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This study assessed the accuracy and reliability of a 2D image-based deep learning algorithm for posture analysis by
comparing it with a 3D motion capture system. Twenty healthy adult males participated, and nine balance parameters were
measured using both methods: body tilt (ML/AP), shoulder tilt, pelvis tilt (ML/AP), knee tilt, left/right varus/valgus, and
forward head posture. We evaluated agreement and reliability using root mean square error (RMSE), mean absolute error
(MAE), Pearson correlation coefficients, and intraclass correlation coefficients (ICC). Most parameters exhibited RMSE and
MAE within 3°, while forward head posture, pelvis tilt (AP), and varus/valgus had errors below 10°. High correlations were
found for shoulder tilt (r = 0.886) and forward head posture (r = 0.681), whereas knee tilt and left varus/valgus showed
lower correlations due to methodological differences. Both methods demonstrated high repeatability (3D: ICC > 0.90, 2D:
ICC > 0.80), with moderate-to-high agreement between methods (ICC = 0.5 for most parameters). Shoulder tilt (ICC =
0.919) and forward head posture (ICC = 0.799) showed particularly high agreement. These findings indicate that 2D image-
based posture analysis can provide accurate and reliable assessments comparable to 3D motion capture, presenting a
more accessible and cost-effective alternative for posture evaluation in clinical and research contexts.
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Fig. 1 Experimental marker set

Fig. 2 Experimental setup
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Table 1 Anthropometric data for 3D motion analysis

Anthropometric parameter

Mean + SD [mm]

Leg length
Knee width
Ankle width

Shoulder offset

Elow width

Wrist width

888.05 + 42.94
115.63 + 8.66
71.6 +£3.70
82.43 +7.81
92.83+9.97
36.83 +4.47
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Table 12 Vicon Nexus 1.8.5 U5 dAto] AMgH T2}
QA A AuE molEch whl oh 22 7, 7 wgA) A
AERE Zg3)] Aj2" dAto] wel LHUP (Left Humerus
Proximal)?} RHUP (Right Humerus Proximal), FEP (Femur
Proximal)2} FEO (Femur Origin), FEO2} TIO (Tibia Origin)2]
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AL FRIeH42].

angle(P, O, R) = angle(PO, OR)

1) Body tilt ML = Angle(Mid; g rear, Foot, HP)
* Foot = Midy sy, ranx, L1oE. RTOE
2) Shoulder tilt = Angle(LHUP, RHUP, HP)
3) Pelvis tilt ML = Angle(LASI, RASI, HP)
4) Knee tilt = Angle(LKNE, RKNE, HP)
5) Left knee varus/valgus =
180° — Angle(LFEP, LFEO, LTIO)
6) Right knee varus/valgus =
180° — Angle(RFEP, RFEO, RTIO)
7) FHP = Angle(Midy g rear, C7, VP)
8) Body tilt AP = Angle(Neck, Pelvis, VP)
* Pelvis = Mid) 451, rasi, Lpsi, rpst
* Neck = Midcay, o7
9) Pelvis tilt AP = Angle(Midy 4. rasi, Midypsi, rpsi, HP)

Fig. 6 Joint point and segment analysis from 2D image

1) Body tilt ML = Angle(23, Mid; s 11,12, HP)

2) Shoulder tilt = Angle(29, 30, HP)

3) Pelvis tilt ML = Angle(27, 28, HP)

4) Knee tilt = Angle(9, 10, HP)

5) Left knee varus/valgus = 180° —Angle(1, 3, 5)
6) Right knee varus/valgus = 180° — Angle(2, 4, 6)
7) FHP = Angle(15, 23, VP)

8) Body tilt AP = Angle(Midh; 25, 31,32, 14, VP)

9) Pelvis tilt AP = Angle(Mid,, 25, Mids,, 3, HP)

Table 2 Joint points used in 2D image analysis

Num Joint points Num Joint points
1 Left hip 17 Left shoulder
2 Right hip 18 Right shoulder
3 Left knee 19 Left elbow
4 Right knee 20 Right elbow
5 Left ankle 21 Left hand
6 Right ankle 22 Right hand
7 Left toe 23 Head center
8 Right toe 24 Left ear
9 Left knee out 25 Right ear
10 Right knee out 26 Head top
11 Left heel 27 Left ASIS
12 Right heel 28 Right ASIS
13 Spine 29 Left shoulder blade top
14 Neck 30 Right shoulder blade top
15 C7 31 Left PSIS
16 Clavicle 32 Right PSIS
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Table 3 3D and 2D results(unit: °) and RMSE, MAE, p-value

Balance
parameter

Body tit ML  0.78+0.45 0.03+0.80 0.999 0.838 <0.001
Shoulder tilt  0.20+1.89 0.49+1.42 0951 0.744 0.016
Pelvis tilt ML  -1.04+2.00 021+0.97 2.177 1.740 <0.001
Knee tilt -0.62+1.58 -0.15+£096 1.727 1.320 0.034

L varus/valgus 5.71+2.20 5.79+1.60 2.753 2.149 0.807
R varus/valgus 531+2.48 598+1.64 3448 2.892 0.133
FHP 37.65+4.57 32.01£3.70 5.816 4915 <0.001
Body tilt AP 2.08+1.55 1.46+2.09 1.788 1.408 0.006
Pelvis tilt AP 12.46+6.06 15.31£2.97 6.028 5.371 <0.001

3D method 2D method RMSE MAE p-value

Table 4 Pearson r, ICC, and 95% CI for 3D and 2D result

Balance parameter r ICC(2,k) 95% CI
Body tilt ML 0.544 0.633 [ 0.386, 0.781]
Shoulder tilt 0.886 0.919 [ 0.865, 0.952]
Pelvis tilt ML 0.439 0.523 [ 0.184, 0.709]
Knee tilt 0.199 0.300 [-0.172, 0.582]
L varus/valgus 0.044 0.081 [-0.539, 0.451]
R varus/valgus 0.349 0.486 [0.139, 0.693]
FHP 0.681 0.799 [ 0.665, 0.881]
Body tilt AP 0.606 0.734 [0.555,0.841]
Pelvis tilt AP 0.468 0.541 [ 0.232, 0.726]
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Table 5 Bias and limits of agreement from bland-altman plot

Balance parameter Bias
Body tilt ML -0.745
Shoulder tilt 0.291
Pelvis tilt ML 1.245
Knee tilt 0.469
L varus/valgus 0.088
R varus/valgus 0.671
FHP -4.741
Body tilt AP -0.62
Pelvis tilt AP 2.86

Table 6 Repeated-measures ICC(2,k) for the 3D method

Balance parameter

ICC(2,k)

Body tilt ML
Shoulder tilt
Pelvis tilt ML
Knee tilt
L varus/valgus
R varus/valgus
FHP
Body tilt AP
Pelvis tilt AP

0.907
0.985
0.994
0.996
0.964
0.959
0.971
0.968
0.992

Table 7 Repeated-measures ICC(2,k) for the 2D method

Balance parameter

ICC(2.k)

Body tilt ML
Shoulder tilt
Pelvis tilt ML
Knee tilt
L varus/valgus
R varus/valgus
FHP
Body tilt AP
Pelvis tilt AP

0.811
0.900
0.845
0.816
0.991
0.981
0.962
0.950
0.953
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