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Abstract – Introduction: The learning curve associated with adopting new surgical systems in total knee arthroplasty
(TKA) can significantly impact surgical efficiency and patient outcomes. This study aimed to evaluate the evolution of
operative time with the KNEO� (Groupe Lépine, Genay, France) posterior stabilized knee system and to analyze the
learning curve for postoperative complications to achieve surgical proficiency. Method: This retrospective, multicentric
study analyzed 481 patients who underwent primary TKA with the KNEO� implant in a high-volume university center
between 2020 and 2024. The evolution of operative time and postoperative complications requiring reoperation surgery
were evaluated, with a follow-up period extending until January 2025, during which complications were monitored.
The study included 481 patients with a mean age of 71.7 ± 8.0 years and a mean Body Mass Index of 29.0 ± 4.0 kg/m2.
The cohort comprised 308 female (64%) and 173 male (36%) patients. Results: The mean operative time significantly
decreased from 83.5 min in the initial case to 63.0 min after 481 cases (p < 0.001). The learning curve showed an initial
learning phase with high variability, followed by stabilization around 150 procedures and subsequent optimization.
Postoperative complication rates showed a 31.9% reduction per group of 100 patients (b = �0.3848, p = 0.0075),
indicating improved surgical proficiency and patient safety over time. Conclusion: The findings suggest that the
KNEO� system follows a measurable learning curve, with operative efficiency and complication rates improving as
case volume increases. These results emphasize the importance of structured training and experience accumulation in
optimizing patient outcomes when implementing new implant technologies.

Key words: Total knee arthroplasty, Learning curve, CUSUM analysis, Operative time, Postoperative complications,
Surgical performance.

Introduction

Adopting new techniques or technologies in knee arthro-
plasty presents inherent challenges for surgeons, often requiring
a period of adaptation and skill acquisition [1]. The process of
mastering a new surgical system involves a learning curve, which
can be defined as the improvement in surgical proficiency and
consistency of outcomes over time, as the surgeon gains experi-
ence with a specific technique or technology [2, 3]. This

curve varies significantly between different techniques and is
influenced by multiple factors, including surgeon expertise, the
surgical team, case volume, patient turnover, and the healthcare
setting [4]. Understanding the duration, extent, and variability
of the learning curve is crucial, as it can directly impact surgical
outcomes, including complication rates and operative times.

Shorter operative times, for instance, have been associated
with lower infection risks, reduced anesthesia exposure, less
physiological stress for the patient, and overall improved cost-
effectiveness [5]. These improvements in surgical efficiency*Corresponding author: simon.messe@chu-lyon.fr
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and safety are especially relevant in the context of newer surgi-
cal systems, which may necessitate a steeper initial learning
curve before surgeons can achieve optimal outcomes.

For example, recent studies have examined the learning
curve for minimally invasive techniques in total knee arthro-
plasty (TKA), highlighting the need for a significant number
of procedures before surgical times stabilize and complication
rates diminish [2, 3]. Additionally, new implant designs, such
as the KNEO� Knee System (Groupe Lépine, Genay, France),
a posterior stabilized implant launched in 2020, have been
shown to improve alignment accuracy, which could further
reduce complications and enhance outcomes [6, 7].

The surgical learning curve can be quantitatively assessed
using methods like the cumulative sum control chart (CUSUM),
which detects shifts from the learning phase to the post-learning
phase by identifying inflection points in surgical performance
data [8]. This method has been successfully applied to assess
learning curves in various surgical fields, including TKA, to
evaluate the effect of experience on outcomes.

This study investigates the learning curve for the KNEO�

total knee arthroplasty performed at two high-volume university
centers. The primary aim is to assess the relationship between
the number of procedures and surgical duration, with the
hypothesis that fewer than 100 procedures will be required to
overcome the learning curve. A secondary aim is to evaluate
the learning curve for surgical post operative complications,
with a focus on how complication rates decrease as experience
with the system increases.

Method

Study design

This was a retrospective study that included all patients who
underwent primary total knee arthroplasty using the Posterior
Stabilized KNEO� (Groupe Lépine, Genay, France) implant
at one tertiary referral centers specialized in primary and revi-
sion knee arthroplasty between January 2020 and May 2024.
This study was approved by the national ethical committee
(approval number [ID-RCB 2020-A00414-35]).

Setting and participants

The study included patients requiring TKA for diagnoses of
primary osteoarthritis, inflammatory arthritis, avascular necro-
sis, or post-traumatic arthritis. Patients with incomplete data
were excluded from the analysis (Figure 1). In addition, two
patients were excluded because intraoperative events required
a change in the prosthetic constraint level. Specifically, both
patients sustained a medial collateral ligament (MCL) rupture
during surgery, which necessitated conversion from a posterior-
stabilized implant to a more constrained prosthetic design.

The patient demographics are summarized in Table 1. A
total of 498 patients were eligible for review from June 2020
to May 2024. The study included 481 patients.

Surgical technique

All patients underwent a standardized enhanced recovery
protocol, including spinal anesthesia, early mobilization,

appropriate pain management, and thromboprophylaxis as per
national guidelines [9]. The procedures were performed through
a subvastus, medial parapatellar or lateral parapatellar surgical
approach, using a manual measured resection technique. Intra-
medullary referencing was utilized for both the femur and tib-
ia. All TKAs were aligned according the restricted kinematic
alignment philosophy has previously been described by Blak-
eney and Vendittoli [10]. The femoral and tibial component
were always cemented. Patellar resurfacing was performed
selectively based on the degree of patellar osteoarthritis
observed during the surgery.

The surgeries were performed by multiple surgeons from
the department, including 7 senior surgeons and 10 junior sur-
geons. The individual learning curves of the surgeons were not
separately analyzed.

Data collection

Routine departmental follow-up occurred at two months,
one year, and every 5 years thereafter. The clinical data
collected from the electronical patient files included the
patient’s ASA score, Body Mass Index (BMI), range of motion,
and International Knee Society Score (IKS), and operative time
in minutes, measured from skin incision to wound closure.

Postoperative complications were defined as any adverse
events that required additional surgical treatment.

Statistical analysis

The cumulative summation sequential analysis tool
(CUSUM) [11] was used to assess the learning curves in
TKA for operative time and complication rates.

Table 1. Baseline demographics. BMI = Body Mass Index, W =
Women, L = Left, ASA = American Society of Anesthesiologists.

Variable Value Range
Mean age, years (SD) 71.7 (8.1) 35–91
Mean BMI, kg/m2 (SD) 29.0 (5.2) 15–55
Sex, female % (n) 64 (308)
Laterality, left % (n) 42.8 (206)
Mean surgical time, minutes (SD) 73.5 (20.20)
ASA 1 % (n) 6.9 (33)
ASA 2 % (n) 65.5 (315)
ASA 3 % (n) 27.3 (131)
ASA 4 % (n) 0.4 (2)
Primary osteoarthritis % (n) 88.8 (427)
Post-traumatic osteoarthritis % (n) 7.7 (37)
Post-necrotic osteoarthritis % (n) 1.4 (7)
Post-rheumatic osteoarthritis % (n) 2.0 (10)

Figure 1. Patient selection flowchart.

2 S. Messe et al.: SICOT-J 2025, 11, 45



For continuous variables CUSUM works by continuously
summing the differences between an observed CUSUM works
by continuously summing the differences between consecu-
tively observed values (e.g., operative time) and a predefined
target of 73.5 min, which represents the mean operative time
for the cohort. A stable curve suggests consistent performance.
A rising curve indicates an increase in variability or prolonged
surgical times. A falling curve reflects improved efficiency. In
case of a binary variable, such as whether or not a complication
occurred, a Bernoulli CUSUM analysis was used with a refer-
ence proportion of 6%.

To analyze the variation in complication rates across patient
groups, we employed a Poisson regression model within a gen-
eralized linear modeling framework.

The model was fitted using a Poisson distribution with a log
link function to account for the count-based nature of the data.
To assess the significance of the patient group as a predictor, we
conducted a Wald test, considering a p-value < 0.05 as the
threshold for statistical significance. Model fit was evaluated
using deviance residuals and the Pearson chi-square statistic
to determine the adequacy of the model in explaining the
observed variance.

Statistical analyses were performed using SPSS (version
26.0, IBM, NY, US) and R (version 4.0.5, R Foundation,
Vienna, Austria).

Result

Evolution of surgical time and learning curve

The analysis of the learning curve revealed a progressive
reduction in surgical time over time. The initial mean operative
time was 83.5 min, with a regression slope of �0.039
(p < 0.05), indicating a statistically significant decrease in oper-
ative duration.

The chronological analysis of operative times (Figure 2)
demonstrated a total reduction of 20 min, representing 16.7%
decrease compared to the initial operative time. By the end of
the observation period (t = 481), the mean surgical duration
had decreased to 63 min, confirming the effect of surgical
learning.

Linear regression applied to the data showed a significant
negative slope, indicating that the operative time decreased by
4 min per 100 procedures on average. The associated p-value
was <0.05, confirming the statistical significance of this trend.

CUSUM analysis on surgical time

The CUSUM curve on surgical time (Figure 3) identified
three phases in the evolution of operative duration. During
the initial learning phase, spanning the first 150 cases, a rapid
increase in CUSUM values was observed, reflecting longer
and more variable operative times characteristic of the learning
process. Around 150 cases, the stabilization phase began,
marked by more consistent operative times, indicating progres-
sive mastery of the technique. Beyond 316 cases, the optimiza-
tion phase was reached, with a clear decrease in CUSUM
values, suggesting refined surgical techniques and improved

Figure 2. Trends in operative time over 481 consecutive total knee
arthroplasty cases performed with the KNEO� system. The blue
lines represent individual operative times (in minutes) for each
consecutive case. A red LOESS smoothing curve highlights a
progressive downward trend.

Figure 3. CUSUM Analysis of Operative Time. The blue curve
represents the cumulative deviation of each case’s operative time
from the overall mean. The trajectory reveals three distinct phases:
an initial learning phase with a steady rise in CUSUM values; a
stabilization phase with a plateau around case 265; and a subsequent
optimization phase characterized by a marked decline in CUSUM
values. The red dotted line indicates the inflection point at case 265,
marking the transition beyond the learning phase.
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efficiency. Despite this overall stabilization, occasional peaks in
operative time were noted.

CUSUM analysis of complications requiring

reoperation surgery

The CUSUM curve (Figure 4) shows an initial increase up
to 42 TKA, indicating a learning phase characterized by a
higher complication rate, with a higher complication rate affect-
ing 6% of patients before case 42. After this point, the curve
declines, reflecting an improvement in outcomes, followed by
a stabilization phase towards the end of the observation period.

Interestingly, a secondary upward trend is observed around
the 350th case. This local increase is attributed to multiple com-
plications occurring in a single patient, which temporarily dis-
rupted the overall complication trend despite general surgical
proficiency. The significance of the decrease in complications
is further emphasized in “Complication rate” section.

Complication rate

Examining the overall complication rates, a decreasing
trend was observed across the patient groups, with 10% compli-
cations in the first group (1–100) compared to 8.1% in the sec-
ond (101–200), 5.1% in the third (201–300), and remaining
stable at 5.1% in the fourth group (301–400), before dropping
to 1.0% in the last group (401–500) (p = 0.008) (Table 2). This
confirms a significant time-dependent reduction in complication
rate, with the learning curve stabilizing around case 42 accord-
ing to the CUSUM analysis (Figure 4).

Among the specific complications, anterior knee pain led to
secondary patellar resurfacing in 2.0% of patients in both the
first and second groups, but no such cases were reported in
the subsequent groups (p = 0.08). Patellar dislocation was
observed in 4.0% of cases in the second group, without any
difference when compared to subsequent groups (p = 0.39).
Extensor mechanism rupture and periprosthetic fractures were
rare, each occurring in isolated cases (p = 1 and p = 0.622,
respectively).

Infections were recorded at 2.0% in the first two groups and
increased to 3.0% in the third, before disappearing in the last
two groups (p = 0.13). Stiffness followed a similar pattern,
peaking at 3.0% in the fourth group (p = 0.27).

A Poisson regression was performed to evaluate the evolu-
tion of the number of complications across patient groups. The
model showed a significant coefficient (b = �0.3848,
p = 0.008), indicating a significant decrease in the number of
complications over successive patient groups. This decrease
corresponds to a 31.9% reduction in complication risk from
one group to the next.

While some trends suggest a decline in postoperative com-
plications over time, no statistically significant differences were
found for most specific complications, except for the overall
complication rate (p = 0.008).

Discussion

This study demonstrates that the KNEO� system exhibits a
significant learning curve, particularly in terms of operative

time, which stabilizes after approximately 150 cases. The
reduction in operative time from 83 min for the first cases to
63 min for the last reflects a progressive adaptation to the
technical demands of the system. As well, a significant down-
ward trend in complication rates was observed over successive
patient groups, suggesting a learning curve effect, with a
notable reduction from 10% in the first group to 1% in the last.

The learning curve in TKA has been widely investigated,
particularly when introducing new implant designs or surgical
technologies. Several studies have attempted to quantify this
curve based on the type of prosthesis, the surgical approach,
or the surgeon’s level of experience. A comparative summary
of the main published studies is provided in Table 3, highlight-
ing the case thresholds at which surgical outcomes tend to
stabilize.

The presence of the learning curve based on operative time
is consistent with previous findings by Nedopil et al., who
reported a similar decline in operative time for a novice surgeon
transitioning to manual instruments, with a reduction from
112 min for the first 10 cases to 77 min for the last 10 cases
[12]. A study of 4,017 minimally invasive total knee arthroplas-
ties showed a progressive decrease in operative time from 70 to
35 min with the surgeon’s experience [24]. Our results
corroborate these data, demonstrating that beyond a certain
threshold of procedures, the learning curve reaches a plateau.
While Sarpong et al. estimated that fewer than 50 cases are
required to achieve proficiency with new implant technology
[2], our study suggests a longer learning curve for the KNEO�

system. This discrepancy may be attributed to the specific
characteristics of the system, such as unique instrumentation
or surgical workflow modifications. The findings of Lakra
et al., who divided their cohort into groups of 41 cases, also

Figure 4. CUSUM analysis of postoperative complications. Each
point represents a binary outcome (presence or absence of compli-
cation), with deviations from a predefined reference value (6%)
cumulatively summed. The initial rising curve up to case 42 reflects
a higher-than-expected complication rate during the learning phase.
The inflection point at case 42 (red dot and dashed line) marks the
transition to improved surgical performance. After this point, the
consistent downward trend indicates reduced complication rates.
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revealed a progressive reduction in operative time, mirroring
our observations but over a smaller sample size [13]. Similarly,
Moonot et al., analyzing 2,329 TKRs, found that introducing a
new implant led to a modest increase in operative time (from 69
to 72.4 min, p < 0.05) without significantly affecting hospital
stay, early postoperative complications, or revision rates [14].
This aligns with our observations that the initial increase in

operative time eventually stabilizes as surgeons gain profi-
ciency. Other technologies might certainly affect the surgical
team’s learning curve differently. For instance, Kayani et al. re-
ported a significant inflection point after seven cases in robotic-
assisted UKAs, emphasizing that the adaptation period varies
depending on technological complexity [25]. Zhang et al.
similarly reported that the HURWA Robotic Assisted TKA

Table 3. Summary of published studies on the learning curve in total knee arthroplasty. TKA = Total Knee Arthroplasty.

Study Procedure/
Technology

Learning
curve threshold

Sample size Main outcome
measure

Key findings

[2] Various new implant
technologies in TKA

~50 cases Review Complication rate Learning curve varies by
technology and team
experience

[12] Manual instruments TKA
with unrestricted
kinematic alignment

~20 cases 60 Operative time Short learning curve; outcomes
comparable to experienced
surgeon

[13] TKA using electronic
sensor

~40 cases 164 Operative time Gradual reduction in time with
experience

[14] Change in implant design
in high-volume center

30 cases n = 2,329 (1,061
PFC�, 1,268
Genesis™ II)

Operative time,
complications

Slight increase in OR time
(<5 min); stabilization after
30 cases; no difference in
complications

[15] Robotic-assisted TKA
(HURWA)

8–20 cases 50 Operative time,
alignment

Improved alignment and OR time
after early cases

[16] Robotic-assisted TKA
(NAVIO)

~10 cases 101 Operative time Quick learning curve,
progressive stabilization

[17] Robotic-assisted TKA ~40 cases 386 Operative time,
alignment

Learning curve only for time, not
for alignment or gaps

[18] Team familiarity in TKA No fixed threshold;
progressive gain up to
10 + collaborations

4,276 Operative time Operative time decreased with
prior team collaboration

[19] Introduction of new TKA
implants

15–100 cases 46,363 Revision risk Higher revision in first cases,
stable outcomes after 100

[20] Anterior approach THA ~50 cases Registry data Revision rate Risk stabilizes after 50 cases
[21] THA anterior approach

(senior vs. junior)
70 cases 547 Operative time,

complications
Juniors had higher complication

rate; time stabilized after
70 cases

[22] Robotic-assisted TKA
(CORI)

6 cases 500 CUSUM events CUSUM learning curve short
despite early perioperative
events

[23] TKA in hemophilic
patients

30 cases 90 Complication rate Significant decline in
complications after 30 cases

Table 2. Postoperative complication rates. TKA = Total Knee Arthroplasty.

TKA (n) 1–100 101–200 201–300 301–400 401–481 p-value
Postoperative complications % (n) 10 (10) 8.08 (8) 5.05 (5) 5.05 (5) 1.01 (1) 0.008*
Patellar resurfacing % (n) 2.02 (2) 2.02 (2) 0 0 0 0.08
Patellar luxation % (n) 0 4.04 (4) 1.01 (1) 1.01 (1) 0 0.393
Extensor mechanism rupture % (n) 1 (1) 0 0 2.02 (2) 0 1
Periprosthetic fracture % (n) 1 (1) 0 0 1.01 (1) 0 0.622
Instability % (n) 1 (1) 0 1.01 (1) 0 0 0.685
Aseptic loosening % (n) 1 (1) 0 0 0 0 0.934
Infection % (n) 2.02 (2) 2.02 (2) 3.03 (3) 0 0 0.125
Stiffness % (n) 2.02 (2) 0 0 3.03 (3) 1.01 (1) 0.274

Postoperative complication rates across five patient cohorts (each ~ 100 cases). A significant reduction in overall complication rate was
observed (from 10% to 1%), suggesting a learning curve effect. Significant values are marked with an asterisk (*). Other specific complications
did not reach statistical significance.
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(RA TKA) system reduced operative time after 8–20 cases
(p < 0.05) and improved postoperative alignment (77.97%
within ± 3� vs. 47.19%, p < 0.01) [15]. Bosco et al. [16] con-
ducted a retrospective study on 101 robot-assisted TKA per-
formed with the NAVIO system. The study revealed a
significant reduction in operative time after the first 11 cases,
suggesting a rapid learning curve. The average operative time
was 72.3 min, with a progressive stabilization without compro-
mising alignment accuracy. While these studies have shown
short learning curves for the surgeon to adopt the new technol-
ogy, in the study by Vermue et al. longer learning curves (up to
43 cases) have been seen as well with robot-assisted TKA [17].
These findings have crucial implications for surgical training.
Identifying a 150-case learning phase underscores the need
for structured support during this period. Supervision through
mentorship programs, simulation-based training could poten-
tially accelerate the learning process. Furthermore, the correla-
tion between high surgical volume and improved efficiency, as
demonstrated by Maruthappu et al. [18], suggests that surgical
experience and team familiarity significantly influence opera-
tive performance. Their study reported a reduction in median
operative time from 121.9 min for teams with no prior collab-
orations to 83.4 min for teams with more than 10 shared proce-
dures. This reinforces the value of stable team dynamics in
optimizing learning curves and patient outcomes, in addition
to individual surgical experience.

The study also identified a notable learning curve regarding
postoperative complications, with stabilization occurring after
approximately 40 cases. A significant reduction in complication
rates was observed beyond this threshold, suggesting that
increasing surgeon proficiency and procedural familiarity plays
a crucial role in mitigating early surgical risks. This trend aligns
with Sarpong et al., who emphasized the impact of case volume
on improving postoperative outcomes [2]. Similarly, Peltola
et al., analyzing 46,363 knee replacements, demonstrated that
certain implant models exhibited a pronounced learning curve,
with a notably higher revision risk in the first 15 cases.
However, after 100 procedures with the same implant, compli-
cation rates significantly decreased, and long-term implant
survival became comparable to more established models [19].
Comparisons with other procedures further support these find-
ings. De Steiger et al. observed that in total hip arthroplasty
via the direct anterior approach, the learning curve – assessed
through cumulative revision rates – stabilized after approxi-
mately 50 cases [20]. Foissey et al. analyzed the learning curve
in direct anterior approach THA and found that operative time
stabilized after 70 cases for senior surgeons and 10 cases for
junior surgeons, though complication rates were significantly
higher in juniors (12.7% vs. 7.8%, p = 0.01) [21]. This high-
lights the importance of experience in minimizing surgical risks
and suggests that structured mentorship programs could help
junior surgeons improve outcomes more rapidly. Weaver
et al. examined a new RA-TKA system and found an extremely
short learning curve (6 cases, CUSUM), though perioperative
challenges included 3 excessive bone cuts, 2 soft tissue injuries,
and 2 robotic system failures out of 500 cases [22]. Despite
these initial difficulties, the absence of severe postoperative
complications suggests that technological refinements and
training could further optimize results with this approach.

While not comparable to patients with primary osteoarthri-
tis, Vahabi et al. [23] conducted a retrospective study analyzing
90 total knee arthroplasties performed by a single surgeon in
hemophilic patients. They found that the rate of perioperative
complications significantly decreased, with an improvement
observed after the first 30 cases and further optimization after
60 cases. These findings emphasize the importance of adequate
training and experience to minimize complications and maxi-
mize the long-term success of surgical procedures, highlighting
the value of early-phase mentorship and technology-specific
expertise.

Our study has several limitations. The sample size, while
substantial, is limited to two surgical centers, which may affect
the generalizability of our findings. Second, our analysis did not
account for potential confounding factors such as patient
comorbidities. Third, the retrospective nature of the study intro-
duces inherent biases, including potential underreporting of
minor complications. Finally, structured training programs
incorporating simulation and mentorship could be explored to
accelerate proficiency while minimizing early complications,
as suggested by previous studies on surgical training and learn-
ing curves [21–23].

Conclusion

This study demonstrates that the adoption of the KNEO�

total knee arthroplasty system follows a significant learning
curve, with operative times stabilizing after approximately
150 procedures. A progressive reduction in surgical duration
was observed, with a total decrease of 16.7%, reflecting im-
proved efficiency and familiarity with the system. More impor-
tantly, the analysis of postoperative complications revealed a
32% reduction in complication risk per group of consecutive
100 patients, highlighting the direct impact of surgical
experience on patient safety and outcomes. These findings
underscore the importance of structured training, and gradual
case exposure in optimizing the learning curve for novel
implant systems.
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