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Abstract
Purpose To achieve a higher level of satisfaction in patients having undergone Total Knee Arthroplasty (TKA), a more 
personalized approach has been discussed recently. It can be assumed that a more profound knowledge of bony morphology 
and ligamentous situation would be beneficial. While CT/MRI can give 3D information on bone morphology, the under-
standing of the ligamentous situation in different flexion angles is still incomplete. In this study, the dynamic gap widths of 
a large number of varus knees were assessed in various flexion angles, to find out whether all varus knees behave similar or 
have more individual soft tissue patterns. Additionally, it was investigated whether the amount of varus deformity or other 
patient factors have an effect on joint gap widths.
Methods A series of 1000 consecutive TKA patients, including their CAS data and patient records were analyzed. Joint 
gap widths in multiple flexion angles (0°, 30°, 60°, 90°) were measured in mm and differences between the joint gaps were 
compared. A “standard” varus knee was defined as follows: (1) Lateral extension gap greater than medial, (2) lateral flexion 
gap greater than medial, and (3) flexion gap greater than extension gap. The percentage of fulfillment was tested for each 
and all criteria. To measure the influence of varus deformity on gap width difference, three subgroups were formed based 
on the deformity. Data were analyzed at 0°, 30°, 60° and 90° flexion. The effect of patient factors (gender, BMI, age) on gap 
sizes was tested by performing subgroup analyses.
Results Only 444 of 680 (65%) patients met all three varus knee criteria. The lateral extension gap (4.1 mm) was significantly 
larger than the medial extension gap (0.6 mm) in 657 (97%) patients and the gap difference highly correlated with the amount 
of varus deformity (r2 = 0.62). In all flexion positions, however, no correlation between gap differences and varus deformity 
existed. Women had significantly larger extension and flexion gaps. Age and BMI showed no significant effect on gap widths.
Conclusion Varus knees show a large inter-individual variability regarding gap widths and gap differences. The amount of 
varus deformity correlates highly with the medio-lateral gap difference in extension, but not in any flexion angle. As varus 
knees are not all alike, a uniform surgical technique will not treat all varus knees adequately and the individual gap sizes need 
to be analyzed and addressed accordingly with an individualized balancing technique. Which final balancing goal should be 
achieved needs to be analyzed in future studies.
Level of evidence Level III.
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Introduction

Several studies have shown that about 20% of patients are 
dissatisfied after total knee arthroplasty (TKA) [1, 2]. Sev-
eral patient-related, but also surgery- and implant-related 
factors play an important role in this multifactorial issue 
[3–7].

More recently, individual reconstruction of the knee 
has also been considered a relevant factor in improving 
patient outcome [8–11]. To achieve anatomical reconstruc-
tion, both, individual bone and soft tissue anatomy should 
be analyzed quantitatively with a higher level of accuracy. 
Hirschmann et al. [12] have shown that by analyzing the 
bony anatomy, it is possible to differentiate between 43 
morpho-types of the knee, but the anatomical reconstruc-
tion of the knee should also include the individual liga-
mentous frame. Therefore, quantitative assessment of soft 
tissue structures is equally important [13–16]. However, in 
daily practice, pre-operative information is mainly based 
on subjective, qualitative assessments. Intra-operatively, 
the use of modern CAS/robotic software has proven to 
be the best method to obtain quantitative information on 
gap widths [14, 17–21]. Using these techniques, dynamic 
stress tests of the ligaments at all clinically relevant flexion 
angles are possible, and Mehliß et al. [22] demonstrated a 
high intra- and inter-observer reliability with a short learn-
ing curve for CAS.

It has to be assumed that a varus knee is not a homo-
geneous entity, neither from the soft tissue envelope nor 
from the bony side. The latter has been confirmed by pre-
vious studies [23–25]. For the soft tissues, Deep et al. [26] 
described a large variability of gap sizes from extension to 
flexion in their CAS analysis and developed a gap-based 
classification within the varus knee group. Some authors 
[27–31] have described that a typical varus knee has larger 
lateral gap sizes in extension and in flexion compared to 
the medial side. This increase in gap difference between 
medial and lateral sides has been shown to be particularly 
pronounced in severe varus deformities. The flexion gap 
being larger than the extension gap has been described 
as another criterion of varus knees [32]. However, it is 
unclear in which percentage each of these three criteria is 
met in varus knees. This information would be very help-
ful for individual soft tissue envelope restoration.

Whether the extent of varus deformity correlates with 
medial–lateral gap differences is not entirely clear. Matziolis 
et al. [33] showed in a smaller sample that in extension, there 
is a correlation between both parameters, which would allow 
planning the extent of release preoperatively based on coro-
nal alignment. To date, it is unclear whether such a correla-
tion also exists in flexion. However, this information would 
also be of great value for individual soft tissue balancing.

In this study, a group of 1000 patients was analyzed using 
a quantitative CAS technique. Based on the amount of varus 
deformity, patients were then divided into three subgroups. 
All knees were assessed for their medial and lateral gap sizes 
and differences in extension and 90° flexion and whether 
they met all three criteria of a “standard” varus knee: (1) 
lateral extension greater than medial; (2) lateral flexion gap 
greater than medial flexion gap; and (3) flexion gap greater 
than extension gap. The correlation between the extent of 
deformity and the gap differences was tested in extension 
and in flexion (30°, 60°, 90°). Additionally, the influence 
of various patient factors (gender, BMI, age) on gap sizes 
was analyzed.

The following hypotheses were made: (1) not all varus 
knees are alike and less than 80% meet all three criteria of 
a “standard” varus knee. (2) Medio-lateral gap differences 
correlate with the extent of varus deformity in extension and 
flexion. (3) Other patient factors (age, BMI, gender) have 
additional influence on gap sizes.

Materials and methods

Written consent of all patients for data collection was 
obtained prior to hospital entry. After communication with 
the local Ethics Committee (Bayerische Landesärztekam-
mer), no IRB approval was required for this study as no 
specific data were obtained or modifications from standard 
treatment were performed. In the period between Janu-
ary 2017 and December 2018, 1000 consecutive patients 
who received TKA due to primary OA were prospectively 
selected for this study. Among the 1000 patients, 680 
resulted as varus knee, 125 as valgus knee and 195 had neu-
tral axis. Clinical data, radiographs and CAS data of each 
patient were stored and used for this analysis.

All patients were operated on by one of the two senior 
authors of this study (H.G.; W.S.). Surgery was performed 
in all cases with the use of a navigation system (Knee 3.1; 
Brainlab, Munich). Operating with CAS has been suf-
ficiently studied and proven to have high precision for all 
obtained parameters [14, 18].

This system allows a dynamic stress testing of the col-
lateral ligaments and during these procedures individual gap 
widths can be measured quantitatively. Stress testing was 
performed continuously from extension to maximal flexion 
as described by Mehliß et al. [22]. They were able to demon-
strate that the stress test has a high intra- and inter-observer 
reliability (bias of deviation 0.09; 0.05) [22].

Data collection and analysis

At the beginning of surgery, after joint opening and palpa-
tion of the anatomical landmarks, the individual gap widths 
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under varus and valgus stress testing were measured and 
stored.

This was performed before ACL or PCL resection, capsu-
lar release, or bone cutting. The patella was left in its natural 
position to minimize the influence of the extensor mecha-
nism on the measurement of gap widths.

The width of a gap was defined as the minimum spatial 
distance between the most distal femoral point and the most 
proximal tibial point. The femoral points differed depending 
on the angle of flexion. While the most distal point was used 
for the extension gap, the most posterior point was used for 
flexion gap calculation. This calculation was performed fully 
automatic by the Knee3 software in 0.1 mm increments. 
Data were stored in 1° flexion increments in a single file for 
every patient.

The medial and lateral gap widths were measured con-
tinuously in mm and evaluated at 0°, 30°, 60°, and 90° flex-
ion. The mean value of the extension and flexion gap was 
calculated by adding the values of the medial and lateral 
gap and dividing the sum by 2. To compare the extension 
gap with the flexion gap, the mean value of the flexion gap 
was subtracted from the mean value of the extension gap. 
A positive value indicates a larger extension gap, a negative 
value, a larger flexion gap. To analyze possible differences 
between medial and lateral gaps, we subtracted the lateral 
gap value from the medial one. A positive result means that 
the medial gap size is larger than the lateral one. A negative 
value indicates a larger lateral gap size.

This comparison was executed in extension and 90° 
flexion.

Coronal leg axis (HKA) was measured with the CAS sys-
tem at the beginning and end of surgery. Pre-operative data 
were used to calculate the correlation between leg alignment 
and medio-lateral difference at different knee flexion angles.

To specify the effect of deformity on gap sizes, the entire 
varus group was divided into three subgroups based on 
HKA (I = 2–5°; II = 5–10°; III = > 10°). General patient data 
were collected, including BMI, age and sex and evaluating 
the influence each of these factors had on knee soft tissue 
situation.

Statistical analysis

Statistical analysis was performed using Microsoft Excel 
data analysis program. Data were summarized using descrip-
tive statistics of mean and standard deviation. All data were 
tested for normal distribution.

Furthermore, mean values of gap widths and differences 
between the three subgroups were compared using the t test 
for independent samples. Differences between two groups 
were considered statistically significant if the p value was 
less than 0.05 in a two-tailed t test.

Pearson correlation test was used to test for correlation 
between coronal leg alignment and medial–lateral gap dif-
ference in extension and flexion (30°, 60°, 90°).

The data were further analyzed for sex-, age-, and BMI-
related differences. For this purpose, age (< 55; 55–75; > 75) 
and BMI (< 25; 25–30; > 30) were grouped. The number 
of patients in each subgroup is shown in Table 3. For com-
parison of means between subgroups, the t test was used as 
previously described.

Results

The quantity, average HKA and different patient factors of 
all varus knees and the subgroups are presented in Table 1.

Gap widths

Different extension and flexion gap widths are presented in 
Table 2 using mean and standard deviation.

Comparison of gap sizes (Table 2)

Medial/lateral difference in extension

The mean lateral extension gap (4.1 mm) was significantly 
larger than the medial extension gap (0.6 mm; p < 0.001). 
657 patients (97%) showed a larger lateral extension gap, 16 
patients (2%) a larger medial extension gap, and seven (1%) 
patients showed equal medial and lateral extension gaps. 
Mean extension gap size was 2.3 ± 2.3 mm.

Subgroup analysis showed with increasing deformity 
a significantly increasing difference (subgroup I: 1.6 mm 
larger lateral extension gap (compared with medial exten-
sion gap); subgroup II: 3.8 mm larger; subgroup III: 6.7 mm 
larger).

Table 1  Quantity, HKA and patients factors of all varus knees (total) 
and subgroups

Varus total Subgroup I Subgroup II Subgroup III

Quantity, n 680 226 353 101
Percentage, 

%
100 33.2 51.9 14.6

Male, n (%) 351 (51.6) 110 (16.2) 191 (28.1) 50 (7.4)
Female, n 

(%)
329 (48.4) 116 (17.1) 162 (18.5) 51 (7.5)

HKA, ° 6.8 (± 3.3) 3.5 (± 0.7) 7.1 (± 1.5) 12.8 (± 2.4)
Age, years 68.0 (± 9.5) 67.5 (± 9.6) 68.1 (± 9.4) 69.0 (± 9.7)
BMI, kg/m2 31.3 (± 6.2) 31.8 (± 6.1) 31.0 (± 6.1) 31.3 (± 6.4)
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Medial/lateral difference in flexion

The lateral flexion gap (5.5 ± 2.8 mm) was significantly 
larger than the medial flexion gap (3.0 ± 3.3 mm; p <0.001). 
In 583 patients (86%), the lateral flexion gap was larger than 
the medial, in 71 patients (10%), the medial was larger than 
the lateral, and in 26 (4%), both gaps were equal. The mean 
flexion gap size was 4.2 ± 2.8 mm.

With increasing deformity, the inter-gap difference 
became significantly larger (subgroup I: 1.7 mm larger lat-
eral flexion gap; subgroup II: 2.8 mm larger; subgroup III: 
4.1 mm larger).

Difference in flexion/extension gap

On average, the flexion gap was 1.9 mm larger than the 
extension gap (p < 0.0001) in varus knees. In 522 out of 
680 knees (77%), the flexion gap was larger. In 144 knees 
(21%), the extension gap was larger than the flexion gap, and 
in 14 knees (2%), both gaps were equal.

Subgroup analysis showed no constant effect of deform-
ity on flexion/extension gap differences (subgroup I: 2.2 
mm larger flexion than extension gap; subgroup II: 1.8 mm; 
subgroup III: 2.0 mm larger). The differences between all 
subgroups were only significant between subgroup I and II, 
but not between subgroups I and III and II and III.

Criteria of varus knees

The criterion that was met the most (97%), was that the lat-
eral extension gap was larger than the medial extension gap 
(3.5 mm). In 86%, the lateral flexion gap was larger than 
the medial flexion gap (2.5 mm). The criterion that was met 
at least (76%), was that the flexion gap was larger than the 
extension gap (1.9 mm). Only 65% of all knees fulfilled all 

three criteria, with no gender difference between male (65%) 
and female (66%).

Correlation between leg alignment and medial–
lateral gap size difference (Fig. 1)

The correlation between the coronal leg alignment and the 
medial–lateral gap difference in extension showed a high 
correlation of r2 = 0.62. This is documented in a constant 
increase of difference in extension: HKA 2° = 1.0 mm dif-
ference, HKA 5° = 2.6 mm, HKA 10° = 5.2 mm and HKA 
15° = 7.8 mm.

At all flexion angles, this correlation was low r2 = 0.05 at 
30°, to 0.11 at 60° to 0.16 at 90°.

Influence of patient demographics on gap size 
(Table 3)

Gender

Females showed significantly larger gaps of 0.5 mm in 
extension and flexion, demonstrating increased ligament 
laxity.

BMI

No differences between the different BMI groups were found 
for the extension gaps. Flexion gap was only significantly 
larger in patients with a BMI > 30 than in those between 
25 and 30.

Table 2  Various gap sizes (mm) 
in extension and flexion 90° 
of all varus knees (total) and 
subgroups

*Significant difference within the subgroups
**Significant difference to lateral gap size of the same subgroup
N No significant difference within the subgroups
N *No significant difference between subgroup II to III

Varus total Subgroup I Subgroup II Subgroup III

Extension
 Med. gap size 0.6 (± 2.9) 2.0 (± 2.3)*/** 0.4 (± 2.6)*/** − 2.0 (± 3.1)*/**
 Lat. gap size 4.1 (± 2.3) 3.6 (± 2.1)* 4.2 (± 2.3)* 4.6 (± 2.3)N*
 Gap-difference (medial–lateral) − 3.5 (± 2.3) − 1.6 (± 1.0)* − 3.8 (± 1.7)* − 6.7 (± 2.2)*
 Gap-average 2.3 (± 2.3) 2.8 (± 2.1)* 2.3 (± 2.3)* 1.3 (± 2.5)*

Flexion 90°
 Med. gap size 3.0 (± 3.3) 4.1 (± 3.1)*/** 2.7 (± 3.0)*/** 1.2 (± 3.3)*/**
 Lat. gap size 5.5 (± 2.8) 5.8 (± 2.8)N 5.5 (± 2.8)N 5.3 (± 2.9)N

 Gap-difference (medial–lateral) − 2.6 (± 2.3) − 1.7 (± 2.1)* − 2.7 (± 2.2)* − 4.1 (± 2.6)*
 Gap-average 4.2 (± 2.8) 5.0 (± 2.8)* 4.1(± 2.7)* 3.3 (± 2.8)*
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Age

In extension, younger patients (< 55 years) showed signifi-
cantly lager gap sizes than the other subgroups. There was 
no significant difference between the latter groups or in any 
flexion position.

Discussion

The most important finding in this study was that varus 
OA knees show a large variability regarding their gap 
widths from extension to flexion. Although each of the 
three varus knee criteria was found to be significant in 
the overall group, only 65% of patients fulfilled all three 
of them. Second, the amount of varus deformity highly 

correlates with the differences of medial and lateral gap 
widths in extension; however, no correlation was found 
in any of the tested flexion angles. Third, women showed 
significantly larger gap sizes in extension and flexion com-
pared to men, whereas other factors, such as BMI and age, 
had no significant influence.

Based on the fact that about 20% of patients are still 
dissatisfied after TKA, we need to reconsider our surgical 
approach to treat all varus knees as a homogeneous entity, 
with the same resection heights, the same alignment tar-
gets, and the same standard soft tissue release steps. It is 
likely that a more individualized approach might help to 
significantly reduce this in sometime soon [11, 34–36]. 
Some authors try to reconstruct the knee more anatomi-
cally with the tibia cut in constitutional varus [13, 37, 
38]. Others attempt to restore the bony morphology of the 

Fig. 1  Correlation between leg alignment and medial–lateral gap size difference
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femur first and then balance the tibia against the femur 
[39–43].

Valid quantitative data are needed for individual soft 
tissue envelope restoration. In this study, a dynamic CAS 
technique was used that has demonstrated adequate repro-
ducibility [22]. A “standard” varus knee was described using 
three criteria, based on the literature [27, 30, 31]. While each 
criterion proved significant, only 65% of all knees met all 
three criteria.

It was demonstrated that varus knees generally (97%) 
had a significant extension gap difference, with the lateral 
gap being 2.3 mm larger. However, this difference is highly 
dependent on several factors, one of the most important 
being the extent of varus deformity. In a 2° varus deform-
ity, we found a medial–lateral difference in extension of 
only 1.0 mm, in a 5° varus of 2.6 mm and in a 10° varus 
of 5.2 mm. This correlation is in agreement with Matziolis 
et al. [33]. However, the extent of gap difference in their 
study was only 0.35 mm per degree of varus, whereas in 
our study, it is 0.52 mm. This may be due to the smaller 
sample size studied by Matziolis et al. [33]. They noted that 
due to this correlation, it is possible to predict the amount 
of soft tissue release required to balance the knee in exten-
sion by pre-operatively measuring the HKA on long leg 
radiographs. This study was able to confirm the hypothesis. 
However, it should be noted that the amount of soft tissue 
release needed in midrange and flexion cannot be predicted 
with similar precision and individual intraoperative analysis 
is mandatory.

Other authors also found that the lateral extension gap 
is larger than the medial, but described the difference to be 
smaller. For example, Nowakowski et al. [44] described a 

difference of only 1.2 mm. They did not provide informa-
tion on the extent of varus deformity. Matsumoto et al. [28] 
described the difference between medial and lateral exten-
sion gap to be 1.0 mm in knees with a varus deformity less 
than 10°, this difference increased to 2.7 mm in knees with 
a varus greater than 20°. Okamoto et al. [30] divided their 
knees into three groups depending on the extent of varus 
deformity and described a significantly larger lateral exten-
sion gap in knees with severe deformity compared to moder-
ate or mild varus.

Another criterion of varus knees was also confirmed: the 
lateral flexion gap was significantly larger (2.5 mm) than the 
medial one. This criterion was met in 86% of patients and is 
in agreement with many other studies [27, 45–48]. Tokuhara 
et al. [49] found that the lateral flexion gap was 4 mm larger 
than the medial one using an in vivo MRI technique. How-
ever, in this study, only 19% of knees had a lateral flexion 
gap greater than 4 mm. The majority of the patients showed 
a difference between 2 and 4 mm. This may be due to patient 
situation under which the data were obtained. While, our 
data were collected from anesthetized patients (general or 
spinal) in vivo MRI requires patients to be awake. Another 
explanation for the slightly larger difference could be the 
extent of deformity.

It was found that increasing varus deformity is associated 
with an increase in gap difference in flexion; while subgroup 
I showed a difference of only 1.7 mm, this rose to 4.4 mm in 
subgroup III. The effect is mainly due to decreasing medial 
gap widths and not so much to an increase in lateral values. 
Furthermore, the correlation between varus deformity and 
gap difference in flexion is very low. These results are in 
agreement with other studies that described a difference of 
3° (3–4 mm depending on knee size) as physiological in OA 
knees [44, 47, 50]. McAuliffe et al. [46] described in their 
CAS study a difference of less than 2.5° in 91.6% of varus 
knees. They concluded that this small difference reflects the 
fact that coronal contractures are not present in varus knees 
at 90°. This result is not supported by the finding of this 
study that the reduction in medial values is more pronounced 
than the increase in lateral gap widths.

The third criterion of a “standard” varus knee being that 
the flexion gap is larger than the extension gap, was also 
found to be true. However, this criterion was met in only 
77% of cases. Subgroup analysis showed no significant dif-
ference between groups, indicating that the extent of varus 
deformity did not affect this criterion. Shalhoub et al. [32] 
also found that the flexion gap was larger than the extension 
gap. Their difference was more than 3 mm, which is slightly 
larger than in our group (1.9 mm). Interestingly enough, 
they described a constant gap width from 20° to 90° flexion, 
which is not consistent with the findings in this study.

Deep et al. [51] described gender as a factor, with females 
having larger gap sizes. In our study, this finding was 

Table 3  Number of patients in the subgroups of patient factors and 
their gap widths (mm)

*Significant difference within the gender subgroups
**Significant difference to age/BMI subgroup II
***Significant difference to age/BMI subgroup III
N No significant difference within the patient factor subgroups

Quantity (n) Extension gap Flexion gap

Gender
 I Male 351 2.1 (± 2.4)* 4.0 (± 2.9)*
 II Female 329 2.6 (± 2.3)* 4.5 (± 2.7)*

BMI
 I < 25 89 2.4 (± 2.5)N 4.1 (± 2.9)N

 II 25–30 235 2.2 (± 2.5)N 3.9 (± 2.9)***
 III 25–30 356 2.4 (± 2.1)N 4.5 (± 2.7)**

Age
 I < 55 54 3.1 (± 2.5)**/*** 4.0 (± 3.0)N

 II 55–75 447 2.3 (± 2.3)N 4.3 (± 2.8)N

 III > 75 179 2.2 (± 2.4)N 4.0 (± 2.8)N
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confirmed. The effect was evident in both extension and flex-
ion, the difference however, being small (0.5 mm). Van der 
Esch et al. [52] measured a difference of 3° in OA patients, 
which again was larger in women. The higher value in their 
study is probably due to the fact that the measurement was 
made in 15° of flexion and thus stabilizing structures, such 
as the posterior capsule, are relaxed. Other authors found a 
similar effect in healthy control subjects [53, 54].

One limitation of our study is that the data were collected 
in a supine position in anesthetized patients. Although the 
number of patients examined in this study was very large, 
they were almost entirely Caucasian, and the extent of 
deformity was limited to less than 20°. Whether the changes 
in severe cases are similar to those we have described in 
knees between 2 and 15° varus can only be speculated upon.

The clinical relevance of this study is that it has been 
demonstrated quantitatively that varus knees should not be 
treated as a uniform entity as they have a large variability in 
gap widths at different joint positions. This implicates that 
a uniform surgical technique will address the majority but 
not all varus knees adequately.

Conclusion

It was shown that ligamentous knee morphology shows a 
high variability. The preoperative planning of releasing steps 
based on the amount of varus deformity is only possible 
in extension, because only in extension a high correlation 
between both factors exists. In all flexion angles, this cannot 
be predicted and is highly variable. Based on the results, a 
preoperative analysis of all gap sizes in the entire ROM is 
recommended for individual soft tissue management.
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