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Abstract

Purpose: Proper tension of the collateral ligaments is the key to success in
total knee arthroplasty (TKA). The study aimed to identify the distraction
force for the medial and lateral femorotibial compartments in tension-
controlled ligament-balanced TKA at 0° and 90° of knee flexion.

Methods: A literature search was conducted in PubMed up to 31 December
2024 to identify studies that reported exact values of the distraction force applied
in tension-controlled ligament-balanced TKA. Mean distraction force at 0° and
90° of knee flexion were calculated for the native knee, cadaver knee, and
computer model/artificial knee groups. Differences between groups were cal-
culated using Kruskal-Wallis and Mann—Whitney U tests, with p<0.05 con-
sidered significant. A frequentist meta-analysis of subgroup analysis between
native and cadaver knee studies was performed using a random effects model
with inverse variance and the Sidik—Jonkman heterogeneity estimator with
Hartung—Knapp adjustment to calculate participant age and sex.

Results: Out of 116 included primary studies involved, a total of 6869 partici-
pants had distraction force measurements during TKA. The mean distraction
force was 149.9N (35.0-320.0N) at 0° knee extension and 139.5N
(14.7-244.7 N) at 90° of flexion. Using the Kruskal-Wallis test or the Mann—
Whitney U test, there were no significant differences in distraction force between
native knee, cadaver knee, computer model/artificial knee studies at extension
(p=0.2480 and p=0.1130) and at 90° of knee flexion (p=0.8439 and
p=0.6241).

Conclusion: This meta-analysis is the first to quantify distraction force in TKA,
providing essential reference values of 149.9 N at 0° extension and 139.5N at
90° flexion. These findings offer valuable guidelines for intraoperative soft tissue
management during TKA procedures. The consistency of distraction force
across different experimental models suggests that these values are broadly
applicable. However, it remains unclear whether a more personalized distraction
force should be considered for gap preparation.

Abbreviations: BMI, body mass index; Cl, confidence interval; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PROSPERO,

International Prospective Register of Systematic Reviews; RCT, randomized controlled trial; RoB, risk of bias; ROBINS-I, Risk Of Bias In Non-randomized Studies of
Interventions; TKA, total knee arthroplasty.
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INTRODUCTION

The kinematics of the knee depends on both the bony
contour such as the shape of the distal femur and the
proximal tibia but also the soft tissue. Mediolateral and
rotational stability are provided by the ligaments and cap-
sule. Apart from measured bone resection, gap balancing
is the key in total knee arthroplasty (TKA) to achieve
mediolateral balance and good function [132]. The deter-
mination of mean distraction force at extension and 90° is
of considerable clinical importance since stiffness and
instability are major causes for revision TKA. A prospective
study of 18,065 knees revealed the need for revision of
405 knees. The reason for failure was infection (25.7%),
instability (24.4%), aseptic loosening (21.2%), stiffness
(14.1%) and multiple other reasons [110].

To ensure adequate soft tissue tension in TKA, the gap
balancing technique was introduced in the 90s using a
spacer or ligament tensor inserted intraoperatively in the
medial and lateral femorotibial compartment in both ex-
tension and flexion to guarantee rectangular gaps. Some
of the tensor devices are more sophisticated and allow
measurement of femorotibial distraction under the defined
force applied separately to the medial and lateral com-
partments in both extensions and 90° of flexion. However,
the amount of distraction force applied during surgery is
still unclear depending rather on surgical experience and
subjective perception. Currently, the definition of soft tissue
balance of the knee is poorly defined with litle consensus
available in the literature.

In order to help clarify data of the literature syn-
thesized comparing the intraoperative data with those
obtained from human cadavers, artificial specimens, or
computer models.

A systematic review and meta-analysis were con-
ducted attempting to establish accurate values by
synthesizing as much primary data as possible.

The aim of the study was to determine the mean
distraction force values for the medial and lateral
compartments in tension-controlled ligament-balanced
TKA at both extension and 90° of flexion.

METHODS

Reporting guidelines and protocol
registration

The study protocol has been registered in the
International Prospective Register of Systematic

Reviews (PROSPERO) with the registration number
CRD42024578708. We strictly followed the updated
PRISMA guidelines [107] and meta-analysis guide-
lines [112].

Data sources and search strategies

A literature search was conducted up to 31
December 2024 in PubMed, Embase and Episte-
monikos. A Boolean search strategy was used to
identify studies reporting exact values of the dis-
traction force applied in tension-controlled ligament-
balanced TKA. The search strategy was specifically
tailored to the syntax of each database: (((total knee
arthroplasty) OR (TKA) OR (knee replacement))
AND ((balance) OR (balanced) OR (balancing) OR
(distraction))). There were no restrictions on
the year of publication or language.

Study screening and selection

In a stepwise screening and selection process, three
independent reviewers (MV, JL and NR) assessed
the titles and abstracts of the identified records for
eligibility. Studies were included in the final meta-
analysis after full-text analysis by these reviewers.
Disagreements were resolved by discussion and
consensus with a fourth reviewer (RB). The kappa
coefficient (k) was calculated to assess inter-
reviewer agreement.

Inclusion and exclusion criteria

The following inclusion criteria were applied: (1) study
design: primary studies including randomized con-
trolled trials (RCTs), observational studies, case series
and case reports; (2) participants: human adults,
human cadavers, artificial specimens and computer
models; (3) intervention: TKA; (4) outcome parameters:
distraction force applied to the medial and lateral
compartment of the knee by the ligament tensor at full
leg extension or 90° leg flexion.

The following exclusion criteria were applied: (1)
primary studies that did not report the outcome of
interest; (2) all types of reviews and editorials; (3)
studies that reported incomplete data to an extent that
compromised the credibility of the results.
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Data extraction and analysis

Data extraction was performed by two independent
reviewers (NR and MV) and proofed by a third
reviewer (RB). Disagreements were resolved by dis-
cussion and consensus with the third reviewer (RB).
The following data were extracted: first author, year of
publication, study origin, number of participants
included, number of knees operated, use of naviga-
tion systems, indication for surgery, participant char-
acteristics, study design, information to perform risk
of bias assessment and exact values of distraction
force applied to the medial and lateral compartment of
the knee by the ligament tensor at full leg extension or
90° of flexion. In the case of missing standard devi-
ations (SDs), the SD value was added using the rule
of thumb SD =range/4 if the range was given. Oth-
erwise, the missing standard deviation was added by
imputation. These data were then exported from the
included primary studies into an Excel spreadsheet
for appropriate statistical analysis.

Outcome: Distraction force

To collect more consistent data, full leg extension was
defined as knee flexion <20°. If the primary studies pro-
vided multiple values, we extracted the value that was 0°
or closest to 0°. Similarly, 90° of knee flexion was defined
within a range of 60—120° of knee motion. If the primary
studies provided multiple values, we extracted the value
that was 90° or closest to 90°. Only one value was ex-
tracted per full extension and 90°flexion. In cases where
the distraction force was reported separately for the medial
and lateral knee compartments, both values were sum-
med, and the summed value was extracted. In cases
where the distraction force was reported in a range of
applied values (e.g., 100—200 N), a quasi-linear correlation
was assumed, and a mean value of 150 N was chosen. In
cases where the distraction force was reported in pounds
(Ib) or kilograms (kg), these units were converted to
Newtons (N). In cases where no range of motion infor-
mation was provided, the extracted distraction force value
was considered to be measured at extension. The sum-
med, averaged and converted values are highlighted in
Table 1.

Quality assessment

Two independent reviewers (JL and MV) individually
assessed the quality of the primary studies included in
the meta-analysis. The risk of bias (RoB) was
assessed using the Cochrane RoB 2 tool [129] for
RCTs and the Risk of Bias In Non-Randomized Studies
of Interventions (ROBINS-I) tool [128] for non-
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randomized studies. Disagreements between the re-
viewers were resolved by discussion and consensus
with a third reviewer (NR, RB). Publication bias
was calculated using the Begg and Egger test [32].
In addition, publication bias is presented in funnel
plots.

Statistics

Mean distraction force at extension and 90° of knee
flexion was calculated for the native knee, cadaver
knee and computer model/artificial knee. As the dis-
traction force data were not normally distributed and
the number of studies per group (native knee, cadaver
knee, computer model or artificial knee) was very dif-
ferent, the Kruskal-Wallis test was calculated as a non-
parametric alternative to ANOVA. Due to the small
number of computer model or artificial knee studies, a
separate comparison only between native and cadaver
knee studies was calculated using the Mann—Whitney
U test as a non-parametric alternative to the t test, with
p <0.05 considered significant.

A frequentist meta-analysis of subgroup analysis
between native and cadaver knee studies was per-
formed using a random effects model with inverse
variance and the Sidik-Jonkman heterogeneity esti-
mator with Hartung—Knapp adjustment to calculate
participant age and sex. It was not possible to output a
forest plot as the number of primary studies was too
large for a meaningful visualization. To assess the
impact of primary studies with a high risk of bias
included in the meta-analysis, a sensitivity analysis
was conducted by excluding studies identified as hav-
ing a high risk of bias. All statistical calculations were
performed by an experienced statistician (RH). These
analyses were performed using the R packages meta
and metafor.

RESULTS
Study identification and selection

A description of the study selection process is given in a
PRISMA flowchart (Figure 1). The search of PubMed,
Embase and Epistemonikos up to 31 December 2024
yielded 8095 records. In an initial screening by title and
abstract, 155 were assessed for eligibility with high inter-
rater agreement (k=0.92). Of these, 39 were excluded
after the second screening by full-text analysis (k= 1.0),
leaving a total of 116 studies on distraction force in TKA
[1-7, 1012, 17-23, 25-28, 30, 31, 33-35, 3743, 45,
49-55, 57, 59, 61, 63, 65-75, 77-81, 83-86, 90, 91,
93-96, 98, 100-102, 104106, 116, 118-127, 132-134,
137, 138, 140-144, 146-149, 151-155, 157, 159, 161,
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Records identified from:
Pubmed: n=2,480
Embase: n=3,445
Epistemonikos: n=2,170
Total: n=8,095

Identification
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Records removed before

'

Records screened: n=5,044

A

Studies sought for retrieval:
n=155

v

screening:
Duplicates: n=3,051

Records excluded: n=4,889

\ 4

Screening

Studies assessed for eligibility:
n=155

Studies included in review:
n=116

Included

FIGURE 1

162, 164—166, 168]. In the full-text analysis, 39 studies [8,
9, 13-16, 29, 36, 44, 46, 56, 58, 62, 64, 76, 82, 87-89, 92,
97, 99, 103, 108, 109, 111, 113115, 117, 130, 131, 135,
136, 139, 150, 158, 163, 167] were excluded for the fol-
lowing reasons: 18 studies [8, 13, 14, 16, 36, 44, 56, 58,
62, 64, 99, 108, 111, 113-115, 130, 167] were excluded
because they did not report the outcome of interest, 10
studies [29, 76, 82, 87-89, 97, 103, 150, 158] were ex-
cluded because they reported data from a participant
cohort that was already included in our analysis from
other primary studies, 8 studies [9, 46, 92, 109, 131, 135,
136, 139] were excluded because they investigated uni-
lateral knee arthroplasty, and 3 studies [15, 117, 163] were

Studies not retrieved: n=0

v

Studies excluded: n=39

18 studies did not

provide outcome of

interest

- 10 studies had the
same patient cohort as
some already included
studies

- 8 studies assessed
unilateral knee
arthroplasty

- 3 studies provided

unclear data

PRISMA flow chart diagram. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

excluded because it was not possible to extract clear data
distraction force.

Characteristics of the studies included

Of the 116 studies included [1-7, 10-12, 17-23, 25-28,
30, 31, 33-35, 3743, 45, 49, 55, 57, 59, 61, 63, 6575,
77-81, 83-86, 90, 91, 93-96, 98, 100-102, 104-106,
116, 118-127, 132-134, 137, 138, 140-144, 146-149,
151-155, 157, 159, 161, 162, 164-166, 168], 9 were
RCTs [3, 33, 43, 50, 55, 57, 69, 77, 95] and 107 were
non-RCTs [1, 2, 4-7, 1012, 17-23, 25-28, 30, 31, 34,
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35, 3742, 45, 49, 51, 54, 59, 61, 63, 6568, 70-75,
78-81, 83-86, 90, 91, 93, 94, 96, 98, 100-102, 104—106,
116, 118-127, 132-134, 137, 138, 140-144, 146—-149,
151-155, 157, 159, 161, 162, 164—-166, 168]. Of the 107
non-RCTs, 30 were experimental studies [1, 5, 6, 10, 17,
19, 21, 23, 40, 42, 51-54, 63, 66, 78, 83, 93, 96, 116, 119,
124, 137, 146148, 153, 164, 168], 36 were retrospective
case series [2, 34, 37-39, 49, 59, 68, 70, 73-75, 79, 81,
84, 86, 90, 91, 94, 98, 105, 118, 120, 121, 123, 132, 134,
143, 144, 149, 154, 155, 157, 159, 166], 12 were retro-
spective cohort studies [20, 30, 35, 41, 71, 72, 100, 104,
106, 133, 140, 142], 12 were prospective case series [4,
7, 11, 25, 26, 45, 61, 80, 125, 141, 152, 161], 11 were
prospective cohort studies [27, 28, 31, 65, 122, 126, 127,
138, 151, 162, 165] and 1 therapeutic study [67]. They
were published between 2004 and 2024, and almost all
were in English [1-7, 10-12, 17-23, 25-28, 30, 31,
33-35, 3743, 45, 49-55, 57, 59, 61, 63, 65-75, 77-81,
83-86, 90, 91, 93-96, 98, 100-102, 104-106, 116,
118-127, 132-134, 137, 138, 140-144, 146-149,
151-155, 157, 159, 161, 162, 164, 165, 168], with only
one in Chinese [166]. Of the 116 studies included [1-7,
10-12, 17-23, 25, 28, 30, 31, 33-35, 3743, 45, 49-55,
57, 59, 61, 63, 65—75, 77-81, 83-86, 90, 91, 93-96, 98,
100-102, 104-106, 116, 118—127, 132-134, 137, 138,
140-144, 146-149, 151-155, 157, 159, 161, 162,
164—166, 168], 53 (45.7%) were from Japan [2, 12,
20-22, 25, 33-35, 37, 38, 45, 59, 65-75, 80, 81, 84-86,
90, 91, 94, 95, 98, 100-102, 105, 106, 118, 132—-134,
137, 140144, 148, 149, 154, 159], 13 (11.2%) from the
United States [18, 19, 51, 79, 83, 104, 116, 123, 124, 151,
153, 155, 164], 12 (10.3%) from South Korea [50-52, 54,
55, 57, 121, 122, 125, 126, 161, 162], 7 (6.0%) from
Australia [3, 40, 43, 53, 93, 104, 119], 6 (5.2%) from the
Netherlands [5, 26-28, 30, 31], 4 (3.4%) from China [41,
138, 165, 166] and other countries. Of the 116 studies
included [1-7, 10-12, 17-23, 25-28, 30, 31, 33-35,
3743, 45, 49-55, 57, 59, 61, 63, 65-75, 77-81, 83-86,
90, 91, 93-96, 98, 100-102, 104-106, 116, 118-127,
132—-134, 137, 138, 140-144, 146-149, 151-155, 157,
159, 161, 162, 164-166, 168], 86 reported distraction
force in native knees [2—4, 7, 11, 12, 18, 20, 22, 25-28,
30, 31, 33-35, 37-39, 41, 43, 45, 49, 50, 54, 55, 57, 59,
61, 65, 67-75, 77, 79-81, 84-86, 90, 91, 94, 95, 98,
100-102, 104-106, 118, 120-123, 125-127, 132—134,
138, 140-144, 149, 151, 152, 154, 155, 157, 159, 161,
162, 165, 166], 25 in cadaver knees [6, 10, 17, 19, 21, 23,
40, 51, 53, 54, 63, 66, 78, 83, 93, 96, 116, 119, 124, 137,
146-148, 153, 168] and 5 in computer models or artificial
knees [1, 5, 42, 52, 164].

Quality assessment

Of the 107 included non-RCTs, 65 [1, 5, 7, 10, 11, 18, 20,
23, 25, 26, 28, 30, 31, 34, 35, 37, 40, 42, 49, 52-54, 61,
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63, 65, 72, 78, 80, 81, 83, 85, 86, 90, 91, 94, 96, 98, 100,
101, 104-106, 116, 118, 120, 121, 123-127, 132, 134,
137, 138, 140, 144, 149, 152, 154, 159, 161, 162, 164,
168] had a low risk of bias, 35 [4, 6, 12, 17, 19, 21, 22, 27,
38, 39, 41, 45, 51, 67, 68, 70, 71, 73-75, 93, 102, 119,
122, 133, 141-143, 146-148, 151, 157, 165, 166] had a
moderate risk of bias, and 7 [2, 59, 66, 79, 84, 153, 155]
had a high risk of bias (Table 2). Of the nine included
RCTs, six [3, 50, 55, 57, 77, 95] had a low risk of bias, two
[43, 69] had a moderate risk of bias, and one [33] had a
high risk of bias (Table 3). The funnel plot for participant
age (Figure 2) and male sex (Figure 3) showed mild to
moderate publication bias, which was confirmed by the
Egger test (Egger p=0.0020 and Egger p=0.0044,
respectively) (Table 4). Body mass index (BMI) showed no
strong evidence of bias (Egger p=0.1862) (Figure 4,
Table 4).

Cohort of participants

The 116 included primary studies [1-7, 10-12, 17-23,
25-28, 30, 31, 33-35, 3743, 45, 49-55, 57, 59, 61,
63, 65-75, 77-81, 83-86, 90, 91, 93-96, 98, 100-102,
104-106, 116, 118-127, 132-134, 137, 138, 140-144,
146-149, 151-155, 157, 159, 161, 162, 164—-166, 168]
involved a total of 6869 participants who underwent
TKA with distraction force measurement. Of these,
6804 procedures (99.0%) were performed on native
knees, 81 procedures (0.9%) were performed on
cadaver knees, and 8 procedures (0.1%) were per-
formed on computer models or artificial knees. The
mean participant age was 71 years, the mean BMI was
26.8 kg/m? and 22.9% of the participants were male.
There was no significant difference in participant age
between native and cadaver knee studies (p=0.297).
The proportion of men in the cadaver group was sig-
nificantly higher than in the native group, 66% com-
pared to 21% (p=0.0010). More details on the study
participants are shown in Table 1.

Distraction force

The mean distraction force in TKA studies was
149.9 +45.6 N at extension and 139.5+43.5 N at 90° of
knee flexion (Figure 5, Table 5). Using the Kruskal—
Wallis test, there were no significant differences in
distraction force between native knee, cadaver knee,
computer model/artificial knee studies at extension
(p=0.2480) and at 90° of knee flexion (p=0.8439)
(Table 6). Using the Mann—-Whitney U test, there were
no significant differences between distraction force in
TKA in native and cadaver knee studies at 0° of full leg
extension (p=0.1130) and at 90° of knee flexion
(p=0.6241) (Table 6).
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FIGURE 3 Funnel plot of the participant sex.

Sensitivity analysis

The sensitivity analysis, which excluded primary studies
with a high risk of bias [2, 33, 59, 66, 79, 84, 153, 155],
found no statistically significant differences when com-
pared to the overall set of included studies [1-7, 10-12,
17-23, 25-28, 30, 31, 33-35, 3743, 45, 49-55, 57, 59,
61, 63, 65-75, 77-81, 83-86, 90, 91, 93-96, 98,
100-102, 104-106, 116, 118-127, 132-134, 137, 138,
140-144, 146-149, 151-155, 157, 159, 161, 162,
164—-166, 168]. The results of the sensitivity analysis are
provided in Tables S1-S3 and Figure S1.

Logit transformed proportion for male sex

DISCUSSION

This meta-analysis of 116 primary studies [1-7,
10-12, 17-23, 25-28, 30, 31, 33-35, 37-43, 45,
49-55, 57, 59, 61, 63, 65-75, 77-81, 83-86, 90, 91,
93-96, 98, 100-102, 104-106, 116, 118-127,
132-134, 137, 138, 140-144, 146-149, 151-155,
157, 159, 161, 162, 164—-166, 168] with 6869 partici-
pants found that the mean distraction force in TKA
studies was 149.9 N at leg extension and 139.5N at
90° of knee flexion. There were no significant differ-
ences in distraction force between native knee,
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TABLE 4 Meta-analysis results summary.

Participant age

MEAN DISTRACTION FORCE IN TKA

Confidence Egger
Studies Participants Mean interval T2 P Heterogeneity: p bias Egger p Difference: p
Total 82 6089 71.03 69.78-72.28 31.70 0.97 <0.0001 -2.88 0.0020 0.299
Native knee 78 6066 71.49 70.60-72.39 14.89 0.97 <0.0001
Cadaver 4 23 60.47 26.87-94.07 431.12 0.97 <0.0001
knee
Male sex
Confidence Egger
Studies Participants Mean interval T2 P Heterogeneity: p bias Egger p Difference: p
Total 81 6006 0.21 0.18-0.25 0.76 0.84 <0.0001 -1.83 0.0044 0.0010
Native knee 76 5976 0.21 0.18-0.24 0.58 0.85 <0.0001
Cadaver 5 30 0.66 0.27-0.91 1.29 0.20 0.2846
knee
BMI
Confidence Egger
Studies Participants Mean interval 7 P Heterogeneity: p bias Egger p Difference: p
Total 30 3047 26.79 26.09-27.48 3.24 0.96 <0.0001 3.04 0.1862 —
Native knee 30 3047 26.79 26.09-27.48 3.24 0.96 <0.0001
Cadaver 0 0 - - - - -
knee
Abbreviation: BMI, body mass index.
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FIGURE 4 Funnel plot of the BMI. BMI, body mass index.

cadaver knee and computer model/artificial knee
studies.

These values can be used as benchmarks for in-
traoperative adjustments, helping to standardize proce-
dures and potentially optimize patient outcomes. The lack
of significant differences in distraction force between

native knee, cadaver knee and computer model/artificial
knee studies further supports the robustness of these
findings, suggesting that distraction force in TKA is rela-
tively consistent regardless of the experimental model
used. The Kruskal-Wallis test and the Mann—Whitney U
test found no significant differences in distraction force at
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FIGURE 5 Differences in distraction force applied in TKA between native knee, cadaver knee and computer model/artificial knee. N,

Newtons; TKA, total knee arthroplasty.

TABLE 5 Means of distraction force applied in TKA at 0° of full leg extension and 90° of knee flexion for native knee, cadaver knee and

computer model/artificial knee.

At 0° of full leg extension

At 90° of knee flexion

Studies, N Mean distraction load in ° *SD (range)

Native knee 82 154.4 +46.7 (35.0-320.0)
Cadaver knee 23 135.5+37.9 (90.0-200.0)
Computer model/ 5 143.4 +53.6 (100.0-230.0)
artificial knee

Native knee/ 105 150.2+45.5 (35.0-320.0)
cadaver knee

Total 110 149.9+45.6 (35.0-320.0)

Studies, N Mean distraction load in ° *SD (range)

58 140.9+£43.4 (14.7-244.7)
16 134.3 £42.0 (80.0-200.0)
4 140.8 £61.5 (100.0-230.0)
74 139.5+£42.9 (14.7-244.7)
78 139.5+£43.5 (14.7-244.7)

Abbreviations: N, Newtons; SD, standard deviation; TKA, total knee arthroplasty.

TABLE 6 Differences in distraction force applied in TKA at 0° of
full leg extension and 90° of knee flexion, using the Kruskal-Wallis
test and the Mann—Whitney U test.

Kruskal-Wallis test

Kruskal-Wallis x> df p value

At 0° of full leg extension ~ 2.7888 2 0.2480
At 90° of knee flexion 0.3393 2 0.8439
Mann-Whitney U test

w p value
At 0° of full leg extension 0.1130

1147.0
At 90° of knee flexion 0.6241

501.5

Abbreviation: TKA, total knee arthroplasty.

both knee extension and 90° of flexion, suggesting that
distraction force measurements can be reliably studied in
different contexts, including cadaver and computer mod-
els. This finding has significant implications for preclinical
research, where cadaver and computational models are

often used to simulate TKA conditions. The ability to
generalize findings from these models to real-world clin-
ical settings increases their utility, allowing greater flexi-
bility in experimental design and early-stage research,
especially in the absence of live patient data. However,
these results should be interpreted with caution. Although
no significant differences between models were
observed, the relatively small number of cadaver and
computer/artificial knee studies (25 and 5, respectively)
may limit the generalizability of these findings.

The distraction force is critical to ensure proper ten-
sion of the ligaments throughout the range of motion.
Inadequate or excessive loading can lead to complica-
tions such as joint instability, stiffness, malalignment or
early implant wear, ultimately affecting long-term patient
outcomes. It remains unclear whether the extension gap
should be measured in full extension where the posterior
capsule provides mediolateral stability or in 10° of knee
flexion where the posterior capsule is relaxed, and
mediolateral stability relies on the collateral ligaments.

Implant design, whether cruciate-retaining (CR) or
posterior-stabilized (PS), has an impact on both the
extension and flexion gap. While the resection of the
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ACL increases the extension gap by 1.2 mm, section-
ing the posterior cruciate ligament additionally
increases the gap by 1.3 mm [47, 48].

A standard mean distraction force of 149N at full
extension and 139N at 90° flexion provides surgeons
with important intraoperative values to optimize joint
stability and prosthesis function because surgeon's in-
traoperative assessment has shown high inaccuracy in
proper TKA balance [60].

Compression force of 60-136 N has been recom-
mended in the medial compartment using an in-
traoperative pressure sensor (VERASENSE-System,
OrthoSensor) [160]. In contrast, the developers of this
sensor technology have advised a compression force
of 240 and 200N in the medial and lateral compart-
ments, respectively, which is significantly higher than
the forces reported in the current meta-analysis [24].
The release of the deep medial collateral ligament
(MCL) and removal of cruciate ligaments and the
menisci may necessitate higher forces in both exten-
sion and flexion gaps during bony preparation to pro-
vide appropriate knee stability and might be the reason
for this discrepancy.

The quality assessment of the included studies dem-
onstrated that most of the non-randomized studies had a
low risk of bias (64 out of 105), confirming the reliability of
their own results. However, the presence of seven
non-RCTs and one RCT with a high risk of bias indicates
that some studies may have methodological limitations
that could affect the accuracy of their reported results.
Potential sources of bias, such as different techniques for
measuring distraction or inconsistent reporting standards,
may introduce variability into the data. This underscores
the need for future research to adhere to rigorous meth-
odological standards, including standardized protocols for
measuring and reporting distraction.

The fact that most studies were conducted in Japan
(44.7%) raises an interesting point about the geographical
distribution and the potential for regional differences in
TKA practice. Although distraction force did not differ sig-
nificantly between studies from different countries, future
research could investigate whether regional differences in
surgical technique, patient demographics or healthcare
systems might influence intraoperative practice and out-
comes. This would help determine whether the reported
mean distraction force was universally applicable or
needed adjustment for specific populations or healthcare
environments.

Publication bias was assessed using funnel plots for
key variables such as BMI and male sex distribution. The
funnel plot for BMI shows a relatively symmetrical dis-
tribution, indicating minimal publication bias (Figure 4).
However, there are a few outliers, suggesting the pos-
sible presence of unpublished or under-reported data in
studies with higher mean BMlIs. The funnel plot for par-
ticipant age proportions shows a wider range, with some
studies falling outside the expected range, suggesting

MEAN DISTRACTION FORCE IN TKA

mild to moderate publication bias, which means that
studies with certain age distributions, particularly older or
younger participants, may be under-reported. Similarly,
the funnel plot for male sex suggests mild to moderate
publication bias, particularly in under-reporting data with
low proportions of male participants. The Egger test
further confirmed significant bias in participant age
(Egger p=0.0020) and male sex (Egger p=0.0044),
whereas BMI showed no strong evidence of bias (Egger
p=0.1862) (Table 4). These results suggest that
although the overall data integrity is sound, certain
demographic variables, particularly male sex distribution,
may be underrepresented in the included studies.

Most surgeons aim for symmetrical rectangular ex-
tension and flexion gaps during surgery, however the lat-
eral femorotibial compartment is more mobile than the
medial one, in the natural knee, leading to more laxity on
the lateral side. A significant range of stiffness has been
reported ranging from 60 to 80 N/'mm for the lateral col-
lateral ligament (LCL) and from 34 to 97 N/mm for the MCL
[156]. However, few studies described the stiffness tran-
sition point as the point where there is no difference in
extension (MCL=52.3N+1.6, LCL=54.5N+1.7), but in
flexion, the LCL (59.3 N £2.3) showed a higher stiffness
than the MCL (48.3 N£2.1) [31]. This raises the question
whether an asymmetric force should be applied in the
medial and lateral compartments, especially in flexion. A
recent study described a robot-assisted surgical technique
that implemented this theory, but the impact on patient's
clinical outcomes needs to be studied [145].

CONCLUSION

This meta-analysis is the first to quantify distraction force
in TKA, providing essential reference values of 149.9 N
at 0° extension and 139.5N at 90° flexion. These find-
ings offer valuable guidelines for intraoperative soft
tissue management and joint alignment during TKA
procedures. The consistency of distraction force across
different experimental models suggests that these values
are broadly applicable.
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