Knee Surgery, Sports Traumatology, Arthroscopy (2019) 27:1359-1367
https://doi.org/10.1007/500167-019-05417-2

KNEE q

Check for
updates

Native non-osteoarthritic knees have a highly variable coronal
alignment: a systematic review

Lukas B. Moser'? - Silvan Hess'? - Felix Amsler® - Henrik Behrend” - Michael T. Hirschmann'2

Received: 29 December 2018 / Accepted: 13 February 2019 / Published online: 8 March 2019
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2019

Abstract

Purpose Coronal alignment of the knee is defined by the hip—knee—ankle angle (HKA), the femoral mechanical angle (FMA),
the tibial mechanical angle (TMA), and the joint line convergence angle (JLCA). To date, there is still a lack of knowledge
about the variability of native coronal knee alignment. The purpose of this paper is to present a systematic review of the
current literature about the variability of coronal knee alignment (HKA, FMA, TMA, and JLCA) in non-osteoarthritic knees.
Methods The electronic databases MEDLINE, EMBASE, and Google Scholar were searched from database inception to
search date (November 1, 2018) and screened for relevant studies. The PRISMA guidelines were followed. Inclusion criteria
were studies that reported the coronal alignment of the native, non-osteoarthritic knee.

Results A total of 15 studies met the inclusion criteria. Thirteen studies performed the measurements on weight-bearing
long-leg standing radiographs (LLR), one study used MRI, and one study used the EOS imaging system. The mean HKA
ranged from 176.7° + 2.8° (male) to 180.7° (female). The mean FMA ranged from 92.08° + 1.78° (female) to 97.2° + 2.7°
(female). The mean TMA ranged from 84.6° + 2.5° (female) to 89.6° (female). The mean JLCA ranged from —0.47° + 0.98°
(male) to — 1.9° + 1.4° (female).

Conclusion This systematic review provides a detailed overview about the variability of the coronal knee alignment in non-
osteoarthritic knees. The broad variability of all coronal alignment parameters highlights the necessity for a more anatomic
and individualized approach in knee arthroplasty. It also offers the fundament to understand the changes in osteoarthritic
knees.

Level of clinical evidence Systematic review, Level IV.

Keywords Knee - Alignment - Anatomy - Functional knee phenotypes - Hip knee ankle angle - Femoral mechanical angle -
Tibial mechanical angle - Osteoarthritis

Abbreviations LLR  Long-leg radiographs
HKA Hip—knee—ankle angle MRI  Magnet resonance imaging
FMA  Femoral mechanical angle CT Computed tomography

TMA Tibial mechanical angle
JLCA Joint line convergence angle
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raises the question whether an HKA of 180° really repre-
sents a “normal” knee alignment [2].

Another important factor of coronal alignment is the joint
line orientation [10, 11]. The joint line of the femur can be
measured by the angle between the mechanical axis of the
femur and the tangent to the most distal part of the femoral
condyles (femoral mechanical angle, FMA) and the joint
line of the tibia can be measured by the angle between the
mechanical axis of the tibia and the tangent to the tibial
plateau (tibial mechanical angle, TMA) [18]. The joint line
orientation is on average in 3° varus, which means that the
articular surface of the femur is in 3° valgus, whereas the
articular surface of the tibia is in 3° varus in relation to their
mechanical axes. However, some authors reported substan-
tial deviations from these values [1, 14, 20, 29].

Coronal laxity of the knee is mainly affected by the
medial and lateral collateral ligaments (MCL, LCL) [5, 17].
Ligamentous laxity of either the MCL or LCL can result in a
medial or lateral joint space opening, respectively. The joint
space opening can be measured by the joint line convergence
angle (JLCA), representing the angle between the joint lines
of the femur and tibia. The summation of FMA, TMA, and
JLCA adds up to the HKA [4].

Whereas the HKA can be approximately measured by a
goniometer during physical examination, the TMA, FMA,
and JLCA can only be measured by imaging modalities such
as radiographs, EOS imaging, MRI, or CT [2, 21, 26].

However, to date, there is no sufficient evidence about
the distribution and variability of coronal knee alignment in
non-osteoarthritic knees with regards to all coronal align-
ment parameters.

The purpose of this paper is to present a systematic
review of current literature about the variability of coro-
nal knee alignment (HKA, FMA, TMA, and JLCA) in non-
osteoarthritic knees.

Material and methods

Search strategy

The electronic databases MEDLINE (PubMed), EMBASE,
and Google Scholar were searched by two reviewers (LM

and SH) from database inception to search date (November
1, 2018) and screened for relevant studies. The following
keywords were used: (phenotypes OR morphology OR anat-
omy OR alignment) AND (coronal OR neutral OR varus OR
valgus) AND (knee OR femur OR tibia) AND (healthy OR
normal OR non-osteoarthritic OR native). Table 1 details
the executed search strategy.

The search terms led to 1896 records. Their relevance
was evaluated in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-analysis (PRISMA).

Articles which reported the coronal alignment of native,
non-osteoarthritic knees were included. Studies in English
and German were considered.

The following alignment angles were included: the HKA
(medial angle between the mechanical axes of the femur
and the tibia), the FMA (medial angle between the mechani-
cal axis of the femur and the tangent to the distal femoral
condyles), the TMA (medial angle between the mechanical
axis of the tibia and the tangent to the tibial plateau), and
the JLCA (the medial angle between the distal femoral joint
line and the proximal tibial joint line in the coronal plane).
Figure 1 illustrates the included angles.

Some authors used the same mechanical axes, but they
measured the medial FMA instead of the lateral FMA and
the lateral TMA, instead of the medial TMA. However, as
the medial and lateral angles are complementary to each
other and they add up to 180°, values were calculated for
reasons of comparability and medial angles were used for
reasons of consistency.

Exclusion criteria were the following: studies dealing
with osteoarthritic patients, patients younger than 16 years
and older than 45 years. Studies used different axes for refer-
ence than mentioned above.

Study screening

Two reviewers independently screened the titles,
abstracts, and full texts of all retrieved articles (LM and
SH). Discrepancies at the title and abstract stages were
resolved by automatic inclusion to ensure thorough-
ness. Discrepancies at the full-text stage were resolved
by consensus between the two reviewers. If a consen-
sus could not be reached, a third, more senior reviewer

Table 1 Search terms

Database search criteria Results

Medline Embase
1 Phenotypes OR morphology OR anatomy OR alignment 5,479,844 1,176,188
2 Coronal OR neutral OR varus OR valgus 179,642 203,794
3 Knee OR femur OR tibia 252917 343,755
4 Healthy OR normal OR non-osteoarthritic OR native 2,428 033 3,664,160
5 #1 AND #2 AND #3 AND #4 944 952
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FMA=<90° =varus
FMA=90° = valgus
JLCA
TMA
TMA = 90° =varus
TMA = 90° =valgus

Fig.1 Hip-knee-ankle angle (HKA, medial angle between the
mechanical axes of the femur and the tibia), femoral mechanical
angle (FMA, medial angle between the mechanical axis of the femur
and a tangent to the distal femoral condyles), tibial mechanical angle
(TMA, medial angle between the mechanical axis of the tibia and a
tangent to the tibial plateau), and the joint line convergence angle
(JLCA, the medial angle between the distal femoral joint line and the
proximal tibial joint line)

(MTH) helped to resolve the discrepancy. The references
of included studies were then screened to capture any
articles that may have been missed.

A total of 511 duplicates were removed and 1332 stud-
ies were excluded by reading their titles and/or abstracts.
Fifty-three full-text articles were assessed for eligibility,
31 articles did not measure HKA, FMA, TMA, or JLCA,
and 7 articles included patients younger than 16 years
and/or older than 45 years. This strategy left a total of 15
articles from which all relevant data were extracted. The
detailed selection process can be seen in Fig. 2.

Finally, 15 studies were included in this systematic
review, published between 1987 and 2017 (Table 2).
Thirteen studies performed the measurements on weight-
bearing long-leg standing radiographs (LLR), one study
used magnetic resonance imaging (MRI), and one study
the EOS imaging system. The study cohort ranged from
25 to 273 patients and the mean age ranged from 21 to
37 years.

Data extraction

Two reviewers (LM, SH) independently extracted relevant
data from included articles and recorded these data in a
Microsoft Excel (Microsoft Office Package, USA) spread-
sheet designed a priori. Demographic information included
author, year of publication, imaging modality, sample size,
and patient demographics (i.e. sex, age, etc.).

Quality assessment of included studies

Since the studies used different imaging modalities and
investigated a various study population, the authors were
unable to compare their methods and levels of evidence
using an established quality assessment standard.

Statistical analysis

Descriptive statistics, such as means, ranges, and measures
of variance [e.g. standard deviations, 95% confidence inter-
vals (CI)], are presented where applicable. No meta-analysis
was performed, as there was high heterogeneity amongst the
studies and multiple indirect comparisons.

Results

Fourteen studies [2, 3, 8, 9, 12, 13, 16, 18, 19, 23,
26-29] reported the mean HKA angle that ranged from
176.7° + 2.8° (male) [16] to 180.7° (female) [29] (Table 3).
Only three studies reported the range of the mean HKA
[18, 23, 28]. However, the widest range was 16.1° from
167.7°-183.8° [23].

One study did not distinguish between male and female
patients [27]. Three studies included only male patients
[16, 18, 19] and one study included only female patients
[26]. A closer look into HKA gender distribution reveals
that gender differences do exist. Twelve studies [2, 3, 8, 9,
12,13, 16, 18, 19, 23, 28, 29] investigated the HKA in male
patients showing a mean HKA between 176.7° + 2.8° [16]
and 179.06° + 0.42° [8], whereas ten studies [2, 3, 8,9, 12,
13, 23, 26, 28, 29] showed a mean HKA in female patients
between 177.8° + 2.5 [28] to 180.7° [29]. These results sup-
port the current evidence that male knees are slightly more
in varus than female knees. Furthermore, all studies that
investigated the influence of gender on HKA found signifi-
cant differences [2, 3, 8, 12, 23, 28].

Five studies [2, 3, 12, 19, 26] measured the mean FMA
between 92.08° + 1.78° (female) [2] and 97.2° + 2.7°
(female) [12] (Table 4). Three studies compared both
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Fig.2 Flowchart of the system-

atic review search
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Table 2 Summary of reported angles for coronal alignment (HKA, FMA, TMA, and JLCA)

Author Year Image modality Study cohort ~ Gender: male Gender: female Age (mean +SD) Range
(patients)
Tanaka et al. 2017 LLR 34 12 22 26.40
Nakano et al. 2016 LLR 273 147 126 23.2 (male) 18-38 (male)
24 .4 (female) 17-39 (female)
Jabalameli et al. 2015 LLR 100 50 50 24.4 (male) 15-32
25.4 (female)
Song et al 2015 LLR 118 118 26.8+4.3 20-39
Maini et al 2015 LLR 100 100 21 19-25
Shetty et al 2014 LLR 194 102 92 2040
Bellemans et al 2011 LLR 250 125 125 20-27
Khattak et al. 2010 LLR 59 40 19 2045
Mullaji et al. 2009 LLR 25 25 32 21-39
Tang et al. 2000 LLR 50 25 25 24 (female) 22-312,489
23 (male) 21-29
Cooke et al. 1997 LLR 79 38 41 Up tp 30
Hsu et al. 1990 LLR 60 30 30 25-40
Moreland et al. 1987 LLR 25 25 30 25-45
Hovinga et al. 2009 MRI 70 34 36 26-37
Than et al. 2012 EOS 65 29 36 26.3 19-39

genders [2, 3, 12], one study evaluated only male patients
[19], and another study only female patients [26]. No study

reported the range of the FMA.

Ten studies [2, 3, 13, 16, 18, 20, 23, 26, 28, and 29] eval-
uated the mean of TMA, which ranged from 84.6°+ 2.5°

@ Springer

(female) [28] to 89.6° [29] (Table 5). One studies did not
distinguish between gender [23], six studies separated the

results according to gender [2, 3, 13, 20, 28, 29] and two

studies included only male patients [16, 18]. The widest
range was 11.5° from 78° to 89.5° [28].
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Table 3 Summary of reported angles for HKA
Author Year Image modality HKA-total Range HKA-male Range HKA-female Range
(Mean+SD) (Mean +SD) (Mean +SD)
Tanaka et al. 2017 LLR 179.4+1.5
Jabalameli etal. 2015 LLR 178.5+2.9 177+3.1 1793 +£2.7
Song et al. 2015 LLR 178.65+2.04
Maini et al. 2015 LLR 176.7 £ 2.8
Shetty et al. 2014 LLR 177.6+£2.6 1772425 169.8-184.8  178.0+2.5 167.7-183.8
Bellemanns etal. 2011 LLR 178.67+2.34 178.23+2.42 179.21+2.13
Khattak et al. 2010 LLR 178.4+2.8 180.0+3.0
Mullaji et al. 2009 LLR 178.7+0.8
Tang et al. 2000 LLR 177.8+2.7 172-182.5 177.8+2.5 173-182
Cooke et al. 1997 LLR 179.04 +2.82 178.5+3.0 179.5+2.6
Hsu et al. 1990 LLR 177723 178.7+1.8
Moreland et al. 1987 LLR 178.5+2.0 (1) 173.5-182 (r)
178.9+2.0 (1) 175.5-183 (1)
Hovinga e al. 2009 MRI 179.06+0.42 180.16+0.52
Than et al. 2012 EOS 179.2+3.13 177.7 180.7
(r) =right; (1) =left
Table4 Summary of reported angles for FMA
Author Year Image modality FMA-total Mean+SD) Range FMA-male (Mean+SD) Range FMA-female Range
(Mean + SD)
Jabalameli etal. 2015 LLR 96.8+3 96.5+3.3 97.2+2.7
Song et al. 2015 LLR 92.22 +1.68
Bellemansetal. 2011 LLR 92.1+1.74 92.12+1.70 92.08+1.78
Mullaji et al. 2009 LLR 93.1+1.6
Cooke et al. 1997 LLR 94.04+2.11 935+2.1 94.6+19
Table 5 Summary of reported angles for TMA
Author Year Image modality TMA-total (Mean+SD) Range TMA-male (Mean+SD) Range TMA-female Range
(Mean +SD)
Nakano et al. 2016 LLR 85.6+2.2 85.1+2.4
Song et al. 2015 LLR 86.72+1.61
Maini et al. 2015 LLR 859+2.4
Shetty et al. 2014 LLR 86.7+1.9
Bellemansetal. 2011 LLR 87.04+2.07 86.50+2.17 87.58+1.82
Khattak et al. 2010 LLR 86.6+2.2 88.6+3.2
Tang et al. 2000 LLR 85.1+2.3 78-89.5 84.6+2.5 80-91
Cooke et al. 1997 LLR 86.68+2.31 86.5+2.3 86.9+2.4
Moreland et al. 1987 LLR 87+1.6 (1) 83.5-90 (r)
87.4+1.4() 85-90 (1)
Than et al. 2012 EOS 88+3.57 86.4 89.6

(r) =right; (1) =left

@ Springer



1364

Knee Surgery, Sports Traumatology, Arthroscopy (2019) 27:1359-1367

Table 6 Summary of reported angles for JLCA

Author Year Image modality ~ JLCA-total (Mean +SD) Range  JLCA —male Range  JLCA —female Range
(Mean +SD) (Mean +SD)
Nakano et al. 2016 LLR -0.7+1.0 -07+1.2
Jabalameli et al. 2015 LLR -1+1.6 -1x14 -097+1.7
Bellemans et al. 2011 LLR —0.51+1.05 —0.47+0.98 —-0.56+1.12
Cooke et al. 1997 LLR —1.69+1.34 -14+13 -19+14
Fig. 3 This ﬁgure illustrates the HKA according to gender
reported HKA distributed by
gender 176 176.5 177 177.5 178 178.5 179 179.5 180 180.5 181
e Jabalameli et al.
S ———— Song et al.
| Maini et al.
— | Shetty et al.
* Bellemans et al
= Khattak et al.
| Mullaji et I.
- Tang et
- Cooke et al.
e —— Hsu et al.
— Moreland et al.
—
— Hovinga et al.
————————————————————
| Than et al.
mmale mfemale
Four studies presented data on the JLCA [2, 3, 12,
20]. These ranged from —0.47° + 0.98° (male) [2] to
—1.9° + 1.4° (female) [3] (Table 6). However, no study
reported the range of JLCA. HKA, FMA, TMA, and JLCA FMA according to gender
according to gender are presented in Figs. 3, 4, 5, and 6. 92 93 % 95 % 97 98
Jbolameletsl. e
DiSCUSSiOI‘I Songetal.
. . . Bellemans et al. -
The most important findings of the present review are the
following: Mullaji et al. o
Restoration of a neutral mechanical alignment with an
Cooke et al. h

HKA of 180° is considered as one important factor for good
outcome after TKA [22, 24, 25]. However, the variability
of coronal alignment in native knees raises the question if
an alignment of 180° really is “normal” and should be the
target in TKA for all patients [2, 6]. Should patients with a
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Fig.4 This figure illustrates the reported FMA distributed by gender
(deviation from 3° valgus)
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TMA according to gender
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Fig.5 This figure illustrates the reported TMA distributed by gender
(deviation from 3° varus)

JLCA according to gender
2 -1.5 -1 0.5 0

[ Nakano et al.
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I Bellemans et al.

I o ct ol

mmale mfemale

Fig.6 This figure illustrates the reported JLCA distributed by gender

non-neutral alignment (either varus or valgus) be aligned
neutrally, even when it is not their native knee alignment?
To answer this question, all coronal alignment parameters
and not only the HKA need to be considered.

The mean FMA varied more than 5° from 92.08°+1.78°
(female) [2] and 97.2° + 2.7° (female) [12].The mean TMA
varied 5° (from 84.6°+2.5° [28] to 89.6° [29]) showing a
widest range of 12°. The mean JLCA varied more than 1°
(from —0.47° + 0.98° [2] to — 1.9°+1.4° [3]). This clearly
contradicts the assumption that the native joint lines of the
femur and tibia are in 3° valgus (FMA of 93°) and 3° varus
(TMA of 87°), respectively.

Gender differences are not unambiguously clear.
Whereas Bellemans et al. reported an almost equal FMA,
Cooke et al. and Jabalameli et al. found a higher FMA in
female patients [2, 3, 12]. From the six studies investigat-
ing the TMA according to gender, two authors showed a
higher angle for male patients [20, 28] and four studies
reported higher angles for female patients [2, 4, 13, 29].
One study reported equal JLCA [20], two studies a higher

JLCA for female knees [2, 4], and one study a higher
JLCA for male knees [12].

In a landmark study, Bellemans et al. investigated the
incidence of constitutional varus in 250 patients (m:f
125:125; age between 20 and 27 years) on full-leg standing
digital radiographs [2]. They defined a neutral alignment
of +3°, constitutional varus < 177°, and constitutional val-
gus > 183°. They found that 80 (32%) male knees and 43
(17.2%) female knees had a constitutional varus. Only five
(2%) and seven (2.8%) of the male and female knees had
a constitutional valgus. Consequently, two other authors
also investigated the incidence of constitutional varus in
their population using the same definition as Bellemans
et al. [23, 26]. Shetty et al. investigated a mixed Indian
and Korean population having 40% of the male knees in
varus and 28% of the female knees in varus [23]. Song
et al. only examined female Korean knees and found less
knees in varus (20.34%) [26].

The mean HKA in Bellemans et al. was significantly
smaller in the male knees (178.23° + 2.42°) than in the
female ones (179.21° + 2.13°) (p <0.0001). As most
significant contributing factors to a constitutional varus
the TMA (40.8%) and the FMA (29.4%) were identi-
fied. Whereas the TMA significantly differed between
male and female knees (86.50°+ 2.17°:87.58° + 1.82°),
no significant differences were observed for the
FMA (87.88° = 1.70°: 87.92° + 1.78°) and JLCA
(0.47° + 0.98°:0.56° + 1.12°).

The present systematic review has a considerable number
of limitations. First, the studies included in this systematic
review used different imaging and measurement methodolo-
gies. Most of the studies investigated the alignment on plain
long-leg radiographs (n=13) [2, 3, 9, 12, 13, 16, 18-20,
23, 26-28], one study used EOS imaging [29] devices, and
only one author used MRI [8]. Although some authors used
CT for measurements on osteoarthritic knees [15, 31], there
are, to date, no data of 3D-reconstructed CT scans in non-
osteoarthritic knees. However, 3D-CT represents the tech-
nique with the highest accuracy in determining anatomical
landmarks and should be used for exact alignment measure-
ments [7].

Second, many authors did not report the range of their
results. This would have been of particular interest for this
review. However, the variability can be sufficiently evalu-
ated using the different mean values and their standard
deviations.

Third, some studies did not distinguish between male and
female patients. However, our review showed that great dif-
ferences between genders exist.

Despite the above-mentioned weaknesses, this review
is the first to comprehensively show the variability of all
coronal alignment parameters in non-osteoarthritic knees.
A further systematic review of osteoarthritic knees would
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help to assess the possible changes of coronal alignment in
osteoarthritic knees.

Conclusion

This systematic review provides a detailed overview about
the variability of the coronal knee alignment in non-osteoar-
thritic knees. The broad variability of all coronal alignment
parameters highlights the necessity for a more individualized
approach in knee arthroplasty. It also offers the fundament to
understand the changes in osteoarthritic knees.
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