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Abstract: Background: Evidence supporting the validity of photogrammetry for assessing
body segment alignment remains limited, with most studies focusing on spinal evaluation.
Thus, there is a lack of robust research examining its use for other body segments such as
the lower limbs. Objective: This study aimed to evaluate the concurrent validity of three pho-
togrammetric methods for measuring knee alignment in the sagittal plane with and without
corrections for potential rotational deviations in the participant’s thigh and leg. Methods:
A total of 21 adults underwent sequential evaluations involving panoramic radiography
of the lower limbs and photogrammetry at a private radiology clinic. Photogrammetric
analysis involved identifying the following anatomical landmarks: the greater trochanter
of the femur (GTF), the lateral condyle of the femur (LCF), the head of the fibula (HF), and
lateral malleolus (LM). Three photogrammetric methods were employed: (1) the condy-
lar angle (CA) defined by the GTF, LCF, and LM points; (2) the fibula head angle (FHA)
defined by the GTF, HE, and LM points; and (3) the four-point angle (4PA) incorporating
the GTE, LCF, HF, and LM. Concurrent validity was assessed using correlation analysis,
agreement with radiographic measurements, and the root mean square error (RMSE). Each
photogrammetric method was tested using raw (CA, FHA, and 4PA) and corrected (CA-
corr, FHAcorr, and 4PAcorr) values, accounting for thigh and/or leg rotational deviations.
Results: Correcting for thigh and leg rotations significantly improved the validity metrics
for all methods. The best performance was observed with the corrected condylar angle
(CAcorr: r = 0.746; adjusted r2 = 0.533; RMSE = 2.9°) and the corrected four-point angle
(4PAcorr: r = 0.733; adjusted r2 = 0.513; RMSE = 3.0°); however, the measurements pre-
sented proportional errors, possible due the method of assessment of rotations. Conclusions:
The findings validate the evaluated photogrammetric methods for assessing sagittal knee
alignment. Accounting for thigh and leg rotational deviations is critical for achieving
accurate measurements, raising the need of accurate tools for measuring rotational changes
in the lower limbs to avoid errors.

Keywords: knee; posture; photogrammetry; reproducibility of tests

1. Introduction

Photogrammetry has become increasingly prominent in postural assessments because
of its low cost and accessibility compared with the gold-standard method [1,2]. However,
the validity of this alternative approach has yet to be firmly established [1]. Although
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photo-based quantitative posture analysis tools are available, the measurements that they
provide have not been adequately validated [3,4].

The limited available studies have primarily focused on spinal evaluations [5-9], with
a few studies addressing other body segments, such as sagittal knee alignment [10,11].
Thus, achieving a comprehensive postural assessment using photogrammetry based on
a fully validated protocol is challenging, because the validity of assessments for all body
segments has not been established. Similarly, it is not feasible to independently assess body
segments other than the spine due to the lack of validated methodologies.

A systematic review and meta-analysis (Section 1) identified only two studies that
examined the validity of photogrammetry for assessing sagittal knee alignment [10,11].
However, neither study used the gold-standard method as a reference. Instead, alternative
tools such as goniometry and kinematics were employed to test the concurrent validity
of photogrammetry. In validity studies, the choice of reference instrument is critical [12].
Among the dimensions of measurement validity, concurrent validity specifically refers to
the “degree to which an instrument adequately reflects the gold standard” [13]. The gold
standard for sagittal knee alignment assessments is the determination of the mechanical
axis of the knee, which is based on the mechanical axes of the femur and tibia. This can
be accurately performed using panoramic radiographs of the lower limbs [14,15]. To the
best of our knowledge, no study has tested the validity of photogrammetry for assessing
sagittal knee alignment using the gold-standard method as a reference. Another important
consideration when using two-dimensional tools such as photogrammetry to assess knee
alignment in the sagittal plane is the potential for rotational changes in the thigh and
leg segments [16]. These segments are critical for accurately measuring the sagittal angle
of the knee, and their rotation can alter the positions of anatomical reference markers.
Such positional changes can result in inaccurate evaluations of knee alignment in the
sagittal plane, as discussed in Section 2. This study was designed considering the limited
availability of methods validated against a gold-standard reference and the potential for
measurement errors in existing methods due to their failure to account for transverse-plane
rotations when assessing sagittal knee alignment. The objective of the present study was to
evaluate the concurrent validity of three photogrammetric methods for measuring sagittal
knee alignment with and without corrections for possible thigh and leg rotations.

2. Methods
2.1. Sample

This validation study adhered to the Standards for Reporting Diagnostic Accuracy
(STARD) guidelines [12]. A non-probabilistic consecutive sample of adults aged 18-60 years
was employed. Participants were excluded if they had knee and/or hip prostheses, were
undergoing treatment with orthopedic insoles during the study period, or had a lower
limb length discrepancy of >2 cm. This last criterion was determined because the dis-
crepancy could cause (a) difficulty in remaining in the orthostatic position without the
use of orthopedic insoles and (b) lateral tilt of the pelvis, which could have some effect on
hip rotation.

The sample size was calculated using the G*Power 3.1.9.2 software by applying the
Z family of tests (Pearson’s correlation test). The calculation assumed a null hypothesis
correlation of zero and an expected very strong correlation of 0.75 between the photogram-
metric and radiological evaluations [17], with a significance level of 5% and a statistical
power of 80%. This resulted in the required sample size of 18 individuals. All participants
signed an informed consent form before participating, and the study was approved by the
Research Ethics Committee of the affiliated university (approval no. 4,084,654).
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2.2. Data Collection Procedure

The data were collected at a radiology clinic in Porto Alegre, Rio Grande do Sul, Brazil.
Before the photogrammetry and radiographic evaluations, the participants underwent
anamnesis to confirm the eligibility criteria and were assessed for anthropometric charac-
teristics (body mass and height) and lower limb length to identify potential discrepancies.

After being confirmed to satisfy the eligibility criteria, the participants were assessed
for the presence of rotational changes in the thigh and leg. Because no validated or
reproducible clinical method has been identified for quantifying thigh and leg rotations
in a standing, weight-bearing position, the assessment was performed both visually and
qualitatively. It involved marking the central points on the femoral condyles and malleoli
with a dermatographic pencil (Figure 1A,B). The participants were then instructed to stand
with their lower limbs together, respecting their natural anatomical alignments (Figure 1C).
According to the positions of the marked central points, the thigh and leg were classified
separately into one of three categories: internal rotation, external rotation, or neutral
position. Based on the central point of the femoral condyles, we classified the femur into
internal rotation if the central point was displaced medially, external rotation if the central
point was displaced laterally, and neutral if the central point was faced anteriorly. The
same criteria were used to classify the leg’s rotation, which was based on the central point
of malleoli. Following this assessment, the participants underwent photogrammetry and
panoramic radiography of the lower limbs. The order of these evaluations was randomized
to reduce potential bias.
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Figure 1. Marking of reference points to assess the presence of rotations in the thigh (A) and leg (B).
The participant’s position during evaluation (C).

Photogrammetric evaluation involves palpating and marking anatomical landmarks
using adhesive spherical markers. Markers were placed on the greater trochanter of the
femur (GTF), the lateral condyle of the femur (LCF), the head of the fibula (HF), and lateral
malleolus (LM), as shown in Figure 2. The participants were then positioned with their
right side facing the camera and lower limbs together [18], aligned according to their
natural anatomy, and their right elbow was passively flexed (Figure 2). Photogrammetric
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evaluation was conducted at the same location and participant position as the radiographic
evaluation (Figure 2).

Figure 2. Anatomical landmarks used in the photogrammetric evaluation of the knee: GTF, LCF,
HF, and LM. Positioning of participants for the photogrammetry and radiographic evaluations is
also depicted.

The photogrammetric assessment was performed by a physical therapist with six years
of experience in postural analysis and photogrammetry. For the radiographic evaluation,
a lateral panoramic radiograph of the lower limbs was obtained by a certified radiology
technician from the clinical team. The reference markers used in the photogrammetric
evaluation were adhered to the participants’ skin during the radiographic procedure. To
ensure safety, the participants wore protective equipment, including a thyroid shield and a
pelvic protector, during the radiography session.
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2.3. Data Analysis Procedure

The images from both the photogrammetric and radiographic evaluations were an-
alyzed using SketchlUp Pro 2021 (Trimble Navigation, Sunnyvale, CA, USA)—a software
program designed for three-dimensional modeling. In the photogrammetric evaluation,
three sagittal knee angles were measured to identify the calculation method that achieved
the highest validity indices: (a) the condylar angle (CA) formed by straight lines connecting
the GTF, LCFE, and LM points; (b) the fibula head angle (FHA) formed by straight lines
connecting the GTF, HE, and LM points; and (c) the four-point angle (4PA) formed by
straight lines connecting the GTF, LCFE, HF, and LM points, as shown in Figure 3.

Figure 3. Sagittal knee angles calculated via photogrammetry: (A) condylar angle (CA); (B) fibula
head angle (FHA); (C) four-point angle (4PA); and X-rays (D).

The sagittal knee angle on the radiographs was determined using the mechanical axes
of the femur and tibia. The mechanical axis of the femur is defined as the line connecting
the center of the femoral head to the center of the intercondylar fossa [14]. The mechanical
axis of the tibia extends from the center of the intercondylar fossa to the center of the distal
tibia [14]. The knee angle on radiography was defined as the posterior angle formed by the
intersection of the femoral and tibial mechanical axes (Figure 3D).

To ensure blinding and reduce potential bias, the photogrammetric and radiographic
images were analyzed by separate evaluators. Both evaluators were trained in advance to
effectively use the image analysis software.

The validity of the raw photogrammetric values for each of the three sagittal angles
(CA, FHA, and 4PA) was assessed, along with the values corrected for thigh and/or leg
rotations observed during the qualitative evaluation (CAcorr, FHAcorr, and 4PAcorr). The
correction values were derived from a previous study that employed a biomechanical
model simulating the right lower limb of an adult and compared the knee sagittal angle
assessment with different degrees of internal and external rotation of the thigh and leg.
This study demonstrated that thigh and leg rotations significantly affect the measurement
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of sagittal knee alighment. A previous study tested the same three methods (CA, FHA, and
4PA) for calculating sagittal knee angles, providing correction values for each method.

To determine the correction values for the observed alterations in the body segments,
the averages of the deviations in sagittal knee angles were calculated across ten biomechan-
ical simulations, with five biomechanical simulations of external rotations (10-50°) and five
simulations of internal rotations (10-50°) of the thigh and leg. These simulations used a
biomechanical model built using two wooden rafters, each having a length of 40 cm and a
width of 8 x 8 cm?. The rafters were positioned one above another. The upper rafter simu-
lated the thigh, and the lower rafter simulated the leg. The sagittal angle deviations were
calculated relative to the neutral position (without thigh or leg rotation). The correction
values derived from the simulations are presented in Table 1. If a participant’s thigh or
leg segment was classified as neutral (i.e., without rotation), the correction value for that
segment was 0. For participants with internal or external rotation, corrections were applied
using the same equation, with specific values based on the degree of rotation, as shown in
Table 1. The general correction equation for all adjusted sagittal knee angles was as follows:

Anglecorrected = Angleraw + correctiong,g (degrees) + correctionye, (degrees).

Table 1. Values used for the correction of sagittal knee angles in photogrammetry due to rotations in

the thigh and/or leg.
Correction by Thigh Rotation Correction by Leg Rotation
Measurement Method Internal External Internal External
Rotation Rotation Rotation Rotation
Condylar angle (CA) 3.1° -5.2° 3.6° -5.0°
Fibula head angle (FHA) 6.3° -7.8° 0.9° 0.1°
Four-point angle (4PA) 3.7° -5.7¢ 3.3° -5.5°

From this perspective, the participants with and without thigh and/or leg rotations
were evaluated. Figure 4 presents a flowchart of the participants included in this study,
categorized according to the transverse alignment characteristics of their lower limbs.

Eligible participants
n=22

Excludes
X-Ray quality (n=1)

h 4

Knees analyzed

n=21
Thigh internal rotation Thigh external rotation Thigh neutral
n=10 n=1 n=10
) ) )
Leg mternal rotation Leg external rotation Leg neutral
n=1 n=8 n=12

Figure 4. Flowchart illustrating participant characteristics regarding the presence or absence of thigh

and/or leg rotations.
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2.4. Statistical Analysis

Statistical analyses were conducted using the SPSS software, version 26 (IBM, Armonk,
NY, USA). Descriptive statistics were used to characterize the participants. Data normality
was assessed using the Shapiro-Wilk test. Pearson’s product-moment correlation test was
used to evaluate the correlation between the angles obtained from photogrammetry (raw
and corrected) and radiography. The correlation strength was classified as follows: “very
low” (<0.1), “low” (0.1-0.3), “moderate” (0.3-0.5), “high” (0.5-0.7), “very high” (0.7-0.9),
and “almost perfect” (>0.9). The Bland-Altman plot was used to assess the agreement
between the photogrammetry (raw and corrected) and radiography values, presenting
the proportional errors based on the ordinary least products (OLP) regression analysis
and the fixed errors based on the mean difference. Additionally, Student’s t-test was
performed to evaluate the differences between photogrammetry (raw and corrected) and
radiography measurements.

Simple linear regression analysis was used to estimate the sagittal knee angle, which
is considered the gold standard for photogrammetry measurements. For the method to
be considered valid, it needed to meet the following criteria: a correlation coefficient of
>0.7 and a coefficient of determination (R?) of >0.5. The root mean square error (RMSE)
was calculated to assess the accuracy of photogrammetry. A significance level of 0.05 was
adopted for all statistical analyses.

3. Results

A total of 22 adults participated in the study. One participant was excluded because
of poor radiographic image quality, which hindered the analysis. The participants had a
mean age of 28.4 £ 1.9 years, a mean body mass of 70.7 £ 2.3 kg, and a mean height of
171.3 £ 1.7 cm.

Table 2 presents the mean values of the sagittal knee angles obtained from radiog-
raphy and photogrammetry (both raw and corrected for rotation), as well as the mean
differences, correlation coefficients, and RMSEs for each photogrammetric method com-
pared with radiography. The results indicated that except for the FHAcorr method, all the
photogrammetric methods produced angular measurements comparable to those obtained
from radiography. Additionally, these methods exhibited strong to very strong correlations
with radiography, with RMSEs of <4°. Among them, the CAcorr and 4PAcorr methods
exhibited very strong correlations with radiography and had the smallest RMSE values.

Table 2. Mean and SD (n = 21), Pearson’s correlation coefficient (r), Student’s t-test (), and root mean
square error (RMSE) of photogrammetry in relation to radiography.

3 0,
Measurement Average Difference (95% CI)

Method Average = SD r (Radiography- t RMSE
Photogrammetry)
Radiography 183.6 +1 - - - -
CA 1822 +1.3 0.586 (p = 0.005) 1.4 (-0.8t03.7) 1.326 (p = 0.200) 3.5
FHA 1843 £ 1.1 0.572 (p = 0.007) 0.6 (2.7 to 1.4) -0.656 (p = 0.519) 3.6
4PA 1834+ 1.3 0.6 (p = 0.004) 0.2(2to24) 0.178 (p = 0.861) 3.5
CAcorr 181.7 £ 1.5 0.746 (p < 0.001) -1.9(4.1t00.2) -1.853 (p = 0.079) 2.9
FHA orr 187 £ 1.4 0.595 (p = 0.004) 34(1t05.7) 3.019 (p = 0.007) 3.5
4PA corr 183 £ 1.6 0.733 (p < 0.001) -0.6 (-3t0 1.7) -0.561 (p = 0.581) 3

SD, standard deviation; 95% CI, 95% confidence interval; RMSE, root mean square error; CA, raw condylar angle;
FHA, raw fibular head angle; 4PA: raw four-point angle; CAcorr, corrected condylar angle; FHAcorr, corrected
fibular head angle; 4PAcorr: corrected four-point angle.

Figures 5 and 6, as well as Table 3, present the Bland—Altman analyses assessing the
agreement between radiography and the raw (Figure 5) and corrected (Figure 6) photogram-
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Difference (radiography - photogrammetry)

Difference (radiography - photogrammetry)

metric methods. Among the photogrammetric methods that exhibited the best correlations
with radiography (CAcorr and 4PAcorr), the mean differences relative to radiography
were 0°, with limits of agreement (£2 standard deviations) around 10° (CAcorr: —7.5° to
11.4°; 4PAcorr: -9.5° to 10.8°). Only one measurement was outside the limits of agreement
(Figure 6a,c). However, all methods using the correction equation presented proportional
errors (Table 3).
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Figure 5. Bland-Altman graphical analysis showing the agreement between radiography and the
three raw photogrammetric methods: (a) condylar angle, (b) fibula head angle, and (c) four-point
angle. SD: standard deviation. Proportional errors: slope differs from 0 at p < 0.05; fixed errors: mean
difference differs from 0 at p < 0.05.

Table 3. Outcomes of analyses of differences by ordinary least squares regression for measured
proportional errors.

Regression r a b p
(XR — CA)/(meanXRCA) 0.364 —0.39 7221 0.105
(XR — FHA)/(meanXRFHA) 0.109 —0.20 36.27 0.409
(XR — 4PA)/(meanXR4PA) 0.331 —0.34 63.06 0.143
(XR — CAcorr)/ (meanXRCAorr) 0.534 —0.54 101.61 0.013
(XR — FHAorr)/ (meanXRFHA ¢o1r) 0.471 —0.57 102.69 0.031
(XR — 4PAcorr)/ (meanXR4PA corr) 0.560 —0.59 109.66 0.008

XR, x-ray; CA, raw condylar angle; FHA, raw fibula head angle; 4PA, raw four-point angle; CAcorr, corrected
condylar angle; FHAcorr, corrected fibula head angle; 4PAcorr, corrected four-point angle; r, product-moment cor-
relation coefficient; a, b (slope), coefficients in ordinary least squares regression model E (x-ray — photogrammetry)
= a + b(mean xrayphotogrammetry); proportional error if b differs significantly from 0 (p < 0.05).

Table 4 presents the results of the simple linear regression analysis, including the
equations for estimating radiographic angles using photogrammetric methods and their
coefficients of determination (adjusted rz). The CAcorr and 4PAcorr methods, corrected
for thigh and/or leg rotations, achieved the highest coefficients of determination (adjusted
? > 0.5), indicating strong predictive accuracy.
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Figure 6. Bland—Altman graphical analysis showing the agreement between radiography and the
three corrected photogrammetric methods: (a) corrected condylar angle, (b) corrected fibula head
angle, and (c) corrected four-point angle. SD: standard deviation. Proportional errors: slope differs
from 0 at p < 0.05; fixed errors: mean difference differs from 0 at p < 0.05.

Table 4. Radiography prediction equations and coefficients of determination (adjusted r?) for each
photogrammetric method tested.

Equation for Estimating the

Measurement Method Radiographic Angle Adjusted r?
CA Arad = 105386 + 0.429(A ppoto)° 0.309
FHA Arad = 93.710 + 0.488(Apnoto)° 0.291
4PA Arad =100.259 + 0.454(Aphoto)” 0.326
CAcorr Arad = 99.024 + 0.466(Aphoto)” 0.533
FHA corr Arad =105.713 + 0.417(Aphoto)” 0.321
4PAcorr Araq = 103.628 + 0.437(Aphoto)° 0.513

CA, raw condylar angle; FHA, raw fibula head angle; 4PA, raw four-point angle; CAcorr, corrected condylar
angle; FHAcorr, corrected fibula head angle; 4PAcorr, corrected four-point angle; rad, radiographic angle; photo,
photogrammetric angle.

4. Discussion

This study aimed to evaluate the concurrent validity of three photogrammetric meth-
ods for assessing sagittal knee alignment with and without corrections for rotations in the
thigh and/or leg segments of participants. At the completion of this study, no method
available in the literature for measuring the sagittal angle of the knee has conclusively
demonstrated both validity and reproducibility. Among the methods tested for validity,
none employed the gold standard as a reference [10,11], which is essential for studies
assessing concurrent validity [12].

All the methods tested exhibited significant and strong correlations with radiography,
producing values close to those obtained using the gold standard, except for the FHAcorr
method. The RMSE values for all the methods were <4°. Given that the physiological
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alignment of the knee in full extension is approximately 180° (Table 2) [19], error values
below 4° were considered small. The FHAcorr method demonstrated a weak correlation to
the gold standard, possibly due to the anatomical points involved in the measurement. It
is important to note that the knee joint is formed by the femoral and tibial bones, and the
fibula is not part of the knee [20,21]. Consequently, the measurements obtained from this
anatomical point are not aligned with the x-ray measurements, which utilize the mechanical
axis of the femur and tibia [14]. The mechanical axis of the femur is delineated as the line
connecting the center of the femoral head to the center of the intercondylar fossa [14]. The
mechanical axis of the tibia extends from the center of the intercondylar fossa to the center
of the distal tibia [14]. Consequently, as indicated by the findings of our study, it is not
recommended that the photogrammetry tools utilize this measurement as a sagittal knee
angle given its lack of correlation with the gold standard.

Among the methods tested, two exhibited very strong correlations with radiography:
the CAcorr and 4PAcorr methods. The Bland—-Altman graphical analysis revealed that these
methods agreed well with radiography, as the data were well dispersed within the limits of
agreement, with only one measurement falling outside these limits. In addition, the mean
difference between the methods and radiography was approximately zero [22,23]. However,
these two methods presented proportional errors, despite presenting lower RMSE values
(Table 2) and higher coefficients of determination (Table 4). The proportional errors can be
associated with the indirect and qualitative measurement of rotational changes, since only
methods using this correction presented the proportional error, a limitation of this study.

It is important to note that rotations in the thigh and leg significantly affect the measure-
ment of the sagittal knee angle, either increasing or decreasing the angle, which can result in
the inaccurate classification of the knee posture. Therefore, given that knee measurements
are affected by transverse plane changes (rotations), caution is required when using two-
dimensional instruments, particularly those that do not account for rotational variations.

To increase the accuracy of sagittal knee assessments, it is advisable to complement
them with evaluations that identify and quantify potential rotations in the thigh and leg
segments. Incorporating these values into the sagittal knee angle measurement process
enhances the reliability of the assessment. Although computed tomography is the gold
standard for evaluating femoral and tibial rotation [16,24], its high cost and limited accessi-
bility pose significant barriers to its routine use. Furthermore, to the best of our knowledge,
no clinical method that quantifies thigh and leg rotations in the same position used for
photogrammetric evaluation exists, i.e., with the patient standing and bearing weight on
the lower limbs.

While this approach offers a practical alternative in the absence of validated and
reliable clinical methods for measuring lower limb rotation, it is not without limitations.
One notable limitation of this study was the lack of quantitative measurements of thigh
and/or leg rotation magnitudes. Qualitative evaluation is inherently subjective and relies
heavily on the evaluator’s expertise [25], which may lead to incorrect correction values if
the participants are evaluated inaccurately. Therefore, it is notable that new methods for
clinically assessing and quantifying lower limb rotations are needed, since the qualitative
method used in this study can be the source of proportional errors in the measurement.

Additionally, this study’s sample size was imbalanced regarding the classification of
thigh and leg rotations, with only one participant presenting with external rotation of the
thigh and one presenting with internal rotation of the leg (Figure 4). Thus, the findings
of this study were constrained by the limited sample size and the uneven distribution of
participants with different lower limb rotation characteristics. This restricts the ability to
fully demonstrate the validity of the tested methods across the entire spectrum of lower
limb rotational variations.
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5. Conclusions

From the findings of this study;, it can be concluded that among the three photogram-
metric methods tested, two methods—the corrected condylar angle (CAcorr) and corrected
four-point angle (4PAcorr)—were validated. These methods were corrected for the presence
of thigh and/or leg rotations. Therefore, the presence of rotations in the thigh and leg
should be assessed when using photogrammetry for sagittal knee evaluations. Incorpo-
rating the correction values identified in this study is essential for accurately calculating
the sagittal knee angle. However, it is important to highlight the caution of using quali-
tative techniques for assessing the presence of rotation in lower limbs, as it can produce
proportional errors in the measurements, as shown in this study.
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