as the difference between varus and valgus stresses evaluated at
0°, 30°, 60°, 90°, and 120°.

The cutting errors, intraoperative robotic records, and postoperative measurements obtained using plain
radiographs were evaluated. The cutting error was defined as the difference between the planned and validated
cutting angles. The implantation error was defined as the difference between the planned and measured radio-
graphic angles. The signed and absolute errors were computed. Positive values in the signed errors indicate
valgus in coronal alignment, flexion in femoral sagittal alignment, and posterior tilt in tibial sagittal alignment.
Conversely, negative values signify varus in coronal alignment, extension in femoral sagittal alignment, and
anterior tilt in tibial sagittal alignment.

After all the components were implanted, the lateral and medial laxities of the knee were manually measured
with the knee at 0°, 30°, 60°, 90°, and 120°, guided by the robotic systems. Factors affecting patient satisfaction
and expectations, including lateral and medial laxities, were evaluated using the Knee Society 2011 score (KSS
2011)"8. Clinical scores were evaluated using the KSS 2011 and the forgotten joint score (FJS)-12 at one year
postoperatively.

All procedures were performed in accordance with the principles of the Declaration of Helsinki. Our insti-
tutional review board approved this study (H2018-083). Prior to enrollment, written informed consent was
obtained from each patient.

Statistical analyses

In previous studies”", the difference in the femoral sagittal cutting errors between NAVIO and ROSA was 0.4°.
Based on this finding, a sample size of 20 knees in each group was required to detect a significant difference
between the groups (a=0.05, power =0.8).

The age and BMI of the patients, operative time, ROM, KSS 2011, FJS-12, cutting errors, implantation errors,
and hip-knee-ankle (HKA) angle were compared between the groups using the Mann-Whitney U test. The chi-
square test was used to compare the sexes. Preoperative and postoperative comparisons of knee ROM and KSS
2011 scores were performed for each group using the Wilcoxon signed-rank test. Correlation analyses between
the laxities (medial, lateral, and mediolateral) and the KSS 2011 categories (symptoms, patient satisfaction,
expectations, and functional activities) were performed using Spearman’s rank correlation test in both groups.
Statistical significance was set at p <0.05, using EZR version 1.61%.

Results

The cutting errors are listed in Table 2. The femoral sagittal absolute error was smaller when using NAVIO than
when using ROSA. The femoral cutting in the ROSA group exhibited a significantly greater degree of varus
angulation and extension. The other cutting errors were not significantly different in both groups.

Table 3 displays the implantation errors. No differences were found in the absolute implantation errors
between the two groups. However, the femoral component in the ROSA group was implanted significantly more
extended in position. HKA angle outliers were not observed between the groups.

In the knees operated using NAVIO, the mean ROM significantly improved from 110.5+21.1° to 128.6+13.1°
(p<0.001)”. The mean ROM also improved from 114.5+22.6° to 127.3 +15.0° in the knees operated using ROSA
(p<0.001). Preoperative and postoperative ROM were not significantly different between the groups (p=0.331
and p =0.942, respectively). The preoperative and postoperative KSS 2011 scores are shown in Table 4. Overall
scores improved significantly. Category scores for symptoms, satisfaction, and functional activities improved
significantly. However, expectation scores worsened (p <0.001). Regarding the clinical outcomes of the KSS
2011 subscales at one year, the symptoms score subscale was higher in knees operated using ROSA than in those
using NAVIO (p=0.0167), with the other subscales showing no significant differences between the groups.
Similarly, postoperative FJS-12 showed no difference between the groups (NAVIO group 66.1 +27.4, ROSA
group 64.5+22.6, p=0.566).

The mean intraoperative lateral laxity with the knee at 0°, 30°, 60°, 90°, and 120° was 2.8°, 2.6°, 2.9°, 3.6°,
and 3.3° using NAVIO, and 2.3°, 3.5° 3.1°, 3.2°, and 3.9° using ROSA, respectively. Lateral laxity at 30° was
significantly greater in the ROSA group than in the NAVIO group (p =0.025). The other parameters showed no
significant differences. The mean intraoperative medial laxity with the knee at 0°, 30°, 60°, 90°, and 120° was 1.5°,

Signed error* Absolute error

NAVIO group | ROSA group | p-value | NAVIO group’ | ROSA group | p-value
Femur
Coronal (°) 0.12+0.44 -0.07£0.36 0.011 | 0.36+0.27 0.29+0.22 0.189
Sagittal (°) 0.59+0.45 -0.87£0.60 <0.001 | 0.59+0.45 0.88+0.58 <0.001
Tibia
Coronal (°) 0.10+0.44 0.14+0.38 0.718 | 0.37+0.24 0.33+0.23 0.452
Sagittal (°) 0.07+0.51 —-0.08+0.66 0.453 | 0.39+0.32 0.55+0.37 0.054

Table 2. Signed and absolute cutting errors. Quantitative variables are presented as mean + standard deviation.
*Positive values indicate valgus in coronal alignment, flexion in femoral sagittal alignment, and posterior tilt

in tibial sagittal alignment. Negative values indicate varus in coronal alignment, extension in femoral sagittal
alignment, and anterior tilt in tibial sagittal alignment.
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Signed error® Absolute error

NAVIO group | ROSA group | p-value |NAVIO group’ | ROSA group | p-value
Femur
Coronal (°) -0.01£0.64 -0.14£0.79 0.388 0.41+0.48 0.47£0.65 0.978
Sagittal (°) -0.20£1.20 -1.09+£0.89 <0.001 |0.90+0.80 1.11+£0.75 0.217
Tibia
Coronal (°) —-0.10£0.67 -0.03£1.48 0.655 0.43+0.53 0.59+1.35 0.996
Sagittal (°) -0.51+£0.64 -0.75£0.77 0.117 0.64+0.51 0.90+0.59 0.056

Table 3. Signed and absolute implantation errors. Quantitative variables are presented as mean + standard
deviation. *Negative values indicate varus in coronal alignment, extension in femoral sagittal alignment, and
anterior tilt in tibial sagittal alignment.

Preoperative Postoperative

NAVIO group’ | ROSA group | p-value | NAVIO group’ | ROSA group | p-value
Overall 82.2+29.3 85.4+25.8 0.546 115.3+35.0 127.3+27.8 0.075
Symptoms 104+6.1 9.1£5.9 0.318 19.9+3.7 21.5+3.8 0.017
Satisfaction 14.5+6.9 14.9+6.1 0.946 24.7+9.5 27.7+8.0 0.166
Expectations 13.7+1.6 13.5+1.7 0.651 8.9+2.8 9.8+2.8 0.164
Functional activities | 43.8+21.1 47.9+18.6 0.388 61.8+24.3 69.2+£17.8 0.179

Table 4. Preoperative and postoperative Knee Society Score 2011. Quantitative variables are presented as
mean * standard deviation.

1.6° 1.8° 2.5°% and 2.9° and 1.6°, 2.4°, 1.9, 2.6°, and 2.8°, using NAVIO and ROSA respectively. Medial laxity
at 30° was significantly greater in the ROSA group than in the NAVIO group (p=0.011). The other parameters
showed no significant differences. The mean intraoperative mediolateral laxity with the knee at 0°, 30°, 60°,
90°, and 120° was 4.1°, 4.9°, 4.6°, 5.9°, and 6.1° using NAVIO (Fig. 3A) and 3.9, 5.8°, 4.9°, 5.7°, and 6.6° using
ROSA, respectively (Fig. 3B). Mediolateral laxity showed no significant differences at any of the measurements,
including those at 30°. Intraoperative laxity did not affect the categories of KSS 2011 in knees operated using
NAVIO and ROSA.

Discussion

The most important findings of this study were that the two robotic systems, the image-free handheld robotic
system, NAVIO, and the radiography-based robotic system, ROSA, showed no differences in the radiological
alignment of the implants; however, the femoral sagittal cutting error was smaller in the NAVIO group than in
the ROSA group. The possible explanations for this are as follows: (a) ROSA used a traditional bone saw, whereas
NAVIO used a handheld burring device; (b) Cutting of the distal femur is likely to occur in extension due to
deviation of the saw blade from the weight of the saw?b22, In addition, when cutting bones with sclerosis, the
saw blade is likely to bend, resulting in cutting errors. (c) Cutting guide movement also leads to cutting errors,
particularly in bones with osteoporosis'®. A significant difference was observed between the average planned
and validated cutting angle of the femoral flexion using ROSA robotic system, although the average difference
was below 1° with standard deviation of less than 1'°. This variance may be attributed to a potential manual error
made by the surgeon when applying the validation tool to the rough bone surface.

Our results showed that in TKA, the radiography-based robotic system, ROSA resulted in a significant
decrease in operative time and an increase in the KSS 2011 symptoms score compared to the image-free handheld
robotic system, NAVIO. The use of a handheld burring device required more time compared to using a saw blade.
The disparity in outcomes may be attributed to the implant rather than the robotic system. TKAs with the MC
design have demonstrated excellent outcomes at mid-term follow-up, with no significant differences observed
in case involving the preservation or sacrifice of the posterior cruciate ligament®.

A previous study compared the postoperative clinical scores after TKA between BCS and posterior-stabilized
(PS) designs. No differences were found between the two designs in terms of pain (visual analog scale), Oxford
Knee Score (OKS), or KSS 2011 at two years*’. The first-generation BCS (Journey I, Smith & Nephew) was used
in the study by Scarvell et al.*.

Iiotibial band (ITB) traction syndrome due to excessive lateral rollback and a risk of knee dislocation were
reported using the first-generation BCS system (Journey 1)*>?. A redesigned Journey II (Smith and Nephew)
was introduced. The position of the post was moved anteriorly to further maintain a more anatomically correct
femoral rollback, reducing ITB tension. The height of the posts was increased to prevent dislocation. Thus, the
second-generation system (Journey II) had a lower risk of reoperation and revision than the first-generation
system (Journey I)*’. The midterm revision risk of the second-generation system (Journey II) was similar to that
of the registry controls in the PS design®®. Another study compared the second-generation BCS and PS designs,
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Figure 3. Screenshot of assessment of the soft tissue balance after implantation. (A) NAVIO (B) ROSA.

and the Knee Injury Osteoarthritis Survey for joint replacement and ROM showed no differences between the two
designs®. When postoperative clinical scores after TKA were compared between BCS and cruciate-retaining (CR)
designs, no differences were found in terms of the Western Ontario and McMaster Universities Osteoarthritis
Index score and the OKS at 2 years'®. However, the ROM was better in the BCS design than in the CR design.
Indelli et al.'” compared the postoperative OKS, KSS 2011, and ROM after TKA between MC and PS designs. At
the two-year minimum follow-up, there were no statistically significant differences between the two groups in
the average OKS and KSS 2011 scores. However, ROM was better in the MC design than in the PS design. When
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reviewing outcomes after TKA with the use of MC, CR, or PS bearing within the same implant system, MC knees
exhibited lower visual analog scale scores than PS knees at 2 weeks, 6 weeks, 3 months, and 1 year, along with a
higher ROM than PS knees at 2 weeks. Additionally, MC knees demonstrated a significantly higher FJS-12 than
CR knees®. The MC design may contribute to reduced pain in the present study. No studies have compared the
early outcomes between BCS and MC designs. BCS and MC designs may affect postoperative pain.

To the best of our knowledge, the present study is the first to assess the clinical and radiographic results
between NAVIO (second-generation BCS design) and ROSA (MC design) robot-assisted TKA. The BCS design
is reportedly sensitive to femorotibial component rotational mismatches. The femorotibial component rotational
mismatch and postoperative clinical outcomes, including flexion angle and KSS 2011 scores, were negatively
correlated. The guided-motion design may have a higher joint restraint than the conventional design®'. This
rotational mismatch might be one of the reasons for the inferior KSS 2011 symptoms score in the NAVIO group.

The medial and lateral laxities at 30° were greater in knees operated using ROSA than in those using NAVIO.
TKA using the BCS design can reduce mediolateral laxities in the midflexion range*>**. Previous studies have
demonstrated that midflexion laxity is associated with patient satisfaction and expectation®***. However, intra-
operative laxity did not affect patient satisfaction or expectations in this study.

The present study had some limitations. First, this was a small cohort of 40 and 48 patients in the NAVIO and
ROSA groups, respectively. Second, the follow-up period was only one year. Third, the femorotibial component
rotational mismatch was not evaluated. Finally, both BCS (NAVIO) and MC (ROSA) designs were used in this
study. Further studies should be conducted using the MC design in both robotic systems.

Conclusions

The two robotic systems showed no differences radiographically; however, the femoral sagittal cutting error was
smaller in the NAVIO group than in the ROSA group, operative time was shorter in the ROSA group, and the
KSS 2011 symptoms score at one year was higher in the knees operated using ROSA than in those using NAVIO.
The hypothesis that radiographic outcomes would be similar after TKA using NAVIO and ROSA was confirmed;
however, another hypothesis that early clinical outcomes would be similar was disproved.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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