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Abstract: (1) Clinical alternatives to the full-leg radiograph (FLR) for determining frontal plane lower
limb alignment have shown mixed results so far concerning reliability and accuracy. In addition,
intercondylar respectively intermalleolar distance (ICD/IMD) measurement is limited in the inter-
pretation of its results. The purpose of the study is to present a standardized, sonographic-assisted
photographic measurement (SPM) of the leg axis in the frontal plane using a digital photograph and
compare it with the gold standard of the anterior-posterior FLR. (2) Adults who had recently received
an FLR were included in the study. After determining the center of the hip joint and knee joint gap
in a standing position via ultrasound, a standardized digital photograph was taken. Subsequently,
the hip—knee-ankle angle (HKA) was measured using an image editing program for SPM and FLRs.
Mean deviation (MD), Pearson’s correlation coefficient and the clinical method’s interclass correlation
coefficient (ICC) were calculated. (3) Of 18 subjects (8 male and 10 female), respectively, 34 lower
extremities have been included in the study. Their mean BMI was 25.5 kg/m?. The correlation
between the two measurement methods for subjects with BMI < 30 kg/m? was reliably high (r = 0.93,
p < 0.001). The HKAs derived from SPM and FLRs showed a mean deviation (MD) of 2.4° (range
0.1-6.0°) for subjects with BMI < 30 kg/m?. The average ICC among all examiners conducting the
SPM was 0.99 (CI 0.95-0.99, p < 0.001). The MD for subjects > 30 kg/m? increased significantly
(MD =5.5°;n =10, p <0.001). (4) SPM of the leg axis in the frontal plane allows sufficiently accurate
results in patients with a BMI lower than 30 kg/m?. The methodology is limited in cases of increased
BMI and needs well-trained examiners. Nevertheless, as a screening method in the field of children
and adolescents, this method can be recommended in clinical daily routine.

Keywords: knee alignment; clinical measurement; hip-knee—ankle angle; full-leg radiograph

1. Introduction

Knee malalignment is considered to be one of the main causes of the development
of cartilage lesions, ligament instability and in the end, knee arthrosis [1,2]. Lower limb
misalignment—next to other factors like female sex, obesity, trauma and sports activities—
is already proven to be associated with osteoarthritis of the lower limb [3,4]. Sharma
et al. have shown that lower limb malalignment influences the risk of subsequent primary
osteoarthritis disease progression and, furthermore, the decline in the functional status of
the knee joint. These effects could already be detected after 18 months of observation [1].
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Tanamas et al. even showed with their literature review that malalignment of the knee joint,
in either the valgus or varus direction, is an independent risk factor for the progression
of radiographic knee osteoarthritis [2]. Due to the continuous increase in life expectancy,
the rise in the mean age of society and the resulting expected increase in osteoarthritis
patients [5,6], a proper and safe detection and examination of the lower extremity’s align-
ment is very important in daily clinical routine and even for study purposes. In order to
understand whether and to what extent factors such as mechanical loading through sports,
for example, have an influence on the development of the leg axis and its malalignment,
it is important for study purposes to have a measurement technique that allows a quick
statement about the leg axis in the frontal plane that is as accurate as possible. Needless
to say, a target group of such radiographic-sparing examinations comprises children and
adolescents. Until nowadays, the gold standard for determining the frontal axis in lower
extremities in clinical practice has been the full-leg radiograph (FLR), as described by
Lamark and, for example, performed by Colyn et al. [7,8]. So far, the anterior—posterior
FLR seems to be irreplaceable and is mostly needed as a diagnostic tool for assessing lower
limb malalignment, the planning of surgical treatment in adults and children (e.g., total
knee arthroplasty, tibial osteotomy;, tibial or femoral hemiepiphysiodesis), assessment of
leg length discrepancies and even postsurgical follow-up examinations [9].

In contrast to the daily routine in clinical orthopedic practice for individual patients,
radiographs and MRI are not suitable as a screening method for, for example, prevalence
studies with a lack of a large study population size. Few studies existing on the clinical
determination of the leg axis show acceptable results when, for example, measuring the
intercondylar respectively intermalleolar distance (ICD/IMD) or by using digital pho-
tographs [10-16]. One advantage of the ICD/IMD method is obviously that the measure-
ment is easy to carry out, and only a few instruments are needed. One of the disadvantages
is that the ICD/IMD measurement is age dependent in early age (ICD increased in 2- to
4-year-olds) but stays constant in pre-adolescents and adolescents [17]. Additionally, the
method loses significance and is limited due to the soft tissue component at the knee joint.
Furthermore, statements about lateral differences (right/left or dominant/non-dominant
leg) are not possible with this measurement method. Since methods using radiographs
or MRI imaging are not feasible in large prevalence studies, methods have already been
developed that do not use ionizing radiation and make use of standardized photographic
images [14,15]. Schmitt et al. tried to find out how knee joint alignment can be reliably
measured from a standardized photograph and, more importantly for our study, what
influence changes in the standing position have on the angles measured [14]. Sheehy et al.
assessed the intra-rater, inter-rater and test-retest reliability and concurrent validity of
lower-extremity alignment, also estimated from a standardized photograph, and showed
satisfying results [15]. By using a photographic image to estimate the leg axis, in contrast
to the ICD/IMD measurement, statements about right/left differences are possible, and by
orienting to anatomical landmarks to assess the alignment angles, e.g., the hip—knee-ankle
angle, a sufficient reduction of the soft tissue component can be achieved, which leads to
better accuracy, especially for subjects with a higher BMI. We took these shown approaches
as an example and tried to develop a new, modified method of lower limb alignment
measurement using standardized digital photographs.

The idea of developing the presented method was given by a study which is currently
being performed in junior football (registered in the German Clinical Trials Registry DRKS;
Clinical trial registration number DRKS00020446) [18]. The purpose of this study is to
evaluate the presented method of frontal plane lower limb alighment measurement without
using ionizing radiation. The authors want to describe the method as well as compare the
results with the gold standard of the FLR in order to determine the accuracy of this new
clinical measurement of the leg axis.
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2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethics Committee of the University of Regensburg, Germany (date of
approval: 20 October 2021; protocol code 21-2612-101). Prior to recruitment, the study was
registered in the German Clinical Trials Registry DRKS (clinical trial registration number
DRKS00027937). Participants were included if they were able to stand unassisted in an
upright position with straightened leg(s), which is required for proper measurement, if
they were able to understand and follow the examiner’s instructions and if an acute bony,
ligamentous, meniscal or cartilage injury could be excluded by clinical and radiographic
anamnesis. Each participant has given written informed consent to participate in the
study. Subjects were divided into two groups according to their BMI (group I: <30 kg/m?;
group II: >30 kg/m?). The maximum allowed time span between SPM and FLR was
4 months. In addition, those with an acute injury and a surgical intervention on the leg
were excluded. A further exclusion criterion was an implanted hip joint replacement, as
this makes sonographic detection of the femoral head impossible. In 13 of the total of
18 participants, both leg axis measurement methods were performed on the same day.

The SPM method was performed under precisely standardized conditions. The partici-
pant, undressed but for his or her underwear, was positioned on level ground, standing at a
distance of 3 m from the camera. The camera (Apple® iPad Air 3rd generation, 8-megapixel
front camera, Apple Inc, Cupertino, CA, USA) stood on a tripod (Tripod Stativ 106 3D by
Hama® GmbH & Co. KG, Monheim, Germany), which was positioned at the participant’s
knee height in order to minimize the parallactic error. The participant was then asked to
remain in a relaxed position with their weight equally distributed on both feet, which were
positioned hip-width standing. The legs were then aligned to achieve the exact orthograde
positioning of the patellae by the examiner, analogous to the FLR [19]. Next, three different
joint points were defined to determine the mechanical femorotibial axis: (1) Hip joint: first,
the femoral head was sonographically detected in the anterior—posterior direction with a
portable ultrasound device (Butterfly iQ®, Butterfly Network, Inc., Burlington, MA, USA)
in a standing position (see Figure 1). The skin was marked with an adhesive electrode at
the point that showed the highest point of convexity of the femoral head on ultrasound.
(2) Knee joint: the next step was palpatory detection of the knee joint gap both medially
and laterally and the application of an elastic band at this level. If palpation was difficult
due to the soft tissue mantle, detection was also assisted sonographically. A line was then
drawn on the digital image from the medial to the lateral intersection of the rubber band
with the background where the rubber band rests in the knee joint gap, and the midpoint
of this line was determined as the knee joint center. (3) Ankle joint: the center of the line
connecting the bony prominences of the medial and lateral malleoli was determined, which
quite accurately intersects the center of the talus (see Figure 2).

One weight-bearing, full-leg anterior—posterior digital radiograph was taken in the
identic standardized position, analogously to the positioning described above for the SPM,
and recommended by Paley et al. [19]. The HKA of the photograph and the corresponding
full-leg radiograph (transferred anonymized as .jpeg file) were measured with an angle
measuring application (Angle Meter 360, ©AK App Develop). The FLR’s HKA was defined
by the angle of the straight lines between the center of the femoral head/center of the
femoral intercondylar notch and the center of the intercondylar notch/center of the talus.
All examiners were instructed in the usage of the ultrasound device, sonographic detection
of the femoral head and knee joint gap and the operation mode and usage of the camera
and digital measurement software and had performed the measurement multiple times
prior to the start of the study. Inter-rater reliability was tested by measuring ten leg axes
from three different examiners using the photographic method, including measurement
of the angles using the software. Prior to the study, a sample size calculation was made
with a confidence level of 95%, a margin of error of £5% and a standard deviation of
0.5, which resulted in a sample size of 35, which approximately fit the overall number of
measurements included in the survey.
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Figure 1. Screenshot off the iPad® when detecting the femoral head. The red lines mark the anterior—
posterior positioning of the ultrasound device. The skin was marked with an adhesive electrode at
the point that showed the highest point of convexity of the femoral head.

Figure 2. (Left). Standardized sonographic-assisted digital photograph of lower limb align-
ment in frontal plane, hip—knee-ankle angles measured for each leg using digital software.
(Right). Corresponding anterior-posterior full-leg radiography.

Analysis was performed using SPSS Statistics 26 (SPSS Inc., Chicago, IL, USA). For each
method, the mean deviation (MD), standard deviation, minimum and maximum deviation
of the HKA were calculated. To assess inter-rater reliability between all examiners, the
intraclass correlation coefficient (ICC) was used, using a 2-way random model with absolute
agreement definition [20,21]. The 95% confidence interval was also applied. Correlation
between the HKA of the radiograph and the tested photographic method was determined
using Pearson’s correlation coefficient. A correlation coefficient of 0.5 to 0.75 was evaluated
as good, values > 0.75 were regarded as excellent [22]. Whenever suitable, two-tailed
t-tests for comparing mean values were conducted, with a significance level of p < 0.05
as significant.
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3. Results

For this study, 34 lower extremities of 18 (8 male and 10 female) participants could be
included, and the mean age was 50.1 years (see Table 1). Two lower extremities had to be
excluded due to hip joint replacement having been undergone.

Table 1. General data of the study population. cm: centimeters; SD: standard deviation; kg: kilogram;
BMI: body mass index; m: meter.

Group Overall I II
Inclusion criterion BMI < 30 kg/m? BMI > 30 kg/m?
n (participants) 18 13 5
n (lower extremities) 34 24 10
Height in cm 173/10/158-190 169/7/158-183 183/9/165-190
(mean/SD/range)
Weight in kg
(mean/SD/range) 79.5/24.6/43-120 66.4/14.4/43-85 110.8/13.4/85-120
; 2
BMIin kg/m 25.5/5.8/15-34 22.6/4.2/15-29 32.4/1.6/30-34
(mean/SD/range)

3.1. Inter-Rater Reliability

For determining the inter-rater reliability, ten leg axis alignments of five subjects were
evaluated by three examiners. The average ICC among all examiners was 0.99 (CI (95):
0.95-0.99, p < 0.001). The MD rate between the examiners was 0.5° with a minimum-
maximum span of 0.0 to 2.0°.

3.2. Comparison between SPM and FLR of Subjects with BMI < 30 kg/m?

The HKA of 24 lower extremities of subjects with BMI < 30 kg/m? were measured
using SPM and FLRs. The FLRs” HKA had an absolute range of 166.4° (varus) to 195.1°
(valgus); the SPM’s HKA showed a range from 168.6° (varus) to 195.0° (valgus). Results
show that the HKA of both methods highly correlate within this group (Pearson’s r = 0.93;
p < 0.001, see Figure 3). The mean deviation (MD) of the HKA amounted to 2.4° (range
0.1-6.0°). The HKA’s mean value of SPM (182.0°) was 1.6° higher (more towards valgus)
than the one of the FLRs (180.4°; see Table 2).

Table 2. Comparison of SPM and FLR measurements. n: number of legs; FLR: full-leg radiograph;
SPM: sonographic-assisted photographic measurement; HKA: hip—knee—ankle angle; SD: standard
deviation.

Group I II Overall
BMI < 30 kg/m? BMI > 30 kg/m?
n 24 10 34
method FLR SPM FLR SPM FLR SPM
HKA range (°) 166.4-195.1 168.6-195.2 177.0-183.8  182.5-190.0  166.4-195.1 168.6-195.2
HKA (mean + SD; °) 180.4 £ 5.9 182.0 + 6.4 180.3 £ 2.2 185.8 £ 2.7 180.4 + 5.1 183.1+£58
mean deviation and 2.4/0.1-6.0 55/2.6-8.1 3.3/0.1-8.1

range (MD/range; °)
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Figure 3. Scatterplot depicting the relationship between the sonographic-assisted photographic
measurement (SPM) and full-leg radiographs (FLRs) of hip—knee—ankle angles (HKAs) for subjects
with BMI < 30 kg/m? (1 = 24).

3.3. Comparison between SPM and FLRs of Subjects with BMI > 30 kg/m?

In the second group, of n = 5 subjects, respectively n = 10 lower limbs could be mea-
sured with SPM and FLRs, of subjects with a mean BMI of 32.4 kg/m? (range 30-34 kg/m?).
The FLRs had an absolute range of 177.0° (varus) to 183.8° (valgus); the SPM’s HKA ranged
from 182.5° to 190.0° (valgus). Pearson’s r between both methods within this group was
lower than the one of the subpopulation with BMI < 30 kg/m? (r = 0.84 vs. r = 0.93,
p < 0.001), but still shows a high correlation. The HKA’s MD amounted 5.5° (£1.5°), with a
minimum-maximum span of 2.6-8.1°. SPM resulted in a higher valgus angle in every case,
with an MD of 5.5° (£1.5°), compared to the FLRs” HKA (see Table 2).

4. Discussion

Determining lower limb alignment is essential to detect malalignment of the lower
extremities, as it is considered to be a critical factor for developing degeneration of the
knee joint [1,2]. As ionizing radiation is needed in standardized methods right now,
there is a need for a non-radiographic measurement. Admittedly, it has to be said that
several studies have already shown that the dose of radiographic radiation from even

“large-area” images such as FLRs could be reduced through technical developments and

better filters, without any loss of relevant diagnostic information. A standardized whole
leg radiograph is estimated to have an effective dose of approximately 10 mSv [23,24].
For comparison, the German Federal Office for Radiation Protection BfS estimates that a
German citizen is exposed to an average of an effective dose of 2.1 mSv of natural radiation
exposure [25]. Against this background, the dose of such a radiological examination as an
FLR seems quite relevant, especially in the field of children and adolescents. One of the
aims of the development of the presented photographic method was the establishment
of a new diagnostic method in the field of children, not only for study purposes but also
in clinical practice to reduce radiation exposure. Secondly, there is a need for quick and
easy measurement in a clinical setting that could easily be used as a screening method in a
broad, extraclinical setting.

To avoid radiation, several research teams have already been introduced to find alter-
natives to the FLR, and have already tested them for their validity in comparison to the
FLR [10-16]. Sheehy et al. have shown that digital photographs can be used to determine
lower limb alignment properly. They defined a PA (photographic alignment) angle, mea-
sured from a pelvis-to-floor photograph, which is the angle between the estimated center of
the hip, knee and ankle joints. The estimation of the joint centers follows specific landmarks.
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Sheehy et al. also showed that the PA angle may be used in place of the HKA of the FLR if
a bias of 4.5° is added [15]. Schmitt et al. described another way of determining lower limb
alignment by precising the anatomical and mechanical axis using a digital photograph.
They also focused on factors that influence the measured results most, like leg rotation
(interclass correlation coefficient (ICC): 0.658), changes in radiograph—object distance or
standing position with feet apart or together. Schmitt et al. concluded that measurement
using their method is highly reliable and suitable for routine clinical use, inter alia for
cross-sectional analysis of groups wherein legs are under particular stress [14]. What distin-
guishes the presented method from the studies just mentioned is, among other things, the
approach of using sonographic detection of the femoral head and the measurement of the
HKA in both SPM and FLRs for better comparison.

The present study shows that measurement of lower limb alignment in the frontal
plane using a digital photograph can provide reliable and accurate results. SPM adds 1.6°
more valgus, in average, to the FLRs” HKA in the subpopulation with a BMI lower than
30 kg/m?. The SPM’s mean deviation rises significantly if BMI exceeds 30 kg/m? (p < 0.001),
with negative effects on precision rates in comparison to the radiographic method. The
effect of BMI on the non-radiographic measurement of lower limb alignment has already
been stated by other studies. Legrand et al. tried to determine frontal plane knee alignment
using a three-dimensional reconstruction model based on movement analysis and also
compared their results to full-leg radiographs. Although validity could be confirmed for
subjects with a BMI lower than 25 kg/m?, the measurement error increased for those with
a BMI greater than 25 kg/m? [26]. These results clearly show that clinical measurement
methods are sensitive to methodological errors if the BMI rises above a certain level.
Reasons for this can be, on the one hand, the more difficult detection and marking of the
femoral head, and on the other hand, the assessment of the rotation of the lower extremity,
as determination of the orthograde alignment of the patella is difficult. The question now
arises as to what extent the restriction of the BMI of subjects to <30 kg/m? represents
a relevant limitation of the population that is eligible for the presented measurement
technique. A broad epidemiological study of children and adolescents whose age-specific
BMI was measured showed that in childhood and adolescence, the 97th BMI percentile
is 21.1 kg/m? for 8-year-olds and 28.8 kg/m? for 18-year-olds. This, in turn, means that
limiting the BMI of subjects to below 30 kg/m? only affects far less than 3% of the total
population and should, therefore, not be considered a relevant limitation [27]. Conversely,
this means that the new technique can be applied to at least 97% of children and adolescents
with accurate results. In the adult population, on the other hand, approximately one in five
subjects (20.5%) would not be suitable for measurement due to a BMI > 30 kg/m?, as the
average BMI increases continuously with age and is significantly higher in adults than in
children and adolescents [28-30]. McCann et al. have already highlighted the effect of tibial
rotation on varus deformity measurement, showing that especially internal rotation and
varus angulation of the tibia are associated with a higher deviation of the measured frontal
plane alignment compared to neutral controls [31]. Schmitt et al. purposely measured lower
limb alignment in different positions concerning leg rotation using a digital photography
technique and showed that leg rotation has a big influence on the measured results [14].
This highlights the importance of establishing a precise, standardized measuring setup. The
correct positioning of the lower limb and orthograde alignment of the patella, regardless of
the type of measurement of the frontal leg axis, is especially important [9,19].

The reliability of digital full-leg radiography—even if it is considered to be the gold
standard so far [32,33]—is currently not fully clear in clinical results. Although Boewer et al.
show a high inter-rater and intra-rater reliability [34], other studies, e.g., the one conducted
by Schmidt et al., state mediocre intra-rater and quite poor inter-rater reliability [35].
Ilahi et al. similarly suggest, after examining the inter- and intra-observer variability of
radiographic measurements of knee alignment, that this variability must be considered in
the interpretation of measurements [36]. Against this background, the inter-rater reliability
of SPM (ICC 0.99; CI (95) 0.95-0.99, p < 0.001) seems to be quite comparable to that of the
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FLR. Schmitt et al. estimate that measurement errors of radiographic full-leg radiographs
range from 1.1 to 1.6°, which represents a non-negligible factor that must be taken into
account when making therapeutic decisions [14,31,37-39].

The HKA’s mean value from the photograph measurement was 1.6° higher (more
towards valgus) than the FLR-derived mean value. The degree of deviation does not allow
this method to replace a full-leg radiograph for the more accurate diagnostics of frontal
plane lower limb malalignment needed when planning a surgical treatment, but it can
certainly pose as a reliable diagnostic alternative for known lower limb deformities during
follow-up examinations, for screening methods or for further study purposes. Factors that
can be blamed for the SPM’s MD of 2.4° are measurement errors due to soft tissue and
errors in the (re)alignment of the lower limb before the measurement (SPM and FLR). The
method’s ICC shows that SPM provides high reliability.

Of course, this study is also subject to certain limitations. Even though, in the majority
of the measurements, the radiograph was taken on the same day as the SPM (13 out
of 18 subjects), some radiographic measurements were performed with a delay of up to
4 months, which could have affected the precision rates due to small changes in the leg
axis. An important point to consider is that although the alignment of the subjects for both
methods was standardized, minor deviations due to repositioning for the second method
cannot be excluded. The influence of soft tissues on the accuracy of the measurement is
also an important factor in the interpretation of the results. Due to their mostly smaller
soft tissue mantle compared to adults, the authors assume an even higher accuracy in
normal-weight children and adolescents. In the future, this method could not be used as a
substitute for the FLR, but much more as an initial screening method, and if the findings
are conspicuous, it could then be completed by an FLR.

5. Conclusions

The presented photographic method could provide reliable results for subjects with
a BMI lower than 30 kg/m? in determining leg axis, compared to a radiographic control.
Even though the accuracy of the method is not suitable to replace radiographic diagnostics,
especially in therapy decisions, it might provide sufficiently accurate values to deliver
statements about knee alignment in clinical practice. The advantages of this method are
its ability to be performed in an extraclinical setting, the ability of clinicians to make side-
separated statements about the leg axes, in contrast to ICD/IMD measurement, and its
rapid feasibility without using ionizing radiation. Quite apart from the radiation protection
reasons, there are further advantages in that it saves not only personnel and thus costs, but
also time compared to the FLR. Full-leg radiography requires a radiology department with
the appropriate equipment (e.g., radiography tube, long film cassette), a trained radiological
technical assistant, and compliance with the necessary radiation protection requirements,
which is associated with financial and time expenditures. This poses problems not only
for orthopedic colleagues in private practice, but also for researchers. It, thus, also makes
the SPM method attractive to orthopedic colleagues in private practice once it has been
thoroughly validated, including with regard to cut-off values for physiological respectively
pathological leg axes. Future studies must clarify how accurately the measurements can be
performed on children and adolescents, as it can be assumed that SPM might have even
better accuracy for them than for adult subjects. This preliminary study can serve as a
basis for a larger comparative study with children and adolescents, with the help of which
validation can take place and cut-off points can be determined. Only then will it be possible
to establish this new and simple method in clinical practice.
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