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ABSTRACT

Background

Robotic assistance and computer navigation may improve component positioning in total
knee arthroplasty (TKA), but their clinical value depends on whether radiographic gains
justify additional operative time and expenditure.

Objective

To compare robotic-assisted TKA (RA-TKA), computer-navigated TKA (CN-TKA), and
conventional jig-based TKA (JIG-TKA) with respect to perioperative efficiency, short-term
clinical efficacy, mechanical-axis restoration, cost, complications, and the observed learning
curve.

Methods

This prospective three-group clinical study included 40 patients: 14 RA-TKA, 13 CN-TKA,
and 13 JIG-TKA. Preoperative Oxford Knee Score (OKS), KOOS-Pain, flexion, and varus
deformity were recorded. Perioperative endpoints included operative time, tourniquet time,
blood loss, implant cost, and total hospital cost. Six-week and 3-month functional outcomes,
mechanical-axis deviation, complications, surgeon experience, and learning phase were
analysed. An exploratory alignment-based cost-consequence analysis used achievement of
alignment within +1° as the effectiveness outcome.

Results

Baseline characteristics were comparable. Mean operative time was 96.14+£8.55 minutes with
RA-TKA, 89.38+8.28 minutes with CN-TKA, and 72.31+5.78 minutes with JIG-TKA
(p<0.001). Mean total hospital cost was INR 7,40,500, INR 4,20,755, and INR14,131+411,
respectively (p<0.001). Three-month OKS did not differ significantly (41.79+2.39,
42.3142.63, and 41.38+3.73; p=0.730). Absolute mechanical-axis deviation was lower with
RA-TKA and CN-TKA than with JIG-TKA (0.76+0.58°, 0.75+0.55°, and 1.61+0.84°;
p=0.007). Alignment within £1° was achieved in 78.6%, 76.9%, and 23.1%, respectively
(p=0.006). Complication rates were similar (p=1.000). Operative time did not vary
significantly across recorded learning phases in any group, and surgeon experience was not
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correlated with operative duration. Compared with JIG-TKA, the incremental cost per
additional patient aligned within £1° was INR 7,40,500 for RA-TKA and INR 4,20,755 for
CN-TKA.

Conclusion

RA-TKA and CN-TKA improved short-term mechanical alignment. No statistically
detectable between-group difference was found in early patient-reported or functional
outcomes, although the small exploratory sample limits inference. Both technology-assisted
techniques increased cost and operative time, with CN-TKA showing the more favourable
alignment-based cost profile. No measurable learning-curve effect was demonstrated within
this experience-stratified cohort.

Keywords: Robotic-Assisted Total Knee Arthroplasty, Computer Navigation, Mechanical
Alignment, Cost-Effectiveness, Oxford Knee Score, Learning Curve.

INTRODUCTION

Technological assistance in total knee arthroplasty has expanded rapidly because
conventional jig-based instrumentation, although dependable, remains sensitive to anatomic
variation and intraoperative execution. Robotic platforms and computer navigation seek to
reduce that variability through digital planning, real-time feedback, and controlled bone
preparation. Greater precision is consistently reported. Deckey et al. demonstrated narrower
deviations in implant positioning with robotic assistance than with conventional techniques.!!
In a prospective randomised study, Liow et al. likewise found more accurate restoration of
the joint line and mechanical axis after robot-assisted TKA.[?!

Precision, however, is not synonymous with a better patient experience. Functional
recovery after TKA reflects pain relief, rehabilitation, preoperative disability, soft-tissue
balance, and expectations, in addition to coronal alignment. Randomised evidence comparing
computer-assisted and conventional TKA has shown that improved alignment may coexist
with similar functional scores.®! Registry evidence has suggested a lower revision risk with
computer navigation among younger patients, yet that potential long-term advantage is not
easily translated into the short-term outcomes that patients and hospitals encounter first.!*!

Early recovery is another area of interest. Robotic-arm assistance has been associated
with reduced inpatient physiotherapy requirements and earlier discharge in selected
pathways.’! Such gains are clinically relevant, but their economic meaning depends heavily
on acquisition costs, maintenance, consumables, implant pricing, theatre time, and utilisation
volume. Episode-of-care analyses have reported that robotic TKA can become economically
competitive under specific assumptions.!®’ Model-based evaluations also indicate that cost-
effectiveness is highly sensitive to case volume and the willingness-to-pay threshold.l”? These
conditions differ substantially between corporate hospitals, high-volume metropolitan
centres, and resource-constrained orthopaedic services in India.

The learning curve further complicates adoption. Kayani et al. reported that robotic
integration into surgical workflow stabilised after approximately seven cases, without loss of
implant-positioning accuracy during the learning period.® Other investigators have described
a longer operative-time learning curve of approximately 16 cases.l’! Yet a reported threshold
cannot be transferred automatically between platforms or teams. Baseline surgeon
experience, theatre familiarity, workflow design, and the way cases are sequenced all
influence what appears to be a learning effect.

Finally, the clinical importance of a neutral mechanical axis remains debated. Long-
term data have questioned whether every modest deviation necessarily compromises implant
survival,!'”! but large outliers are still undesirable and accurate restoration continues to be a
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central technical endpoint. The practical question is therefore broader than whether
technology produces straighter radiographs. Does it improve early function, and at what cost?
Does operative efficiency improve as experience accumulates? This prospective study
compared RA-TKA, CN-TKA, and JIG-TKA across clinical, radiological, economic, and
learning-curve outcomes.

MATERIALS AND METHODS

Study Design and Setting
A prospective, three-group comparative clinical study was conducted in the Department of
Orthopaedics.

Study Period
18 Months from September 2022 to March 2024.

Study Population and Sample Size

The analysis included 40 patients undergoing total knee arthroplasty. Fourteen patients
underwent robotic-assisted TKA, 13 underwent computer-navigated TKA, and 13 underwent
conventional jig-based TKA. Given the small fixed group sizes, the study was treated as
exploratory and was not interpreted as a definitive non-inferiority or safety comparison.

Study Groups
Patients were analysed according to the operative technology used: RA-TKA, CN-TKA, or
JIG-TKA.

Baseline Assessment
Age, sex, body mass index, preoperative Oxford Knee Score (OKS), KOOS-Pain, knee
flexion, and varus deformity were recorded.

Perioperative and Economic Outcomes

Operative time, tourniquet time, estimated blood loss, implant cost, and total hospital cost
were compared. All economic analyses used the recorded United States dollar values without
further currency conversion or inflation adjustment. Implant cost showed no within-group
variation and was therefore treated as a fixed group-specific cost rather than subjected to
inferential testing.

Clinical and Radiological Outcomes

Six-week outcomes were OKS, flexion, visual analogue scale pain, and complications. Three-
month outcomes were OKS, KOOS-Activities of Daily Living (KOOS-ADL), flexion, and
mechanical-axis deviation. The OKS ranged from 0 to 48, with higher scores indicating better
knee function. KOOS subscales ranged from 0 to 100, with higher scores indicating fewer
symptoms or activity limitations. For postoperative mechanical-axis values, positive values
denoted residual varus and negative values denoted valgus. Absolute deviation from neutral
was calculated, with alignment also categorised as within =1° and +2° of neutral.

Learning-Curve Assessment

Surgeon experience and early, mid, or late learning phase were recorded. Operative time was
compared across phases, and its correlation with experience was examined.
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Exploratory Cost-Consequence Analysis

An exploratory cost-consequence analysis compared mean hospital cost with the proportion
aligned within £1°, using JIG-TKA as reference. Incremental cost was divided by
incremental alignment success. This was not a quality-adjusted life-year-based economic
evaluation.

Statistical Analysis

Continuous variables are reported as meantstandard deviation and categorical variables as
frequency and percentage. One-way ANOVA with Tukey honestly significant difference
post-hoc testing was used for normally distributed outcomes. Kruskal-Wallis testing was used
for non-normal outcomes; when the overall test was significant, pairwise Mann-Whitney U
comparisons were Bonferroni-adjusted. Sex was compared by chi-square test, and sparse
categorical outcomes by the Fisher-Freeman-Halton exact test. Paired t-tests assessed within-
group OKS change, while Pearson correlation examined experience and operative time.
Multiplicity adjustment was applied to post-hoc pairwise comparisons, but not across
clinically distinct outcomes; consequently, the analyses were interpreted as exploratory. A
two-sided p<0.05 was considered statistically significant.

RESULTS

Baseline Comparability

The three groups were comparable in age, sex distribution, body mass index, preoperative
OKS, KOOS-Pain, knee flexion, and varus deformity. None of the baseline comparisons
reached statistical significance (Table 1).

Parameter RA-TKA (n=14)|CN-TKA (n=13) Jl((jzgi)A p-value
Age (years) 68.57+3.34 68.00 + 3.89 68.00 £ 4.26 0.904
Female, n (%) 7 (50.0) 7 (53.8) 6 (46.2) 0.926
BMI (kg/m?) 30.53 +1.85 30.46 +£2.25 30.48 £2.22 0.996
Preoperative OKS 21.14£2.98 21.77+£3.24 21.38 £3.52 0.881
Preoperative KOOS-Pain 53.93£5.93 54.77 £6.33 54.38+7.02 0.944
Preoperative flexion (°) 104.79 £ 8.36 106.31 £9.05 105.92 +£9.78 0.902
Preoperative varus (°) 14.07 £ 3.32 13.08 + 4.03 13.46 &+ 4.68 0.812

Table 1. Baseline characteristics of the study groups
Values are mean+=SD unless stated otherwise. ANOVA was used for continuous variables and
chi-square test for sex distribution

Perioperative Efficiency and Cost

Operative and tourniquet times differed markedly among groups (Table 2; Figure 1). JIG-
TKA was the fastest technique. Post-hoc analysis showed significantly shorter operative time
for JIG-TKA than for RA-TKA and CN-TKA (both p<0.001), while the RA-TKA versus
CN-TKA difference did not reach significance (p=0.070). The same pattern was observed for
tourniquet time. Blood loss was comparable (p=0.204). Total hospital cost differed across all
three groups (p<0.001); RA-TKA cost INR 7,40,500 more per patient than JIG-TKA, and
CN-TKA cost INR 4,20,755 more. These represented cost premiums of 31.6% and 16.9%,

respectively (Figure 2).
o @
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Outcome RA-TKA (n=14)|CN-TKA (n=13) JI(ﬁ;’{;()A p-value
Operative time (min) 96.14 + 8.55 89.38 + 8.28 72.31+£5.78 | <0.001
Tourniquet time (min) 81.93 +£7.64 76.08 + 7.87 62.15+5.73 | <0.001
Blood loss (mL) 185.64 +£26.06 | 17531 +£22.75 | 19292 +2534 | 0.204
Implant cost (USD) 6,200 4,200 2,800 —
Total hospital cost (USD) 18,600 + 629 16,515 £ 472 14,131 £411 | <0.001

Table 2. Perioperative and economic outcomes
Values are mean£SD. Overall p-values are from one-way ANOVA. Implant cost showed no
within-group variability; therefore, no inferential p-value was calculated for this row

mmm Operative time e Tourniquet time

100 1

80 A

60 1

Time (minutes)

40 A

20 A

RA-TKA CN-TKA JIG-TKA

Figure 1. Operative and tourniquet times according to TKA technique
Bars represent mean values and error bars represent standard deviation
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Fioure 2. Mean total hospital cost according to TKA technique
Early Clinical Efficacy

At 6 weeks, OKS, knee flexion, and pain scores were similar across groups. By 3 months,
mean OKS had improved by 20.64+0.84 points after RA-TKA, 20.54+0.88 points after CN-
TKA, and 20.00+0.82 points after JIG-TKA; each within-group improvement was significant
(p<0.001), whereas the between-group difference in improvement was not (p=0.138). Three-
month OKS, KOOS-ADL, and flexion also remained statistically comparable (Table 3;
Figure 3).

Outcome RA-TKA (n=14)[CN-TKA (n=13) JI(E:':;()A p-value
6-week OKS 34.43 £2.85 35.23 +£3.09 34.54 + 3.80 0.791
6-week flexion (°) 11557 +£5.24 | 116.69+5.11 | 115.62+6.56 | 0.848
6-week VAS pain 2.21£0.89 2.23+0.93 2.62+1.26 0.537
3-month OKS 41.79 +2.39 42.31 £2.63 4138 +3.73 0.730
3-month KOOS-ADL 84.36 £ 3.00 84.69 + 3.40 83.23 +4.66 0.582
3-month flexion (°) 12536 +£3.75 | 12592 +3.71 | 124.77+£5.23 | 0.790
Signed mechanical axis (°) -0.28 = 0.94 -0.24 +£0.92 1.61 £0.84 <0.001
Absolute axis deviation (°) 0.76 £ 0.58 0.75+0.55 1.61 +0.84 0.007
Within +1° of neutral, n (%) 11 (78.6) 10 (76.9) 3(23.1) 0.006
Complication, n (%) 1(7.1) 0(0.0) 1(7.7) 1.000

Table 3. Six-week and 3-month clinical and radiological outcomes
Values are mean£SD unless stated otherwise. Absolute axis deviation was compared using
Kruskal-Wallis test, sparse categorical outcomes used the Fisher-Freeman-Halton exact test
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Figure 3. Preoperative and 3-month Oxford Knee Scores
Bars represent mean values and error bars represent standard deviation

Mechanical Alignment

Signed mechanical-axis values differed significantly among groups (p<0.001); positive
values indicated residual varus and negative values indicated valgus. Absolute deviation from
neutral was approximately half as large with RA-TKA and CN-TKA as with JIG-TKA
(Kruskal-Wallis p=0.007). Bonferroni-adjusted pairwise comparisons showed no difference
between RA-TKA and CN-TKA (adjusted p=1.000), whereas RA-TKA and CN-TKA each
differed from JIG-TKA (adjusted p=0.019 and p=0.023, respectively). Alignment within +1°
occurred in 78.6% of RA-TKA, 76.9% of CN-TKA, and 23.1% of JIG-TKA cases (p=0.006;
Figures 4 and 5).
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Figure 4. Absolute 3-month mechanical-axis deviation from neutral
\Bars represent mean absolute deviation and ervor bars represent standard deviation
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Figure 5. Proportion of patients aligned within £1° of neutral at 3 months
Values above bars indicate the percentage within the prespecified alienment window

Complications

One RA-TKA patient had wound ooze, one JIG-TKA patient developed deep-vein
thrombosis, and no complication was recorded in the CN-TKA group. The overall difference
was not significant (p=1.000), and no revision procedure was recorded during the 3-month
follow-up.

Learning Curve
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The recorded early, mid, and late learning phases did not show a significant reduction in
operative time for RA-TKA, CN-TKA, or JIG-TKA (all p>0.70). Correlations between
surgeon experience and operative duration were negligible in all groups (Table 4; Figure 6).
Thus, the anticipated 15-20 case plateau could not be demonstrated from the observed
values.

. . Phase | Experience r
Technique, Early phase Mid phase Late phase p-value (»)
_ 98.00+12.00 95.88 £9.23
RA-TKA |95.00 = 5.00 (n=3) (n=3) (n=8) 0.917 | 0.025(0.933)
CN-TKA [90.33 + 13.65 (n=3)89.25 + 7.89 (n=4) 89"2336)7 2110978 | -0.024 (0.938)
JIG-TKA | 72.00 £ 6.73 (n=4) [74.67 £ 8.08 (n=3) 71'381:6?'72 0.746 | -0.033 (0.916)

Table 4. Operative time across learning phases and correlation with surgeon experience
Operative times are mean + SD minutes. Phase comparisons used one-way ANOVA;
correlations are Pearson r

mmm RA-TKA . CN-TKA e JIG-TKA

100 A 95.0 98.0 g5.9

Mean operative time (minutes)

Early Mid Late
Recorded learning phase

Figure 6. Mean operative time across the recorded learning phases
Values are mean operative times; phase-specific sample sizes were small and unequal

Exploratory Cost-Consequence Analysis

Compared with JIG-TKA, RA-TKA increased the probability of alignment within +1° by
55.5 percentage points at an additional mean cost of INR 4,20,755, yielding an incremental
cost of INR 7,40,500 per additional aligned patient. CN-TKA increased alignment success by
53.8 percentage points at an additional mean cost of INR 2,26,575, yielding INR4,18,700 per
additional aligned patient. Calculations used unrounded group means and observed
proportions. This alignment-based cost-consequence comparison favoured CN-TKA over
RA-TKA, while no statistically detectable short-term functional advantage was demonstrated.
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Comparison Incremental Incremental Cost per Additional
P Mean Cost Alignment Success Aligned Patient
RA_TK'?I,KSM JIG- INR4,469 +55.5 percentage points INRS,053
CN_TK’?‘H‘QXSHS JIG- INR2,385 +53.8 percentage points INR4,429

Table 5. Exploratory incremental cost-consequence analysis using alignment within £1° as
the outcome

Calculations used unrounded group means and observed proportions. This is an exploratory

cost-consequence estimate, not a quality-adjusted life-year-based economic evaluation

DISCUSSION

The central finding was a trade-off rather than a uniformly superior technique. Robotic
assistance and computer navigation produced more consistent restoration of the mechanical
axis, but the radiographic advantage was accompanied by longer operations and higher
hospital costs. At 3 months, all three groups achieved large and clinically coherent
improvements in OKS, with no statistically detectable separation in patient-reported function,
pain, or flexion. The result is important because it distinguishes technical efficacy from early
clinical effectiveness. A straighter postoperative axis was demonstrable. A better short-term
patient experience was not demonstrated in this exploratory sample.

The alignment pattern agrees with the wider technology-assisted TKA literature.
Robotic systems reduce variability by using image-based or image-free planning, quantified
bone resection, and controlled execution. Computer navigation offers a less mechanically
constrained route to the same broad objective by continuously displaying limb alignment and
resection orientation. The present absolute deviation values, approximately 0.75° in both
technology-assisted groups compared with 1.61° after jig-based TKA, are consistent with this
precision advantage. The proportion aligned within a tight +£1° window was also substantially
higher. This finding should not be interpreted to mean that every jig-based case was clinically
malaligned. Rather, technology narrowed dispersion around neutral.

Observed early function was similar, although the small group sizes limit any claim of
equivalence. Hoffart et al. reported comparable functional outcomes after computer-assisted
and conventional TKA despite radiological differences.!'!) Kim et al., in a randomized trial
with longer follow-up, did not demonstrate superior outcome scores or survivorship with
robotic TKA.["?! By contrast, Liow et al. observed improvement in some quality-of-life
measures after robotic assistance, suggesting that benefits may be detectable in selected
domains or populations rather than across every conventional score.!'3] The current study
used OKS, KOOS-ADL, flexion, and early pain. Across these endpoints, the groups
converged by 3 months. This may reflect a ceiling imposed by short follow-up: once pain is
relieved and rehabilitation is underway, small differences in component alignment may not
yet be visible in patient-reported scores.

The computer-navigated group deserves separate attention. It achieved alignment
precision comparable to RA-TKA at a lower mean cost and with a numerically shorter
procedure. A recent prospective randomized study also found that computer navigation
improved alignment-related measures without a consistent short-term clinical advantage over
conventional TKA.I'Y In hospitals where a robotic platform is not financially feasible,
navigation may therefore occupy a pragmatic middle position. It retains digital feedback and
alignment control while avoiding part of the cost premium associated with robotic equipment
and implants. This is especially relevant to Indian centres where capital investment, annual

Eissn: _1303-5150 460 é www.neuroquan tO|Ogy.Com



NeuroQuantology | June 2024 | Volume 24 | Issue 6 | Page 451-463 | doi: 10.48047/nq.2026.24.6. NQ26044
Dr. K. Jeevan Ravi / Evaluating the Efficacy, Cost-Effectiveness, and Learning Curve of Robotic-Assisted and Computer-Navigated Total
Knee Arthroplasty Compared with Traditional Jig-Based Methods: A Prospective Clinical Study

maintenance, disposables, and caseload concentration differ widely between public teaching
institutions and private high-volume arthroplasty units.

Cost findings should be interpreted carefully. The present analysis captured implant
and total hospital costs at patient level, but it did not distribute capital acquisition, service
contracts, software upgrades, or system depreciation across annual volume. Conversely, it
could not measure downstream savings from fewer revisions, faster discharge, or avoided
complications over several years. Rajan et al. showed through Markov modelling that robotic
TKA may become cost-effective under favourable assumptions about volume, revision risk,
and quality-of-life gain.' Our short-horizon results do not contradict that work. They
answer a narrower question: within the observed episode, RA-TKA cost 31.6% more and
CN-TKA 16.9% more than JIG-TKA, while no statistically detectable difference in early
functional outcomes was found.

The alignment-based incremental analysis adds another layer. CN-TKA required
approximately INR 4,20,755 per additional patient aligned within £1° relative to JIG-TKA,
compared with INR 7,40,500 for RA-TKA. This does not establish that one strategy is cost-
effective in the formal health-economic sense. There was no willingness-to-pay threshold for
a one-degree alignment target, and no quality-adjusted life-year calculation. Still, the
comparison makes the opportunity cost visible. When clinical scores are similar, a hospital
adopting technology is effectively paying for precision, workflow capabilities, and possible
long-term value that has not yet appeared in short-term patient-reported outcomes.

The learning-curve analysis did not confirm the expected decline in operative time.
Published series have described early robotic learning curves, including operative
stabilisation after a limited number of cases.[®!1®) Active robotic systems may require longer
familiarisation depending on registration, planning, pin placement, and team workflow.!'”] In
the present cohort, phase-specific operative times were almost flat and correlations with
experience were near zero. This should not be read as proof that no learning curve exists. The
phase groups were small, surgeon experience values were coarse, and case order was not
captured as a continuous institutional sequence. Another plausible explanation is that the
operators had already crossed the steepest portion of their learning curve before these cases
were observed. What the results do show is that a 15-20 case plateau cannot be claimed from
these 40 observations.

Complications were uncommon and statistically similar, with one episode of wound
ooze after RA-TKA and one deep-vein thrombosis after JIG-TKA. The sample was far too
small to compare safety reliably, and the 3-month horizon excludes late infection, instability,
aseptic loosening, and revision. No major safety signal emerged, but equivalence cannot be
inferred from two events.

The study has several limitations. The fixed sample of 40, divided into small and
unequal groups, restricts precision and was insufficient for definitive non-inferiority, safety,
or complication comparisons; failure to detect a difference should therefore not be interpreted
as proof of equivalence. Follow-up ended at 3 months, whereas the main rationale for
improved alignment may concern durability rather than immediate recovery. Implant cost
was constant within each group, so part of the observed cost difference is inseparable from
local procurement and implant-package pricing rather than technology alone. The hospital-
cost analysis did not include capital amortisation, service contracts, rehabilitation costs,
patient productivity, inflation adjustment, or long-term revision. Its estimates should not be
transferred directly to other hospitals or currencies. Mechanical-axis measurement
methodology and interobserver reliability were not available for secondary analysis. Learning
phase was categorical, unevenly populated, and did not represent a fully observed
consecutive case sequence, limiting any inference about a precise learning-curve threshold.
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Finally, treatment allocation was not analysed as randomised, so unmeasured selection and
workflow factors may have influenced comparisons. These constraints argue for a larger
multicentre prospective study with an a priori sample-size calculation, platform-specific
costing, predefined alignment targets, serial functional assessment, and at least mid-term
implant survival.

Even so, the study offers a clinically useful comparison. It places alignment, early
function, operative efficiency, and expenditure in the same analysis rather than presenting
precision as an isolated endpoint. Technology-assisted TKA was technically more accurate.
Traditional instrumentation was faster and less expensive. Computer navigation produced a
balance between these extremes, and its alignment-based incremental cost was lower than
that of robotic assistance.

CONCLUSION

Robotic-assisted and computer-navigated TKA achieved more accurate short-term
mechanical-axis restoration than traditional jig-based TKA. No statistically detectable
between-group difference was found in 6-week or 3-month functional outcomes, although the
exploratory sample was not large enough to establish equivalence. Both technology-assisted
techniques increased operative time and hospital cost. Computer navigation achieved
alignment comparable to robotic assistance at a lower incremental cost and therefore showed
the more favourable alignment-based cost profile within this cohort. The observed data did
not demonstrate a phase-related reduction in operative time; a specific learning-curve plateau
cannot be asserted. Longer follow-up, an adequately powered sample, and fuller economic
evaluation are required before radiographic gains can be translated into claims of superior
value or implant durability.
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