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Abstract
Introduction It remains controversial whether coronal laxity after total knee arthroplasty (TKA) is a critical factor in deter-
mining clinical outcomes such as knee range of motion (ROM). The purpose of this study was to evaluate the correlation 
between postoperative ROM and coronal laxity, which was defined as the angular motion from the neutral, unloaded position 
to the loaded position, in patients with medial knee osteoarthritis undergoing TKA.
Materials and methods Preoperative and 1-year postoperative coronal laxity were assessed using radiographs by applying a 
force of 150 N with an arthrometer. A consecutive series of 204 knees was examined. A knee was defined as clinically “bal-
anced” when the difference between medial and lateral laxity was 3° or less. Active ROM was measured using a goniometer. 
Values were expressed as median values.
Results The ROM was 105° preoperatively and 110° postoperatively, with the correlation being weak (r = 0.372, p < 0.001) 
between the periods. The total laxity also revealed a weak correlation (r = 0.270, p < 0.001) between the periods. Preoperative 
laxity was significantly larger (4° vs. 3°) on the medial side (p < 0.001) and postoperative laxity was larger (4° vs. 3°) laterally 
(p = 0.001). There was no significant correlation between postoperative ROM and laxity pre- and postoperatively. Addition-
ally, there were no differences in ROM between the balanced and unbalanced groups in the pre- and postoperative periods.
Conclusions This study indicated that mediolateral coronal laxity in patients with an osteoarthritic knee did not correlate 
with knee ROM after TKA when 3°–4° of laxity in the medial and lateral orientations was maintained.

Keywords Advanced knee osteoarthritis · Total knee arthroplasty · Coronal laxity · Range of motion · Telos arthrometer · 
Stress radiograph

Introduction

Knee range of motion (ROM) after total knee arthroplasty 
(TKA) is one of the main variables used to objectively evalu-
ate clinical outcomes [1, 2]. In addition, because knee ROM 
has been reported to affect patient satisfaction after TKA [3, 
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4], many surgeons [5–9] have cited the importance of factors 
influencing ROM after TKA.

Stability after TKA is known to be an important driver 
of patient-specific outcomes after reconstruction, and is 
associated with medial and lateral coronal laxity [10–12]. 
Adequately balancing the soft tissues may be one of the 
key factors in achieving a successful TKA [13, 14]. In fact, 
coronal laxity during surgery [15–17] and after surgery [18, 
19] was reported to be an important factor affecting ROM 
after TKA. Some have reported that postoperative ROM is 
affected by lateral laxity [15, 18], and others have shown 
that it is affected by balanced laxity [16, 17, 20]. Lateral 
laxity and well-balanced laxity may affect the physiological 
kinematics of the native knee that contribute to improved 
postoperative knee flexion angle. However, there have been 
no reports, to the authors’ knowledge, that have evaluated 
the correlation between ROM and coronal laxity before and 
after TKA.

Therefore, the purpose of this study was to clarify the 
effects of coronal laxity and balance on knee ROM before 
and after TKA.

Materials and methods

This prospective, quasi-randomized study was performed at 
our clinic between July 2008 and November 2016. Informed 
consent, which included a description of the protocol and 
potential arthrometer-related complications, was obtained 
from all patients. Ethical approval for this study was 
obtained. The  LCS® Total Knee System (DePuy, Warsaw, 
IN, USA) was used in all patients (197 patients; 204 knees), 
with either a posterior cruciate ligament (PCL)-retaining 
(CR) design (82 patients; 82 knees) or a PCL-substituting 
(PS) design (115 patients; 122 knees). In all patients, the 
preoperative diagnosis was medial osteoarthritis (OA) of the 
knee. All TKAs were unilateral procedures performed under 
general anesthesia; all patients with bilateral disease were 
scheduled to undergo staged bilateral TKA. The LCS system 
has a spherical surface between the femoral component and 
the tibial insert in both designs, which allows varus–valgus 
motion without loss of congruent contact [21].

Each patient chose which knee would undergo the first 
TKA. The timing of the second TKA was determined based 
on the patient’s self-reported ability to tolerate the additional 
pain and limited activities of daily living during the post-
operative period. Initially, the order in which the implant 
designs were used was quasi-randomized; patients with 
even medical record numbers received the CR implant first, 
while those with odd medical record numbers received the 
PS implant first. Unexpectedly, the PCL-retaining design 
was discontinued by the manufacturer at the end of January 

2013, and the TKA procedures were performed using only 
the substituting design after that time.

One surgeon performed all of the TKAs using a standard-
ized technique, including the necessary soft tissue release for 
proper balance; the surgical technique and rehabilitation pro-
tocol were described in detail in a previous report [22]. In all 
knees, the femoral components were fixed without cement 
and the tibial components were fixed with cement. Proper 
intraoperative mediolateral coronal stability was confirmed 
manually, although it was not quantified intraoperatively. 
Contraindications for surgery included revision arthroplas-
ties, previous tibial osteotomies, and the presence of rheu-
matoid arthritis. The clinical characteristics of the patients 
are summarized in Table 1.

Laxity evaluations

The laxity of the medial and lateral sides was measured with 
a Telos arthrometer (Fa Telos; Medizinisch-Technische Ger-
ätebau GmbH, Sulzbach, Germany) with the patient lying 
supine on a table. For the medial/lateral stress test, a force 
of 150 N was applied just above the joint on the lateral or 
medial femoral condyle. To measure the medial and lateral 
angles, the femoral boundary used was the distal convex 
margin of the condyles. The tibial boundary was the outer 
margin of the condyles. The neutral, unloaded position was 
defined as the baseline. Based on the criteria of Siston et al. 
[14] and Ishii et al. [24], we defined a knee as clinically “bal-
anced” when the difference between the medial and lateral 
laxity was 3° or less. The laxity was assessed preoperatively 
(Fig. 1) and at 12 months postoperatively (Fig. 2), which 
provided sufficient time to predict laxity following TKA, 
because coronal laxity in either type of knee prosthesis has 
been shown to not change significantly between 1 year and 
a minimum of 5 years after surgery [12].

Reproducibility

An experienced technician (K.T.) performed all tests. To 
measure the test–retest reliability, the intraclass correlation 
coefficients and 95% confidence intervals (95% CI) were cal-
culated for the three angles in the maximum medial, neutral, 
and maximum lateral positions. Each value was measured 
twice in 20 specimens.

Concerning test–retest reliability, the intraclass correla-
tion coefficient (95% CI) was 0.971 (0.928–0.988) for the 
maximum medial position, 0.935 (0.843–0.974) for the 
neutral, and 0.962 (0.900–0.985) for the maximum lateral 
position. The standard error of the measurement (maximum 
error) was 0.354 (0.474) for the maximum medial position, 
0.525 (0.736) for the neutral, and 0.412 (0.534) for the maxi-
mum lateral position.
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ROM evaluations

An experienced physical therapist (TS) measured active 
maximum knee flexion and extension using a standard hand-
held goniometer with 38-cm-long arms while the patient 
was supine in non-weight-bearing conditions. The lateral 

femoral condyle was used as the landmark to center the goni-
ometer, with the stationary arm directed toward the greater 
trochanter and the movable arm directed toward the lateral 
malleolus. The amount of knee flexion was measured and 
recorded to the nearest 5°. Finally, the ROM was calculated 
as the range between the extension and flexion angles. The 

Table 1  Patient demographics 
preoperatively and at 1-year 
follow-up for the PCL-retaining 
(CR) and substituting (PS) TKA 
groups

Values are expressed as medians [25th, 75th percentile]
CR posterior cruciate ligament retaining, PS posterior cruciate ligament substituting, TKA total knee 
arthroplasty, N/A not applicable, BMI body mass index, ROM range of motion, HSS hospital for special 
surgery [1]
*p = 0.672, **p = 0.116
a Osteoarthritis grade using the Kellgren–Lawrence radiographic grading scale [23]

Characteristics CR PS p value

Number of knees/patients 82/82 122/115 N/A
Sex (male/female) 10/72 23/92 0.148
Age (years) 71 [66, 77] 75 [70, 80] 0.138
Body height (cm) 152 [147, 157] 151 [147, 155] 0.528
Body weight (kg) 60 [53, 66] 58 [51, 67] 0.130
BMI (kg/m2) 26 [23, 28] 26 [23, 28] 0.195
Posterior slope (°) 9 [9, 10] 9 [8, 10] 0.176
Osteoarthritis  gradea III: 6, IV: 76 III: 4, IV: 118 0.205
Preoperative tibiofemoral angle (°) 181[178, 183] 181[178, 184] 0.772
Postoperative tibiofemoral angle (°) 175 [174, 177] 176 [173, 178] 0.823
Preoperative HSS score 46 [38, 52] 42 [34, 51] 0.243
Postoperative HSS score 92 [92, 96] 92 [92, 94] 0.492
Preoperative ROM 105 [90, 125]* 105 [90, 120]** 0.785
Postoperative ROM 105 [95, 115]* 110 [95, 120]** 0.232
Pre-/postoperative medial laxity 4 [3, 5]/3 [2, 4] 4 [3, 5]/3 [2, 4] 0.555/0.770
Pre/postoperative lateral laxity 3 [2, 4]/4 [2, 5] 3 [2, 4]/4 [3, 5] 0.959/0.181
Pre/postoperative total laxity 7 [6, 9]/7 [5, 9] 7 [6, 9]/7 [5, 9] 0.838/0.055

Fig. 1  Preoperative measure-
ment of medial (a) and lateral 
laxity (c) with a Telos arthrom-
eter while applying a force of 
150 N (a 75-year-old female). 
b The neutral position without 
being loaded (the baseline). To 
measure the medial and lateral 
angles, the femoral boundary 
used was the distal convex 
margin of the condyles using 
a white dotted line. The tibial 
boundary was the outer margin 
of the condyles (tibial plateau 
line) using a white dotted line. 
Medial and lateral laxities of 
4°, respectively, were observed 
from the baseline, although 
maximum values were 1° on the 
medial and 7° on the lateral side
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flexion angle was assessed preoperatively and at 12 months 
postoperatively, which provided sufficient time to predict 
ROM following TKA [8, 25, 26].

Statistical analyses

All values were expressed as medians (and 25th–75th per-
centiles). Continuous variables were compared using the 
Wilcoxon’s rank-sum test, Wilcoxon’s signed-rank test, 
and Kruskal–Wallis test. Discrete variables were compared 
using the Chi-square and Fisher’s exact test. Spearman’s 
rank correlation coefficient was used to test the relationship 
between variables. The strength of the correlation of the 
rank coefficients was defined as: strong = 0.70–1.0, moder-
ate = 0.40–0.69, or weak = 0.20–0.39. Multivariable logis-
tic regression analysis with the stepwise variable selection 
method was performed to identify factors associated with 
improvement in postoperative ROM. In all tests, a p value 
less than 0.05 was considered as significant. All statistical 
analyses were performed using IBM SPSS Statistics ver. 23 
(IBM Japan, Tokyo, Japan).

Results

The ROM was 105° [90°, 120°] preoperatively and 110° 
[95°, 120°] at 1 year postoperatively, with a weak cor-
relation (r = 0.372, p < 0.001) between the periods. The 
total laxity also revealed a weak correlation (r = 0.270, 
p < 0.001) between the periods (Table 2). In addition, the 
difference between pre- and postoperative ROM (dROM; 
0 [− 10, 15]) showed a significant moderate negative cor-
relation with preoperative ROM (R = − 0.637, p < 0.001) 
and a moderate positive correlation with postoperative 
ROM (R = 0.414, p < 0.001). Finally, preoperative laxity 

was significantly larger (4° [3°, 5°] vs. 3° [2°, 4°]) on the 
medial side (p < 0.001) and postoperative laxity was larger 
(4° [3°, 5°] vs. 3° [2°, 4°]) on the lateral side (p = 0.001) 
(Table 2).

There was no significant correlation between postop-
erative ROM and the pre- and postoperative laxity values 
(medial, lateral, and total) (Table 3; Fig. 3a–c).

Fig. 2  Measurement of medial 
(a) and lateral (c) laxity with a 
Telos arthrometer while apply-
ing a force of 150 N, and b the 
neutral position without being 
loaded (the baseline) of the 
same patient in Fig. 1 at 1 year 
postoperatively. Medial and lat-
eral laxities of 4°, respectively, 
were observed from the baseline

Table 2  Comparison of range of motion (ROM) and laxity between 
the pre- and postoperative periods

Values are expressed as medians [25th, 75th percentile]

N = 204 Preoperative 
(°)

Postoperative 
(°)

p value Correlation

ROM 105 [90, 120] 110 [95, 120] 0.299 r = 0.372, 
p < 0.001

Laxity
 Medial 4 [3, 5] 3 [2, 4] < 0.001 0.065 

(p = 0.353)
 Lateral 3 [2, 4] 4 [3, 5] 0.001 0.137 

(p = 0.052)
 Total 7 [6, 9] 7 [5, 9] 0.508 r = 0.270, 

p < 0.001

Table 3  Correlations between postoperative range of motion (ROM) 
and laxity in pre- and postoperative periods

Laxity; median [25, 75%] Postoperative ROM; 110 [95, 120]

Preoperative medial; 4 [3, 5] R = − 0.005 (p = 0.944)
Preoperative lateral; 3 [2, 4] R = 0.121 (p = 0.086)
Preoperative total; 7 [6, 9] R = 0.083 (p = 0.239)
Postoperative medial; 3 [2, 4] R = 0.183 (p = 0.009)
Postoperative lateral; 4 [3, 5] R = − 0.016 (p = 0.082)
Postoperative total; 7 [5, 9] R = 0.132 (p = 0.060)
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Despite differences in the pattern of the ROM changes 
before and after TKA, which indicated that one group had a 
maintained or improved ROM and the other had a deterio-
rated ROM, no significant differences were found in medial, 
lateral, and total coronal laxity between them (Table 4). Mul-
tivariate analysis (multiple logistic regression analysis) was 
performed simultaneously, which recognized the dependent 
variable as the improvement in postoperative ROM com-
pared with preoperative ROM, but there was no significant 
independent variable in this series.

Regarding the correlation between the balance in 
coronal laxity and ROM, we first compared whether the 
characteristics of laxity on the medial–lateral side after 
TKA (with either one being larger than the other) had an 

effect on postoperative ROM. In accordance with patients’ 
conditions, they were stratified into three groups: lat-
eral < medial, 60 knees, 110 [100, 120]; lateral = medial, 
27 knees, 110 [90, 115]; and lateral > medial, 117 knees, 
105 [93, 120]. No significant difference in ROM was 
observed among the three groups (p = 0.073).

When a difference of 3° or less in coronal laxity was 
defined as “balanced”, approximately 90% (183/204) of 
patients had a balanced knee preoperatively, and 80% 
(168/204) were balanced postoperatively. Additionally, 
there were no differences in ROM between the balanced 
and unbalanced groups in either the pre- or postoperative 
period (preoperative; p = 0.384, postoperative; p = 0.157) 
(Table 5).

Fig. 3  The scatterplots show no correlation between postoperative range of motion and each postoperative laxity value [medial (a), lateral (b), 
and total (c)]
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Finally, patients were divided into four groups accord-
ing to the patterns of the changes in the balance conditions 
from before to after TKA: (1) balanced to balanced, 148 
knees; (2) balanced to unbalanced, 35 knees; (3) unbalanced 
to balanced, 20 knees; and (4) unbalanced to unbalanced, 1 
knee. The Kruskal–Wallis test was used to evaluate whether 
there were differences in the postoperative ROM among 
these groups. The groups had ROMs of 110° [95°, 120°], 
115° [103°, 120°], 100° [94°, 110°], and 130°, respectively, 
and there were no significant differences among the groups 
(p = 0.091).

Discussion

The most important finding of this study was that the medi-
olateral laxities did not correlate with postoperative ROM. 
Simultaneously, there was no correlation between postopera-
tive ROM and changes in mediolateral laxity. However, our 
results were obtained in patients whose TKAs were gener-
ally well balanced, with ranges of coronal laxity generally 
in the ideal range, as described by previous studies [10–12]. 
Our results should not be considered to mean that coronal 
laxity, or stability more generally, is unimportant. To the 
contrary, proper stability and balance of TKAs is important 

to ROM and function, since TKAs in this study were catego-
rized as clinically successful.

We first evaluated the correlation between laxity and 
ROM in the CR and PS designs simultaneously. However, 
Table 1 shows that both designs had comparable clinical 
outcomes in terms of the HSS score and pre- and postopera-
tive ROM. Additionally, there were no differences between 
groups with regard to coronal laxity before and after surgery. 
Therefore, it was statistically reasonable to evaluate the two 
designs simultaneously in this study.

Preoperative ROM is currently regarded as the principal 
factor predicting postoperative ROM [5, 8, 9]. Our study 
also indicated that patients with good knee ROM preopera-
tively tended to obtain a good postoperative ROM, despite 
the weak correlation between the periods. Total laxity also 
showed a weak correlation between before and after TKA. 
We speculate that the reason that total laxity postoperatively 
was determined by the more lax side preoperatively was to 
obtain a balanced knee during surgery. As a result, patients 
with larger laxity preoperatively may tend to have a larger 
laxity postoperatively. Siston et al. also [14] observed no dif-
ference between the total arc of varus–valgus motion before 
and after primary TKA in extension and flexion.

Mediolateral coronal laxity has been reported to be asym-
metric even in the native knee [24, 27]. Medial knee OA also 
showed asymmetric coronal laxity. Preoperative laxity was 

Table 4  Changes in laxity from 
pre- to postoperative periods on 
postoperative range of motion 
in maintained/improved and 
deteriorated groups

Values are expressed as medians [25th, 75th percentile]
*,**< 0.001, # ,##< 0.001, *,#< 0.001, **,##< 0.001

Group (°) Pre-medial Pre-lateral Pre-total Post-medial Post-lateral Post-total

Maintained/
improved 
(n = 121)

ROM; 95 [85, 
110]* → 110 
[100, 120]**

4 [3, 5] 3 [2, 4] 7 [5, 9] 3 [2, 4] 4 [3, 5] 7 [5, 9]

Deteriorated 
(n = 83)

ROM; 120 [110, 
 130]# → 100 
[90,  110]##

4 [3 ,5] 4 [3, 5] 7 [6, 9] 3 [2, 4] 3 [2, 5] 6 [5, 9]

p values 0.451 0.150 0.633 0.835 0.840 0.837

Table 5  Median [25%, 75%] 
range of motion (ROM) (°) in 
the balanced and unbalanced 
groups at each pre- and 
postoperative period (balanced: 
defined within 3° between 
medial and lateral laxity)

*A p-value less than 0.05 was considered as significant

Preoperative [°; 25, 75 percentile] Postoperative [°; 25, 75 percentile]

Laxity Medial Lateral Total Laxity Medial Lateral Total

Balanced (n = 183)
ROM; 105° [90, 120]*

4 [3, 5] 3 [3, 5] 7 [6, 9] Balanced (n = 168)
ROM; 110° [95, 120]**

3 [2, 4] 4 [3, 5] 7 [5, 9]

Unbalanced (n = 21)
ROM; 105° [83, 118]*

5 [4, 6] 1 [1, 2] 6 [6, 8] Unbalanced (n = 36)
ROM; 115° [101, 120]**

3 [2, 5] 6 [2, 8] 8 [6, 11]

p value* 0.384 0.002 < 0.0 01 0.149 p value** 0.157 0.066 0.013 < 0.001
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significantly larger on the medial side and postoperative lax-
ity was larger on the lateral side. We speculate that a larger 
laxity may be mainly induced not by the changes in the prop-
erties of soft tissues but by those of the hard tissues such as 
the femoral and tibial cartilage or bone. Considering that 
tibiofemoral angle (TFA) in the native knee was reported 
to be 178° [24], a TFA of 181° in this series might not be 
a severe enough varus deformity to intrinsically change the 
properties of the medial and lateral soft tissue structures. 
Thus, the larger preoperative laxity in the medial soft tis-
sues may have occurred due to the femur and tibia moving 
closer to one another as a result of decreased cartilage height 
or bony attrition. However, the larger postoperative laxity 
in lateral soft tissue tension may have also occurred due 
to the femur and tibia moving closer to one another due to 
correction in alignment from the varus to valgus knee. Belle-
mans et al. [28] may support our speculations. They reported 
that none of the intrinsic shortening of the medial collateral 
structures or stretching of the lateral soft tissues occurs when 
the preoperative deformity is not severe (e.g., when it does 
not exceed 10°), although they evaluated the varus deformity 
with the mechanical axis of the femur and tibia.

Various factors have been shown to be involved in knee 
ROM after TKA, including preoperative flexion angle [5, 
6, 8], preoperative alignment [6, 8], implant design [9, 29], 
posterior tibial slope [7, 30], anterior movement of the femur 
[30, 31], surgical technique [8, 19], and rehabilitation pro-
tocol [32, 33]. Although proper soft tissue balance was 
reported to be one of the most important factors for postop-
erative function and implant durability in TKA [10–13], the 
current study indicated that, when the laxity was maintained 
at approximately 3° or 4° on the medial and lateral sides 
and 7° in total, the coronal laxity was not correlated with 
postoperative ROM.

With regard to the changes in ROM from before to after 
TKA, a couple of papers [9, 26] reported that patients with 
limited ROM preoperatively demonstrated an improvement 
in ROM postoperatively, whereas patients with a large pre-
operative ROM tended to lose motion. The results of our 
study had a similar pattern. Therefore, preventing the dete-
rioration of postoperative ROM in patients with good ROM 
preoperatively could be one of the strategies for obtaining 
good clinical outcomes as well as for improving postopera-
tive ROM in those with limited ROM preoperatively.

Finally, the laxity on the medial and lateral sides has lit-
tle effect on postoperative ROM. In addition, no significant 
difference was observed between the different changing pat-
terns of coronal balance between before and after surgery. 
Based on these results, it seems reasonable to conclude that 
the balance in coronal laxity does not correlate with the post-
operative ROM after TKA.

There were several limitations of this study. First, the 
results may not be generalizable to all patients with knee 

arthroplasties, because participants in this study were 
patients with medial OA knee who had generally well-
balanced knees with few outliers in either ROM or coronal 
laxity after surgery. Second, the laxity was evaluated only in 
knee extension owing to the characteristics of the arthrom-
eter used. We are aware of the importance of evaluating lax-
ity over the entire range of knee flexion to confirm proper 
tension in the coronal plane [34]. However, considering 
that both medial and lateral laxity in both designs showed 
about 4° laxity in extension and 3° in 75° of flexion using 
this arthrometer [20], the different flexion angles in these 
designs may have less of a clinical impact on coronal laxity. 
In addition, this study focused on the coronal laxity, so we 
did not take sagittal laxity into account. Third, the data from 
knees with medial OA may not be generalizable to patients 
with lateral OA, because medial and lateral OA have unique 
characteristics [35].

In conclusion, the preoperative coronal laxity was bal-
anced in 90% of patients with advanced medial OA of the 
knee, and in 80% of patients after surgery. Clinically, an 
evaluation using stress radiographs may be useful to obtain 
information on whether TKA patients have a balanced or 
unbalanced knee with regard to coronal laxity pre- and post-
operatively. This study indicated that mediolateral coronal 
laxity did not correlate with knee ROM after TKA when 
3°–4° laxity in the medial and lateral orientations was 
maintained.
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