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Abstract

Purpose: Robotic arm-assisted total knee arthroplasty (raTKA) has dem-
onstrated several advantages over manual TKA (mTKA), including en-
hanced early recovery. Reduced soft tissue trauma and avoidance of
femoral intramedullary canal opening have been hypothesised to lower the
systemic inflammatory response. However, findings from previous small-
cohort studies have been inconsistent. This study aimed to evaluate post-
operative systemic inflammation in a large patient cohort.

Methods: Patients who underwent raTKA using the Mako® system were
matched with patients who received mTKA based on gender, American
Society of Anesthesiologists score, age and body mass index. This
matching process resulted in two comparable cohorts, each comprising 344
patients. Blood samples were collected preoperatively, 6 h postoperatively,

and on postoperative Days 3 and 5. Measurements included C-reactive
protein (CRP), white blood cell count (WBC) and calculated blood loss.
Results: The highest CRP levels were observed on postoperative Day 3 in
both groups. The median CRP increase was significantly lower in the raTKA
group compared with the mTKA group on Day 3 (4.4 vs. 5.3 mg/dL;
p=0.002) and slightly lower on Day 5 (3.5 vs. 3.8 mg/dL; p=0.349). The
WBC count peaked at 6 h postoperatively in both groups before steadily
declining, with no significant difference between groups. The median
operation time was significantly longer in the raTKA group (92 vs. 86 min;
p<0.001). Despite a longer surgical duration, the median blood loss was
significantly lower in the raTKA group (653 vs. 729 mL; p=0.005).
Conclusion: In the largest comparative analysis to date, raTKA was linked
to significantly lower postoperative CRP levels than mTKA. Reduced soft
tissue trauma, avoidance of femoral intramedullary canal violation and

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; CR, cruciate retaining; CRP, C-reactive protein; Hb, haemoglobin; mTKA,
manual total knee arthroplasty; PS, posterior stabilised; PSI, patient specific instrumentation; raTKA, robotic arm-assisted total knee arthroplasty; TKA, total knee
arthroplasty; WBC, white blood cell count.
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INTRODUCTION

Total knee arthroplasty (TKA) is a well-established and
highly effective treatment for end-stage knee osteo-
arthritis. In recent years, robotic arm-assisted TKA
(raTKA) has become a major trend, offering improved
accuracy in limb alignment and implant positioning
compared with conventional manual TKA (mTKA)
[33, 38, 44]. In addition, patient-specific approaches such
as kinematic or functional alignment strategies are
increasingly used, minimising the need for extensive soft
tissue release [3, 36]. Benefits such as reduced post-
operative pain [20], improved early functional recovery
and shorter hospital stays [14, 23, 24] have been
observed with raTKA. Furthermore, better patient-
reported outcomes [1, 44] and higher forgotten joint
scores have been reported for raTKA [12]. A potential
explanation for these findings is a lower postoperative
systemic inflammatory response, which could be attrib-
uted to reduced soft tissue trauma associated with raTKA
[9, 17]. Kayani et al. demonstrated a significantly
lower degree of soft tissue trauma in raTKA compared
with mTKA [13]. The avoidance of femoral intramedullary
canal opening in raTKA is considered a further reason for
a lower systemic inflammatory response. Notably,
navigation-assisted TKA, which avoids femoral in-
tramedullary rods, has shown significantly lower peak
CRP levels than mTKA [2, 34].

While some evidence suggests that a reduced
postoperative systemic inflammatory response may
play a crucial role in the improved early recovery seen
in raTKA compared with mTKA, previous studies
involving small cohorts have reported conflicting results
[15, 20, 21, 41-43]. This large-cohort study tests the
hypothesis that patients undergoing raTKA exhibit a
lower postoperative systemic inflammatory response
than those undergoing mTKA.

MATERIALS AND METHODS
Patient selection and matching procedure

Patients treated with unilateral TKA between October
2019 and June 2024 were included in this retrospective

raTKA REDUCES INFLAMMATORY RESPONSE

significantly lower blood loss may all contribute to a diminished systemic
inflammatory response, potentially explaining the improved early functional
outcomes observed with raTKA.

Level of Evidence: Level lll, retrospective comparative study.

blood loss, C-reactive protein (CRP), manual total knee arthroplasty (mTKA), matched-pairs
analysis, robotic arm-assisted total knee arthroplasty (raTKA), systemic inflammatory response

study. Exclusion criteria included the use of revision
implants, patient-specific implants, metal hyper-
sensitivity, postoperative surgical site infection, infec-
tion of other organs and haematologic disorders. The
use of posterior-stabilised (PS) implants and patellar
resurfacing was the standard at our institution. In order
to increase comparability, patients treated with
cruciate-retaining (CR) implants or without patellar
resurfacing were excluded. Patients were allocated to
the mTKA or raTKA group based on patient preference.
To reduce confounding and ensure comparability
between treatment groups, a matched-pairs analysis
was performed. Patients who underwent raTKA were
matched with mTKA patients in a 1:1 ratio using exact
matching on gender and ASA score. Continuous cov-
ariates were matched with a caliper of +7 years for age
and +3 kg/m? for BMI. Matching was performed using
the Hungarian algorithm and executed without
replacement. This method yielded a final set of 344
matched pairs with improved balance across covari-
ates. Matching was performed using Python 3.10. The
balance between groups after matching was assessed
using standardised mean differences (SMD) and
Mann-Whitney U-tests or chi-squared tests. Variables
used in the matching process demonstrated negligible
imbalance (SMD < 0.1, p>0.05), confirming the effec-
tiveness of the matching procedure. The flowchart of
patient selection and the matching procedure is shown
in Figure 1, and patient characteristics are presented in
Table 1.

Surgical technique

raTKA was performed with the Mako® robotic system
and the Triathlon® total knee system (Stryker). For
mTKA, the Attune™ knee system (DePuy Synthes)
was used. Preoperatively, all patients received 1g of
tranexamic acid and 1.5 g of cefuroxime intravenously.
No tourniquet was used in any case. A standard mid-
line skin incision with a medial parapatellar approach
was performed in all patients.

In the manual group, a mechanical alignment
strategy was applied. Tibial resection was guided by an
extramedullary alignment tool, while coronal femoral
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Assessed for eligibility:n = 1281 (Primary total knee arthroplasty)

Excluded: n = 429

275 crutiate retaining or no patella resurfacing
(150raTKA, 125 mTKA)

108 allergy to nickel

32 bilateral knees

5 navigated knees

4 patient specific implants (PSI)

2 PJI within 6 weeks (2x Robotic TKA)

2 hematologic disorder

1 pneumonia after surgery

Patients included: n = 852

—

T

Robotic arm-assisted TKA: Manual TKA:
n=426 n=426
Matched on gender, ASA score, age, and BMI
Matched raTKA: Matched mTKA:
——>
n =344 n =344

FIGURE 1 Flowchart of patient selection and matching procedure. mTKA, manual total knee arthroplasty. raTKA, robotic arm-assisted total

knee arthroplasty.

TABLE 1 Patient characteristics.

Robotic TKA (n=
Gender (female/male, %) 54/46
Age (years at surgery, median, Q1-Q3) 69 (62—77)
BMI (kg/m?, median, Q1-Q3) 27.9 (25.2-31.6)
ASA (I-1/11=1V, %) 80/20
Laterality (left/right, %) 47/53
General/spinal anaesthesia (%) 93/7

344) Manual TKA (n=344) p-value SMD
54/46 1.000 0.000
69 (61-77) 0.732 0.021
28.4 (25.4-32.3) 0.284 -0.062
80/20 1.000 0.000
49/51 0.555 0.068
93/7 1.000 0.006

Note: All variables demonstrated negligible imbalance (SMD <0.1, p>0.05).

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; SMD, standardised mean differences; TKA, total knee arthroplasty.

alignment was achieved using an intramedullary
approach. Soft tissue balance was achieved through
osteophyte removal and additional soft tissue release
techniques, including pie-crusting of the medial collat-
eral ligament and the posteromedial joint capsule.

In the raTKA group, a functional alignment strategy
was implemented as described by Lustig et al. [22]. As
this is based on an inverse kinematic approach, a
symmetrical tibial resection was performed. Ligament
tension was then assessed, and minor adjustments

were made to the kinematically aligned femoral com-
ponent to minimise or eliminate the need for soft tissue
release. Additionally, the femoral medullary canal
remained closed; however, four temporary Schanz pins
were bicortically fixed in the femoral and tibial diaphysis
in order to hold the navigation arrays.

All implants were fixed using vacuum-mixed bone
cement containing gentamicin (Palacos R+ G, Her-
aeus). No surgical drains were used in any case. After
joint capsule closure, 1.5g of tranexamic acid was
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injected into the joint. Apixaban 2.5 mg was prescribed
twice daily for 2 weeks to prevent thromboembolic
events.

Blood samples

Blood samples were collected preoperatively, 6 h post-
operatively, on Day 3, and on Day 5. White blood cell count
(WBC, x10°/L) and haemoglobin concentration (Hb, g/dL)
were measured using the Sysmex XE-5000 analyser
(Sysmex). C-reactive protein (CRP, mg/dL) was measured
preoperatively, on Day 3, and on Day 5 using the Cobas
8000 modular analyser (Roche). All three parameters
(CRP, WBC and Hb) were measured and reported with an
accuracy of one decimal place. For the statistical analysis
of the postoperative CRP and WBC increases, the pre-
operative baseline values were subtracted. The in-
traoperative Hb loss was calculated by subtracting the
postoperative haemoglobin levels (Hbpest) from  pre-
operative Hb levels (Hbye). The intraoperative blood loss
(mL) was calculated based on the intraoperative Hb loss
and the blood volume. The circulating blood volume (BV)
was calculated, based on the Nadler formula: [27]
For males: BV (mL)=1000 x (0.3669 x height (m)>+
0.03219 x weight  (kg) +0.6041). For females: BV
(mL)=1000 x (0.3561 x height ~ (m)*+ 0.03308 x weight
(kg) +0.1833). The estimated blood loss was calculated
based on the haemoglobin balance method: [7, 8, 40]
Estimated blood loss (mL)=Blood volume x (Hbge -
prost)/ prre-

Statistical analysis

Statistical analyses were performed using SPSS
software, version 29 (IBM Corporation). The nor-
mality of continuous variables was assessed with the
Shapiro—Wilk test. Normally distributed variables are
reported as mean * standard deviation (SD), whereas
nonnormally distributed variables are presented as
median (Q1-Q3). Between-group comparisons for
continuous variables were conducted using the Stu-
dent's t-test or the Mann-Whitney U-test, as appro-
priate. Categorical variables are presented as
frequencies and percentages, and compared using
the x° test. A p-value <0.05 was considered statisti-
cally significant.

Post hoc power analyses were conducted for key
outcomes to evaluate the ability of the study to detect
the observed group differences. For CRP increase on
postoperative Day 3, the observed effect size was
Cohen's d =0.21 (raTKA: n=335; mTKA: n=336),
resulting in a calculated power of 78.8% using a two-
sided t-test with a=0.05. For the estimated blood loss,
the observed effect size was Cohen's d=0.23 (raTKA:
n=2343; mTKA: n=344), yielding a post hoc power of

raTKA REDUCES INFLAMMATORY RESPONSE

85.3% under the same parameters. These findings
suggest that the sample size was sufficient to detect
small but potentially clinically relevant differences
between groups in both outcomes.

RESULTS

The highest CRP levels were observed on postoperative
Day 3 in both groups. The peak postoperative CRP
on Day 3 was significantly lower in the raTKA group
compared with mTKA. The WBC count peaked at 6h
postoperatively, then declined on subsequent days in both
groups (Figure 2, Table 2). No significant differences in
WBC were observed between raTKA and mTKA at any
time point (Figure 3, Table 2).

The median operative time was significantly longer
in the raTKA group (Table 2). Despite the longer
operation, the decrease in haemoglobin and calculated
blood loss was significantly lower in the raTKA group
compared with the mTKA group (Table 2). Blood
transfusions were required in 11 patients in the mTKA
group (3.2%) compared with four patients in the raTKA
group (1.2%), with no statistically significant difference
between the groups (p=0.117). The indication for
transfusion was a haemoglobin level below 8.0 g/dL
accompanied by clinical symptoms of anaemia. All
required transfusions were administered no earlier than
6 h postoperatively, and therefore did not affect the
blood loss calculation. The lowest postoperative hae-
moglobin levels were observed on postoperative Day 5
in both groups (Figure 4).

DISCUSSION

The key finding of this study is that CRP levels were
significantly lower following raTKA, with levels peaking
on postoperative Day 3 in both groups. These results
support the hypothesis that raTKA is associated with a
reduced systemic inflammatory response compared
with mTKA.

In line with our findings, multiple studies have re-
ported that CRP levels typically peak on the second or
third postoperative day following arthroplasty surgery
[5, 11, 25, 29, 34] and return to baseline within 2 weeks
[11] to 1 month [5, 25, 30]. CRP is routinely used in
clinical practice to monitor postoperative recovery fol-
lowing TKA [26, 32]. Previous studies comparing CRP
dynamics after raTKA versus mTKA largely support the
results of the present study [15, 20, 21, 41-43]
(Table 3). Notably, only the study by Li et al. included a
cohort larger than 100 subjects; however, CRP was
assessed at a single, unspecified postoperative time
point, which may limit the interpretability and reliability
of the findings [21]. In our cohort of 688 patients, the
calculated power for CRP on postoperative Day 3 was
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FIGURE 2 C-reactive protein (CRP) levels (median, mg/dL) over time in robotic and manual total knee arthroplasty (TKA).

TABLE 2 Summary of operative time, CRP and WBC increases on Days 3 and 5, as well as haemoglobin decrease and calculated blood

loss for raTKA and mTKA.

Operative time (minutes), median (Q1-Q3)
CRP increase Day 3 (mg/dL), median (Q1-Q3)
CRP increase Day 5 (mg/dL), median (Q1-Q3)
WBC increase 6 h (x10°/L), median (Q1-Q3)
WBC increase Day 3 (x10°/L), median (Q1-Q3)
WBC increase Day 5 (x10°/L), median (Q1-Q3)
Haemoglobin decrease (g/dL), median (Q1-Q3)
Blood loss (mL), median (Q1-Q3)

Robotic TKA

92 (82-104) (n = 344)
4.4 (1.9-7.9) (n=335)
3.5 (1.4-6.1) (n=111)
4.2 (2.5-6.0) (n=2341)
1.4 (0.4-2.5) (n=2338)

0.5 (-0.2 to 1.8) (n=112)

1.9 (1.4-2.4) (n=343)
653 (477-882) (n = 343)

Manual TKA p-value
86 (75-102) (n = 344) <0.001
5.3 (3.0-9.5) (n=336) 0.002
3.8 (1.7-6.8) (n=174) 0.349
4.4 (2.4-6.8) (n=337) 0.297
1.6 (0.4-2.8) (n=341) 0.139
0.5 (-0.6 to 1.7) (n=173) 0.517
2.1 (1.5-2.6) (n=344) 0.013
729 (528-938) (n=344) 0.005

Abbreviations: CRP, C-reactive protein; mTKA, manual total knee arthroplasty; raTKA, robotic arm-assisted total knee arthroplasty; WBC, white blood cell count.

78.8%, indicating that prior studies were

likely significantly less soft tissue damage. This has been

underpowered.

In contrast to CRP levels, we did not observe lower
WBC counts—a further marker of postoperative
inflammation [4, 35]—following raTKA compared with
mTKA. This finding aligns with the majority of previous
studies [20, 21, 41, 43], with the exception of Xu et al.,
who reported reduced WBC levels in the raTKA
group [42].

Reduced soft tissue trauma and the avoidance of
bone marrow injury associated with intramedullary
femoral alignment in mTKA are considered key factors
contributing to the lower CRP levels observed in pa-
tients undergoing raTKA. In this context, Kayani et al.
[13] proposed a classification system for iatrogenic
bone and periarticular soft tissue injury in knee ar-
throplasty, demonstrating that raTKA is associated with

attributed to more personalised implant alignment,
reduced need for soft tissue releases [3, 36], and im-
proved protection of surrounding structures [9, 17].
Among these factors, avoidance of femoral medullary
canal violation appears to be particularly critical [19].
Neumaier et al. [28] showed that CRP levels were
significantly higher after hip arthroplasty than after
dynamic hip screw procedures, while no difference was
found when compared with proximal femoral nailing—
suggesting that bone marrow involvement plays a
central role. Supporting this hypothesis, Fontalis et al.
[6] demonstrated significantly lower interleukin levels in
drain fluid following raTKA compared with mTKA.
Similar to raTKA, navigated TKA does not require
opening the femoral medullary canal, suggesting it
may also be associated with a reduced systemic
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FIGURE 3 White blood cell count (WBC) levels (median, x10°/L) over time in robotic and manual total knee arthroplasty (TKA).
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FIGURE 4 Haemoglobin levels (median, g/dL) over time in robotic and manual total knee arthroplasty (TKA).

inflammatory response compared with mTKA. Previous
studies have confirmed lower postoperative CRP peak
levels following navigated TKA [2, 34], although the
sample sizes were relatively small. Additionally, Kuo
et al. demonstrated significantly lower serum levels of
inflammatory cytokines and reduced interleukin levels
in drainage fluid in navigated TKA [18]. Patient-specific
instrumentation (PSI) in TKA also avoids violating the
femoral canal. However, Thienpont et al. found no
significant differences in postoperative CRP levels
between PSI and mTKA [39].

Surgical duration appears to play only a minor
role in the development of the systemic inflamma-
tory response following TKA. In the present study,
operative times were significantly longer for raTKA
compared with mTKA. These findings are consistent
with the majority of previously published studies,
which also reported longer operative times for
raTKA [20, 21, 41-43].

Interestingly, despite the longer surgical duration in
the raTKA group, we observed significantly lower
blood loss compared with mTKA. This may be
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TABLE 3 Summary of previous comparative studies on postoperative systemic inflammation after raTKA and mTKA.

n Patients

WBC

Robotic system CRP

(raTKA/mTKA)

Year

Author

Robotic lower CRP on Day 7, no difference on Days 2, 4, 28

Mako® (Stryker)

15/15

2021

Kayani et al. [15]

No difference, day not stated

No difference, day not stated

Not specified

26/26

2022

Li et al. [20]

No difference

Robotic lower CRP on Day 3, no difference on Day 1

Mako® (Stryker)

34/31

2022

Xu et al. [41]

Robotic lower WBC at 24 h

Robotic lower CRP at 24 h, Day 3, 1 month, 2 months

KUNWU® (Yuanhua)

17/16

2022

Xu et al. [42]

No difference, day not stated

Robotic higher CRP, day not stated

Mako® (Stryker)

133/197

2024

Li et al. [21]

No difference

Robotic lower CRP on Day 3

KUNWU® (Yuanhua)

28/32

2024

Yuan et al. [43]

Abbreviations: CRP, C-reactive protein; mTKA, manual total knee arthroplasty; raTKA, robotic arm-assisted total knee arthroplasty; WBC, white blood cell count.
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attributable to the avoidance of femoral intramedullary
canal violation in raTKA. Consistent with our findings,
Onggo et al. also reported significantly lower blood
loss in raTKA, despite a longer operative time, in their
meta-analysis [31]. Supporting this observation,
Kayani et al. [14] and Khan et al. [16] reported
significantly lower blood loss following raTKA. Maman
et al. further supported these findings by reporting
lower transfusion rates in raTKA [23, 24]. In contrast,
other studies [21, 43] found no notable difference in
intraoperative blood loss between techniques, though
these were limited by small sample sizes. In a retro-
spective study involving 486 patients, Stimson et al.
reported no significant difference in Hb decrease
between raTKA using the Mako® system and
mTKA [37]. However, the study's interpretation is
limited by the use of Hb decrease alone, without cal-
culation of actual blood loss. Our data further dem-
onstrate that postoperative Hb levels typically reach
their nadir on postoperative Day 5, a finding of par-
ticular relevance for fast-track and outpatient TKA
protocols, where patients are frequently discharged
before this point.

LIMITATIONS

This study has several limitations. First, patient
allocation to the robotic and manual TKA groups
was based on patient preference rather than randomi-
sation, which introduces the possibility of selection
bias. Second, different implant systems were used in
the two groups, potentially influencing outcomes and
limiting the comparability of results. Third, this study
utilised an image-based raTKA system; therefore, the
findings may not be directly applicable to imageless
robotic systems, which could yield different results [10].
Fourth, although the differences in CRP levels and
blood loss were statistically significant, they were rel-
atively small; thus, the clinical relevance of these find-
ings remains uncertain.

CONCLUSION

In conclusion, this study represents the largest to date
comparing systemic inflammatory responses between
robotic-assisted and manual TKA. Our matched cohort
analysis demonstrated that raTKA is associated with
significantly lower postoperative CRP levels and
reduced blood loss, despite longer operative times.
These findings suggest that the tissue-sparing nature
of raTKA may help mitigate surgical trauma and its
physiological effects. Overall, the results support the
potential of robotic assistance to not only improve
surgical precision but also reduce the biological impact
of TKA.
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