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Abstract

Introduction The influence of limb malrotation on long-leg radiographs (LLR) is frequently discussed in literature. This
systematic review aimed to describe the influence of limb rotation on alignment measurements alone and in combination
with knee flexion, and determine its clinical impact.

Materials and methods A literature search was conducted in June 2021 using the databases MEDLINE, Cochrane, Web of
Science (Clarivate Analytics), and Embase. The search term ((radiograph OR X-ray) AND (position OR rotation) AND limb
alignment) was used. Database query, record screening, and study inclusion and exclusion were performed by two reviewers
independently. Experimental studies (using either specimens or synthetic bones) or clinical studies (prospective or retro-
spective using radiographs of patients) analyzing the influence of limb rotation on anatomic and mechanical limb alignment
measurements were included. Characteristics and results of the included studies were summarized, simplified, and grouped
for comparison to answer the research question. Studies were compared descriptively, and no meta-analysis was performed.
Results A total of 22 studies were included showing large heterogeneity, comprising studies with cadavers, patients, and
synthetic bones. Most studies (7 out of 8) reported that external rotation (ER) causes less apparent valgus and leads to more
varus and internal rotation (IR) causes more valgus and leads to less varus. However, there is no consensus on the extent of
rotation influencing alignment measures. Studies reported about an average change of >2° (n=4) and < 2° (n=4) hip-knee-
ankle angle (HKA) between 15°IR and 15°ER. There is a consensus that the impact of rotation on mechanical alignment
is higher if additional sagittal knee angulation, such as knee flexion, is present. All five studies analyzing the influence of
rotation combined with knee flexion (5°—15°) showed an HKA change of >2° between 15°IR and 15°ER.

Conclusion Malrotation is frequently present on LLR, possibly influencing the measured alignment especially in knees with
extension deficit. Surgeons must consider this when measuring and treating deformities (high tibial osteotomy or total knee
arthroplasties), and analyzing surgical outcomes. Especially in patients with osteoarthritis with knee extension deficits or
postoperative swelling, the effect of malrotation is significantly greater.
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Introduction

Long-leg radiographs (LLR) show the lower limb from
the femoral head to the ankle. They are obtained to deter-
mine the mechanical axis to analyze deformities and plan
deformity corrections in the frontal plane [52]. Moreover,
LLR are used in complex total knee arthroplasty to plan
appropriate bone resections [15, 38] and are essential for
postoperative evaluation.

In the last 20 years, several studies analyzed factors
that influence the measured parameters on LLR. Some
claimed concerns regarding the reliability and accuracy
of LLR. In daily clinical practice, limb rotation on LLR
is a major topic: Is the limb properly positioned? How
much limb rotation is present on the radiograph? How
does it influence the measured limb alignment? Further-
more, there is no consensus on how much limb rotation
can be accepted and how it influences treatment selection
and surgical planning. Moreover, in clinical practice, sur-
geons must decide whether LLR should be repeated due
to the presence of limb malrotation determined between
additional radiation exposure for the patient and measure-
ment inaccuracy.

Therefore, this systematic literature review aimed to
provide an overview of studies that discussed lower limb
rotation on LLR to describe how limb rotation can influ-
ence anatomic and mechanic limb alignment measure-
ments alone and in combination with knee flexion or
varus/valgus alignment; and the impact on diagnosis, treat-
ment selection, surgical planning, or surgical outcomes.
We hypothesized that axial limb rotation influences the
measured limb alignment and that there is a clinical impact
in treatment planning or decision making.

Materials and methods

A literature search was conducted in June 2021 using the
MEDLINE (PubMed), Web of Science (Clarivate Ana-
lytics), Cochrane Library, and EMBASE databases. The
following search term was used: ((radiograph OR X-ray)
AND (position OR rotation) AND limb alignment). Refer-
ences were managed using EndNote X9.3.

Inclusion criteria for studies were as follows:

— Studies published between 1989 and June 2021.

— Experimental studies (using either specimens or synthetic
bones), clinical studies (prospective or retrospective
using radiographs of patients), and systematic reviews.

— Studies that analyzed the influence of limb rotation on
anatomic and mechanical alignment measurements.
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Exclusion criteria for studies were as follows:

— Conference abstracts, editorial letters, and book chap-
ters.

— Theoretical approaches.

— Studies published in languages other than English.

— Studies that analyzed the influence of rotation on only
one bone (the tibia or femur).

— Studies that measured tibiofemoral alignment, but not its
measurement variability.

— Studies that did not refer limb rotation measurements to
the measured limb alignment.

— Studies that measured the change of alignment influenced
by a surgery (e.g., component position after total knee
arthroplasties (TKA)], but not by limb rotation.

All steps for the identification of studies (record identifi-
cation, record screening, report eligibility assessment, and
report exclusion and inclusion) were independently carried
out by two reviewers. Any differences regarding the included
studies between the two reviewers were discussed and a con-
sensus was reached. References and citations of the finally
included articles were scanned for additional relevant arti-
cles matching the abovementioned inclusion criteria (Fig. 1).

Interpretation and analysis of the included articles

Relevant data from the included articles were extracted
and recorded in a separate table designed a priori. Descrip-
tions of the included studies were summarized, simpli-
fied, and grouped for syntheses and comparison to answer
the research aims. Publishing year, study type, study aim,
sample size, sample, image modality, and analyzed align-
ment measurements of the included studies are summarized
in Table 1. A short description of the methods, and main
findings of the included studies are summarized in Table 2
in “Appendix”. The included studies were descriptively
compared. If applicable and present, descriptive statistics
(means + standard deviations; median, ranges) were pre-
sented for each study. The comparison between the results
of studies analyzing the influence of rotation on anatomic
tibiofemoral angle (TFA) and those of studies analyzing the
influence of rotation on the hip-knee-ankle angle (HKA)
is visually displayed in Figs. 2, 3, and 4. No assessment
or comparison of the study quality was comprehensively
performed because study designs, methods, and purposes
of the studies varied widely. Nevertheless, the main limita-
tions and methodological differences of the included studies
are described in the Discussion section and summarized in
Table 2 in “Appendix”. Due to the high heterogeneity among
studies, no meta-analysis was performed and only descrip-
tive comparisons were performed.
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Fig. 1 Flowchart according to
the PRISMA guidelines

Identification of studies via databases and registers

PubMed (n = 645)

Embase (n = 384)

Identification

Records identified from:

Web of Science (n = 312)
Cochrane Library (n = 151)

Records removed before screening:
Duplicate records removed
(n = 476)

\

A4

Records screened
(n=1016)

Records excluded
(n=919)

A4

(n=97)

Reports sought for retrieval

> :?ne£)01r>ts not retrieved

A\

Screening

(n = 96)

Reports assessed for eligibility

Reports excluded:
- e Did not measure limb rotation (n = 33)
e Did not refer limb rotation measurements to

\4

the measured limb alignment (n = 4)
e Only measuring the tibiofemoral alignment,
but not its measurement variability (n = 18)
e  Full text language other than English (n = 7)
e Letter to the editor, book or abstract (n = 5)
e Change of alignment was caused by a

(n=22)

(n=22)

Studies included in review

Reports of included studies

surgery and not by limb rotation (n = 2)

e Rotation measurements restricted to either
tibia or fibula (n = 7)

e  Theoretical approach
(n=1)

Reports found by citation and reference screening

Results
Study selection

A total of 22 studies, including 19 studies from the data-
bases and three studies [26, 28, 55] from the citations of
the included studies, were selected based on the inclu-
sion criteria and reviewed. Figure 1 presents the study
selection process according to the PRISMA guidelines.
Some studies met the inclusion criteria but were excluded.
For example, Oswald et al. [43] and Jiang and Insall [22]
measured the influence of rotation only on the femoral
alignment. Some studies (e.g., [14, 32]) were excluded
because the limb rotation was either not measured or only
approximated. Other studies [2, 30, 31, 38] changed or
measured the limb rotation but did not analyze its influ-
ence on tibiofemoral alignment.

(n=3)

Study characteristics: image modalities, selected
subjects, and radiographic measurements

A large heterogeneity was found among the included studies
in terms of image modalities, subjects, and analyzed align-
ment measurements (Table 1). The included studies used
different image modalities as follows: short-plane anteropos-
terior radiographs [35, 63], weight-bearing LLR [19, 36,
37, 49, 55], LLR without weight bearing [8, 25, 47, 56],
computed tomography (CT) [21, 24, 26, 29], navigation sys-
tem [28], EOS imaging [40, 58, 64], weight-bearing LLR
combined with EOS imaging [42], weight-bearing LLR and
a helical CT [27], and short-plane knee radiographs and LLR
[33].

Of the 22 studies included, four studies used post-mortem
specimens or amputated limbs [8, 28, 29, 63] and six studies
used synthetic bone models [25, 35, 40, 47, 56, 58]. Except
Khare and Jaramez [29] (n = 10), these studies used less than
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Table 1 (continued)

Measured alignment parameters

Image modality

Sample size and test object

Study type

Year Aim

References

HKA, TFA, MDA

17 Children (33 limbs) with wbLLR

Prospective

Stricker and Faustgen [55] 1994 1. Effect of rotation on alignment

bilateral bowleg deformity

(18-36 months)

Experimental 3 Synthetic tibia and femurs

2. Clinical impact (misdiagnosis

of Blount’s disease)
1999 1. Effect of rotation (and varus/

TFA, AMA

LLR (distance X-ray source-

Swanson et al. [56]

model: 92 inches)

valgus) on alignment
2. Clinical impact (knee oste-

otomy simulation)

HKA

Radiographs taken with a bipla-

2012 1. Effect of rotation (and flexion) Experimental 3 Synthetic bone models (tibia,

Thelen et al. [58]

nar slot scanning system (EOS)

fibula, femur)

on alignment

TFA

a.p. radiographs (35%90 cm)

1991 1. Effect of rotation (and flexion) Experimental 2 Above-knee amputated limbs

Wright et al. [63]

on alignment
2020 1. Effect of rotation (and flexion)

HKA

Radiographs taken with EOS

Retrospective 115 Patients with TKA

Yoo et al. [64]

on alignment

Descriptions of the included studies were summarized, simplified, and focused on the aim of the present systematic review

mLDFA mechanical lateral distal femoral angle, MPTA medial proximal tibial angle, wbLLR weight-bearing long-leg radiographs, LLR non-weight-bearing long-leg radiographs, MPTA medial

proximal tibial angle, aLDFA anatomic lateral distal femoral angle, AMA anatomical mechanical angle of the femur, MAD mechanical axis deviation, FFA frontal femoral angle, MDA proximal
tibial metaphyseal—diaphyseal angle, JLCA joint line convergence angle, bowing angle of the femur (angle between the anatomic femoral axis and proximal femoral shaft), WBL distance from

medial edge of tibia plateau to mechanical limb axis in mm

five specimens or test objects [8, 25, 28, 35, 40, 47, 56, 58,
63].

Three studies used CT data from patients [21, 24, 26,
27] and five studies used radiographs from patients retro-
spectively [36, 37, 42, 49, 64]. Hunt et al. [19], Stricker and
Faustgen [55], and Lee et al. [33] obtained radiographs from
patients with different rotation positions prospectively. The
sample size ranged from 9 [24] to 115 [64].

The included studies used different radiographic param-
eters. The TFA was frequently used to analyze anatomic
alignment [21, 27, 35, 55, 56, 63] and HKA was the most
frequently used to analyze mechanical alignment [8, 19, 21,
24,25, 27, 28, 40, 42, 55, 58, 64].

Influence of rotation on alignment measurements

The materials and methods and results of the studies are
summarized in Table 2 in “Appendix”. Several studies
reported that ER causes less apparent valgus and leads to
more varus and IR causes more apparent valgus and leads
to less varus [19, 21, 26, 35, 47, 49, 56]. In contrast, Lee
et al. [33] described that the foot position (0°, 15° IR, and
30° ER) in 80 lower limbs of 40 patients had little effect
on alignment measures on LLR. An externally rotated foot
position showed less varus, and an internally rotated position
showed more varus.

There is no consensus to which extent rotation can influ-
ence alignment measures. Differences in the magnitude
between the relationship of limb rotation and HKA are
shown in Fig. 2. We found four studies [19, 21, 28, 55]
describing an average change of >2° HKA between 15° IR
and 15° ER in a fully extended leg. A smaller change in
HKA between 15° IR and 15° ER was found in four studies
[8, 24, 40, 58]. For example, Jud et al. [24] found in seven
patients that 10° IR led to a median change of the HKA
by 0.1° (minimal deviation from median, —0.3°; maximal
deviation from median, 0.2°), 20° IR leads to 0.2° (—0.9°;
0.7°), 10° ER leads to 0.0° (—0.3°; 0.0°), and 20° ER leads
to 0.0° (—0.8°; 0.2°). In contrast, Hunt et al. [19] described
that varus HKA decreased from 6.1° +3.8° in neutral posi-
tion to 3.6°+2.7° at 15° IR and increased to 7.2° +£3.5° at
15° ER. Additionally, studies using patient data reported a
significant change of HKA due to malrotation [27, 36, 37].
For example, Kawakami et al. [27] described a mean change
of HKA of 1.6°+1.3°, ranging from 0.2° to 4.9°, due to mal-
positioning on the radiographs. Jamali et al. [21] found that
even a limb position of 3° variation compared to the neutral
position leads to a statistically significant difference of the
measured HKA and TFA. However, the authors stated that
these effects may be small, and their clinical importance is
unknown [21]. The relationship between anatomical limb
alignment (TFA) and limb rotation of included studies is
shown in Fig. 3.

@ Springer
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Fig.2 Comparison of studies
reporting on the influence of
rotation on the HKA. (There
was no distinction between

mean and median values. Some 2,5
studies reported on the change
from the HKA to neutral rota-

5,0

Jud et al.

Thelen et al.

Jamali et al.

tion. Some presented absolute
values but were adapted to HKA
change compared to the neutral
rotation for better illustration
[55]. Values of Thelen et al.[58]
Meijer et al. [40], and Jamali

et al. [21] were obtained from
graphs of their publications.)

HKA (neg. values: varus)
o
k)

-30 -20

Lonner et al. [35] reported TFA changes from 2.57° valgus
in 20° ER to 5.71° valgus in 25° IR. Kawakami et al. [27]
found a mean change of TFA of 3.5° +2.2° (range 0.4°-8.6°)

Fig.3 Comparison of stud-
ies reporting on the influence
of rotation on the FTA. (#: 20,0
different objects of the study.
Some studies reported on the
change of the TFA compared
to neutral limb position. Some
presented absolute values but 15,0
were adapted to TFA change

compared to the neutral rotation

for better illustration [55]. There 12,5
was no distinction between
mean and median values. Values
of Lonner et al.[35] and Jamali
et al.[21] were obtained from
graphs of their publications.)

17,5

10,0

7,5

5,0

TFA (neg. values: varus)

2,5

Wright et al. #1

Stricker & Faustgen
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—— Kannan et al.
0,0 > -

Stricker & Faustgen

\ Brouwer et al.

Meijer et al.

Hunt et al.

/
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External Rotation - Internal Rotation

due to malrotation of the patient’s limb on LLR. Lee et al.
[33] reported a decrease in the femoral-tibial angle (FTA) in
short-plane radiographs from 2.5° +4.3° in neutral position to

Swanson et al.#1

Swanson et al.#3

Lonner et al.

Jamali et al.

Wright et al. #2

s

Swanson et al. #2

-10 0 10 20 30
External Rotation - Internal Rotation
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Fig.4 Comparison of studies 10

reporting on the influence of 8 Jud et al. (15°)
rotation in combination with

knee ﬂexior} on the HKA. 6 Thelen et al. (9°) Jud et al. (10°)
(Some studies reported about

the change in the HKA com- 4

pared to neutral limb position. 5 ) my)
Some presented absolute values. ’
Values of Thelen et al. [58] 0

were obtained from graphs of
their publications.) Values in
brackets behind the study name
reflect knee flexion

<~

A

Meijer et al. (10°)

-6 —— Kannan et al. (5°)

HKA (neg. values: varus)
A

5°+5.2° at 30° ER of the foot and 1.1°+5.0° at 15° IR of the
foot. Wright et al. [63] analyzed two amputated limbs. They
concluded that the TFA showed only small effect on rotation
with the fully extended limb rotated < 10°. The alignment of
the first limb changed from 1.7° to 2.3° valgus from 20° ER
to 20° IR, but the alignment of the second limb changed from
7.0° valgus to—2.0° varus from 20° ER to 20° IR. Swanson
et al. [56] found that the TFA changed from 6.4° varus in the
neutral position to 5.3° and 3.7° in 10° and 20° IR and 7.4°
and 7.8° in 10° and 20° ER. Other alignment angles were ana-
lyzed, for example, by Radtke et al. [47]. From 20° IR to 20°
ER, AMA changed from 6.8° to 4.6°, mLPFA from 101.6° to
93.6°, mLDFA 90.6° to 86.8°, mMPTA 90.4° to 88.5°, and
mLDTA from 98.9° to 90.5°.

Influence of rotation in combination with knee
extension deficits or varus—valgus alignment

12 studies analyzed the influence of rotation in combination with
knee flexion [8, 24-28, 35, 40, 42, 58, 63, 64]. There is consen-
sus that the impact of rotation on the mechanical alignment is
higher, if an additional sagittal knee angulation, such as knee
flexion, is present [8, 24-28, 35, 40, 42, 58, 63, 64]. Figure 4
presents studies on the combination of rotation and knee flexion
between 5° and 15°. All five studies analyzing the influence of
rotation in combination with knee flexion (5° to 15°) showed a
HKA change of >2° between 15° IR to 15° ER [8, 24, 25, 40,
58]. Furthermore, Kendoff et al. [28] described alignment devia-
tion from the initial leg alignment of 3.4° with 5° IR and 5° knee
flexion and 2.8° with 5° ER and 5° knee flexion. Kannan et al.
[25] found that the HKA did not vary by > 1° when their saw

Kannan et al. (10°)

—— Kannan et al. (15°)

Brouwer et al. (15°)

-10 0 10 20 30
External Rotation - Internal Rotation

bone model was flexed from 0° to 20° in neutral rotation posi-
tion or when the model was externally rotated up to 20° in full
extension. Greater variation was found when flexion and rotation
were combined: 10° ER and 5° flexion led to a change in HKA
by 2° and 20° ER and 10° flexion led to a change of HKA by
4°. Meijer et al. [40] reported that a change of rotation from 20°
IR to 20° ER in a neutrally aligned, 10°-flexed knee leads to a
change of HKA measurement of up to 6.5° (measurement differ-
ence between — 2.3 and 4.2°). Thelen et al. [58] found that axial
rotation of 10° (IR or ER) of their lower limb model resulted
in HKA deviations of 0.4° with full knee extension, 1.9° with
9° knee flexion, and 3.1° with 18° knee flexion. Brouwer et al.
[8] showed that the combination of flexion and rotation leads to
large changes in HKA. For example, 15° knee flexion with 15°
ER led to a change in the HKA measurement of 4°. Jud et al.
[24] reported that 10° knee flexion in combination with 10° IR
and 20° IR led to 2.3° valgus and 3.9° valgus and 10° ER and
20° ER led to—1.1° varus and —2.6° varus.

The influence of deformity and malrotation on measured
alignment remains controversial. Brouwer et al. [8] revealed
that, in case of a varus deformity, flexion in combination with
external rotation causes more changes than flexion in combina-
tion with internal rotation. Stricker and Faustgen [55] analyzed
17 children with bowleg deformity and concluded that limb
malrotation can reduce the validity of HKA and TFA progres-
sively. They found that HKA was 27.7° at neutral rotation and
significantly increased by 2.4° with 15° ER and 3.0° with 30°
ER. The TFA was 24.8° at neutral rotation and significantly
increased by 3.0° with 15° ER and 6.7° with 30° ER. Swanson
et al. [56] pointed out that the effect of malrotation on meas-
ured TFA is more sensitive in varus and valgus deformed limbs
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than in neutral aligned limb. Moreover, severe valgus deformi-
ties are more sensitive to the effects of ER, and severe varus
deformities are more sensitive to the effects of IR. In contrast,
Jud et al. [24] found, in seven patients with coronal alignment
between 9° varus and 9° valgus and no further deformity, that
the change in the HKA induced by knee flexion and malrota-
tion had almost equal influence on the HKA. Kawakami et al.
[27] found no correlation between the degree of varus align-
ment on AP radiographs and change in alignment with limb
rotation. The flexion of the knee during radiography was the
main source of the effect of rotation on limb alignment meas-
urements. Meijer et al. [40] investigated the influence of varus/
valgus alignment, limb rotation, and knee flexion in a synthetic
bone model surfaced with a TKA. They found that a change
in varus/valgus alignment from 15° varus to 15° valgus and
a change in the rotation from 20° IR to 20° ER with a fully
extended knee did not show major differences in HKA. How-
ever, rotating a fully extended knee with 10° valgus or 10°
varus led to an average change of 1.8° (range between 1.6°
and 2.1°) or 0.7° (range between — 1.7° and 0.3°) in HKA.
Maximum measurement differences were found if all three
factors (knee alignment, limb rotation, and knee flexion) were
combined. For example, 10° varus with 10° flexion with rota-
tion changes from 20° IR and 20° ER led to difference of —2.0
to 4.9° in HKA.

Studies analyzing the impact on clinical decision
making

The change in anatomical and mechanical alignment due to
limb rotation and its impact on treatment selection, surgical
planning, and surgical outcome are only analyzed by few
studies.

Maderbacher et al. [36] found, in average, only small
rotation-related measurement errors of HKA (—0.6°). How-
ever, large ranges of wrong measurements were found (—2.5
valgus to 1.1 varus), indicating significant and clinically rel-
evant measurement errors in some radiographs. Moreover,
11% of TKAs were wrongly assigned to either maligned or
well aligned, which was defined as HKA within +3° varus
or valgus. Moreover, Stricker and Faustgen [55] pointed out
that malrotation on radiographs can lead to misdiagnosis and
mistreatment of Blount’s disease.

Results of a computer-simulated HTO performed by
Swanson et al. [56] demonstrated the influence of limb rota-
tion on HTO planning. Osteotomy planning based on the
measured TFA with limb rotation resulted in undercorrec-
tion with a limb rotated in 20° IR and resulted in overcor-
rection in 20° ER of the limb.

Kawahara et al. [26] analyzed the effect of limb malrota-
tion on preoperative planning of open-wedge HTO in 51
knees. Digital radiographs were reconstructed from CT data-
sets in neutral position, 5° IR and ER, and 10° IR and 10°
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ER. The weight-bearing line percentage, medial proximal
tibial angle, and planned opening angle were measured. The
preoperative weight-bearing line (25.6 +£10.5% in 10°ER
to 28.5+9.2% in 10°IR) and medial proximal tibial angle
gradually increased from ER to IR, whereas the opening
angle gradually decreased. As the opening angle changed
only within 0.5° on average, the authors concluded that mal-
rotation of the LLR by < 10° does not influence preopera-
tive planning in open-wedge HTO in patients without knee
extension deficits. In patients with knee extension deficits
of > 10°, the opening angle remarkably differed by > 1°.
Other studies judged their findings as clinically relevant or
irrelevant without applying their results to a clinical setting.
For example, Thelen et al. [58] considered the abovementioned
HKA deviation error of 1.9° in the 9° knee flexion position and
3.1° in the 18° knee flexion position as clinically relevant.

Discussion

The main findings of this systematic review are that exter-
nal limb rotation causes less apparent knee valgus and leads
to more varus. Internal limb rotation causes more valgus and
leads to less varus [19, 21, 26, 35, 47, 49, 56]. However, there
is no consensus on the influence of limb rotation on alignment
measures. The impact of rotation on mechanical alignment
is higher if additional sagittal knee angulation, such as knee
extension deficits, is present [8, 24-28, 35, 40, 42, 58, 63, 64].
All studies that analyzed the influence of rotation combined
with knee flexion (5° to 15°) on HKA found a change by >2°
between 15° IR to 15° ER [8, 24, 25, 40, 58]. This has to be
considered especially for patients with osteoarthritis before
HTO or TKA with extension deficits [26].

Malrotation of the limb is frequently present on LLR [14].
For example, Kawakami et al. [27] found that 31 limbs on
LLR were in average 7.4° +3.9° (range, 8° ER to 14° IR)
internally rotated. In two studies with 100 LLR, the limb
position was found to be in 8.1°+9.3° IR, ranging from 36°
IR to 16° ER [36], and 8.0° +9.0° IR ranging from 29.4° IR
to 22.1° ER [37]. It can be assumed, that in patients with
severe deformities or circular fixator, malpositioning is
observed more frequently and to a greater extent [49].

However, the assessment of malrotation and the interpreta-
tion of the quality of the radiograph can be difficult [26, 31].
The detection of limb rotation is important to avoid alignment
measurement errors. Different methods have been used to
approximate limb rotation. For example, the overlap of the
proximal fibula at the tibia was used to determine the rotation
in comparison to previous radiographs [14, 49, 55, 64] or even
calculate the rotation with the help of a formula according to
Maderbacher et al. [38]. Moon et al. [42] suggested to use
the position of the patella relative to the width of the femoral



Archives of Orthopaedic and Trauma Surgery (2022) 142:3349-3366

3357

condyles in the frontal plane. However, this method is likely
inaccurate in patients with patellar disorders. Radtke et al.
[47], Yoo et al. [64], and Kim et al. [30] used a ratio between
visual landmarks and distances of TKA components. The ratio
is dependent on the TKA type. Radiographic imaging guide-
lines defined in the clinic were shown to enhance the quality
of radiographs [4, 62]. Tools to improve limb positioning, such
as positioning jigs or radiographic markers, could reduce the
number of malrotated radiographs [2, 16, 49].

Malrotation can lead to a three-dimensional change in
the positions of anatomical landmarks [29] and misinter-
pretation of the alignment in postoperative radiographs [31].
Several studies reported that ER causes less apparent valgus
and leads to more varus. IR causes more valgus and leads to
less varus [19, 21, 26, 35, 47, 49, 56]. However, Lee et al.
[33] described that the foot position in ER shows less varus
and IR position shows more varus. We found no consensus
to which extent rotation can influence alignment measures.
The majority of studies reported that knee flexion without
limb rotation has only a small effect on measured alignment
without limb rotation. However, Koshino et al. [32] analyzed
17 healthy knees and described that a knee flexion deformity
leads to underestimation of varus angulation of the knee.

With or without knee flexion, the degree of malrotation and
its influence on alignment measurements are discussed contro-
versially. Differences between the findings of the studies can
be explained by the large heterogeneity of their methods. The
included studies comprised radiological testing with amputated
limbs, specimens, or synthetic bones and prospective and ret-
rospective analyses of radiographs with patients. The findings
of radiographic tests are often difficult to apply to the clinical
settings. In contrast, in the LLR of patients, knee flexion often
cannot be determined, and the amount of rotation is estimated
using the TKA component, fibular overlap, or patellar position
[36, 42, 64]. Moreover, the applied imaging modality differed
using CT data, short-plane radiographs, or LLR with differ-
ences in the distance between the X-ray source and the knee or
object. This might alter the results [1, 35, 45, 51]. Moreover,
the neutral position of the limb was defined differently (e.g.,
overlap of the femoral condyles [58], patella straight forward
[24]), which leads to different limb rotations on radiographs
[7]. Moreover, the applied methods to set the rotation of the test
object or limb were different, potentially lacking accuracy and
comparability. For example, to control limb rotation, studies
used the foot position [19, 33] or ultrasound to overlap the pos-
terior femoral condyles [55]. Other studies controlled axial rota-
tion with the help of a goniometer [56] or created three-dimen-
sional (3D) models from CT data, rotated the limb around the
virtual longitudinal axis, and obtained anteroposterior images
for the different positions using a rendering software [21].

Included studies using the synthetic bone have only used
a small sample size [8, 25, 35, 47]6356, 58 and do not depict
the anatomic variability between subjects due to sex, age,

osteoarthritis, or ethnicity [18, 34, 39, 65]. These studies
might underestimate the influence of malrotation in an indi-
vidual. Synthetic bones often have, if present, only a deformity
in the frontal plane. The influence of rotation on alignment
parameters was not analyzed with concomitant deformities.
Especially, varus deformity of the knees with osteoarthritis is
associated with rotational deformity as the tibia and the femur
tend to rotate externally in relation to the hip and ankle [65].
These concomitant deformities, other than in the frontal plane,
were usually not reported by patient-dependent studies.

Moreover, studies reporting on only a small influence of
rotation on alignment parameters mostly judged their find-
ings in consideration of the mean difference in the neutral
limb position. The exact values or maximal deviations in
studies with more objects were not commonly reported, and
only correlation coefficients between rotation and alignment
parameters [42, 64] or standard deviations were reported
to indicate the variation from the mean [21, 26, 33, 55, 58]
However, minimum and maximum measurement deviations
should be considered [36, 37, 40, 55, 63]. For example, one
of the most cited studies on limb rotation on radiographs
[63] was conducted with two above-knee amputated limbs.
The FTA of the first limb did not change from 20° ER to 20°
IR. However, the alignment of the second limb changed by
4° within 10° IR and 10° ER and by 9° from 20° IR to 20°
ER. Despite the differences between both limbs, the authors
concluded that, if the limb was rotated < 10° from neutral
rotation, this rotation did not have a significant effect on
the anatomical alignment with the limb rotated < 10°. In our
point of view, more research is needed to clarify the rela-
tionship between rotation and alignment measurements and
determine reasons for different magnitudes of this relation-
ship found between studies and for some individuals.

Additionally, data of the included studies are presented dif-
ferently. For example, the relationship between rotation and
measured anatomical and mechanical alignment is presented
in a figure [21, 58], a regression model [47], or by reporting the
deviation from the neutral position for specific rotation posi-
tions. Therefore, the syntheses of these studies in a mathemati-
cal systematical approach were not possible. We depict the
reported values in Figs. 2, 3, and 4 as accurate as possible. Mad-
erbacher et al. [36, 37] were not included in the figures as they
did not provide new data regarding the relationship between
rotation and alignment deviation. They applied an interesting
approach and transferred the findings of previous radiographic
tests [22, 35, 47] to a clinical setting. They found large ranges of
wrong measurements, indicating significant and clinically rel-
evant measurement errors in some radiographs. However, their
study’s results are limited by the used mathematical approach
to determine limb rotation and may deviate from the true rela-
tionship between rotation and changes in alignment, which is
emphasized by this systematic review as different studies report
about the differences of this relationship.

@ Springer



3358

Archives of Orthopaedic and Trauma Surgery (2022) 142:3349-3366

Only few studies analyzed the implication of malrotation on
radiographs in clinical practice. Furthermore, the interpretation
of the findings with respect to clinical settings is often judged
differently. Swanson et al. [56] concluded that already a 10° ER
or IR can already cause variation in the measured TFA by several
degrees, and therefore, inaccurate TFA measurements can lead
to wrong preoperative osteotomy planning and can contribute
to poor postoperative outcomes. In osteotomies in varus knees,
malrotation resulted in an undercorrection in 20° IR and over-
correction in 20° ER [56]. Errors during surgery can occur due
to wrong knee rotation, leading to different ACL bone tunnel
orientation [57] or over- or undercorrection during osteotomies
[28]. Kawahara et al. [26] analyzed the effect of limb malrota-
tion between 10° ER and 10° IR on preoperative planning of
open-wedge HTO. As the HTO opening angle changed only
within 0.5° on average, authors concluded that malrotation of the
LLR by < 10° does not influence preoperative planning in open-
wedge HTO in cases without knee extension deficits. However,
extreme care has to be taken in the rotational judgment of LLR
in cases with knee extension deficits > 10°, as opening angle dif-
ferences correlated with knee flexion angles. Knees with>10°
extension deficit had > 1° difference at 10° ER or 10° IR. It has
to be noted that limb rotation on LLR was found to be within
36° IR and 22° ER [36, 37]. In patients with osteoarthritis of
the knee, 27% of patients who received TKA had a preoperative
flexion contracture between 6° and 19° and 9% of patients had
severe flexion contracture between 20° and 50° [48]. In addition,
radiographs must be interpreted carefully in all circumstances
that might cause extension deficits. Postoperative swelling after
TKA or HTO and obesity may lead to extension deficits and
consequently bias measurements on radiographs. Yoo et al. [64]
verified that malrotated limb positioning and flexion were greater
on radiographs immediately after TKA surgery than observed at
a l-year follow-up.

The present review has several limitations, mainly emerging
from the heterogeneity of the included studies. We did not have
access to raw data. Therefore, we were dependent on the given
values from the published studies. Additionally, due to the large
heterogeneity, a quality assessment of the different studies was
not performed. Moreover, we are aware that, besides malrota-
tion, other factors might alter alignment measurements, such as
weight-bearing conditions [23, 46, 61] and magnification errors
[3]. One general drawback of LLR is that the hindfoot is not
included. Thus, the position of the foot cannot be controlled,
despite its relationship with lower limb alignment [9, 10, 60].
Weight-bearing LLR for surgical planning of HTO and TKA are
still the gold standard assessment for alignment, but other image
modalities are available. Patient-specific instrumentation relies
on CT scans, which better depict the 3D joint anatomy but not
considering the weight-bearing condition [23]. Alternatives that
are currently not routinely available in most clinics are weight-
bearing CT [5, 17] and the biplanar linear radiograph system
(EOS®) [12, 20, 50, 58]. EOS® captures anteroposterior and
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lateral radiographs simultaneously of the whole lower limb dur-
ing weight bearing [20]. EOS® allows 3D reconstruction, lower
radiation dose, and lower measurement error rates due to limb
malrotation [11, 12, 20, 41, 58, 59]. Therefore, EOS® has to be
considered to replace LLR for surgical planning in the future.

Malalignment leads to the development and progres-
sion of osteoarthritis [6, 13, 54], and surgical inaccuracy of
deformity correction can lead to inferior clinical outcome
and earlier conversion into TKA. The present review shows
that malrotation of the limb on preoperative LLR can alter
alignment measurements and must be avoided. Radiological
assistants, surgeons, and radiologists must be aware of the
influence of rotation on alignment measurements, especially
in combination with knee flexion. Moreover, further studies
analyzing radiographic outcomes of novel patient-specific
instrumentation or navigation systems and determining sur-
gical accuracy after HTO [53] have to pay attention to the
limb rotation on radiographs. Trials analyzing these develop-
ments are often designed to detect small improvements in
radiological outcomes or surgical accuracy [25]. Therefore,
malrotated LLR can cause a bias in their findings [30].

We recommend the following guidance for daily clinical
practice: (1) stitching of the images and the use and position of
the magnification device have to be controlled. (2) Attention
for accurate limb positioning with the patella straight forward
irrespective of the foot position has to be paid. This should be
achieved by following the guidelines of Paley et al. [44]. A pos-
sible pitfall can occur in subluxated patellae. However, in full
knee extension, the patella is usually centered in these cases.
Patients with severe distal femoral valgus often have true lat-
eral patellar subluxation in full knee extension. In these cases,
the knee extension—flexion axis should be used, and the axis
should be positioned parallel to the film. (3) Knee extension
deficits should be detected. (4) Before measuring alignment
on the conducted LLR, the rotation should be estimated by the
patella position or fibular overlap as described above.

Conclusion

Despite the large heterogeneity between studies, we can con-
clude that malrotation influences the measured alignment
especially when a knee extension deficit is present. Surgeons
must be aware when measuring deformities; planning treat-
ments, such as HTO or TKA; and analyzing the surgical out-
come. Especially in patients with osteoarthritis with higher
prevalence of knee extension deficits or postoperative swell-
ing, the effect of malrotation is significantly higher.

Appendix

See Table 2.
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