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durante l’appoggio bilaterale con occhi aperti e occhi chiusi, l’appoggio unilaterale e diversi 

l’appoggio unilaterale, il reaching frontale e il reaching laterale. Inoltre, il parametro sway path 

spiega in dettaglio cos’è il linfedema 
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1 INTRODUCTION 

1.1 Lymphedema: causes, progression and treatments 



Figure 1.1 Stages 0, I, II, III of upper limb lymphedema [3]. 

the oncology patient. Finally, water can improve the patient’s skin condition. A review 

Maccarone et al.  



1.2 Center of pressure analysis to quantify postural 

control 



Hsieh et al.  

Quijoux et al.  



1.3 Aim of the thesis 





2 MATERIALS AND METHODS 

2.1 Participants 

median [minimum value - maximum value]

CONTROL GROUP 

 (11 participants) 

LYMPHEDEMA GROUP  

(2 participants) 

Lymp001 Lymp002 

Age [years] 

Height [cm] 

Weight [kg] 

Dominant limb 

Limb with lymphedema 

 

Table 2.1 Characteristics of study participants. 



2.2 Acquisition system 

Marker Label Definition Position on the participant 

 

Table 2.2 Definition and description of the positioning of the markers used. 



Figure 2.1 Visualisation of marker placement in the human body. 



Figure 2.2 Orientation of the global reference system for both the optoelectronic system and the force platform: the origin is 

located on the corner of the force platform and the x, y and z axes represent the medio-lateral, antero-posterior and vertical 

directions respectively. 

 



Figure 2.3 Equipment used for data acquisition: (a) camera of the optoelectronic system [15]; (b) reflective markers [16]; (c) 

calibration wand [17]; (d) force platform [18]. 

stabilogram

– –

statokinesigram

 

Figure 2.4 CoP displacement of a representative participant (Contr008) during bilateral stance with eyes open: mono-

dimensional time series in ML direction (a) and AP direction (b); two-dimensional CoP trajectory in the horizontal plane (c). 



2.3 Tasks 

Bilateral Stance 60 s

EO

EC

Unilateral Stance x3 10 s

dx leg

sn leg

Frontal Elevation x3

both arms

Scapular Elevation x3

both arms

Frontal Reaching x3

dx/sn arm

both arms

Lateral Reaching x3

dx/sn arm

both arms

Upward Reaching x3

dx/sn arm

both arms



Circumduction x3

dx/sn arm

both arms   

 

2.4 Data analysis 

2.4.1 Movement segmentation algorithm 



Figure 2.5 Plot of position (a) and speed (b) as function of time in the three directions of the RELB marker in a representative 

participant (Contr003) during Frontal Reaching (dx arm). The blue, red and yellow curves refer respectively to the x, y, z axes 

that conventionally represent the transverse, sagittal and longitudinal axes of the human body. 

𝑠𝛿 ⋅ 𝑝 𝑡
𝑠 =  𝛿𝑝𝛿𝑡  

( 1 ) 𝑝𝑥, 𝑝𝑦, 𝑝𝑧𝑠𝑥, 𝑠𝑦, 𝑠𝑧

𝑝 =  √𝑝𝑥2 + 𝑝𝑦2 + 𝑝𝑧2
( 2 ) 𝑠 =  √𝑠𝑥2 + 𝑠𝑦2 + 𝑠𝑧2
( 3 ) 



Figure 2.6 Plot of position (a) and speed (b) result as function of time of the RELB marker in a representative participant 

(Contr003) during Frontal Reaching (dx arm).  

𝑅𝑀𝑆𝑝 =  √1𝑁 ∑ 𝑝𝑖2𝑁𝑖=1
( 4 ) 𝑅𝑀𝑆𝑠 =  √1𝑁 ∑ 𝑠𝑖2𝑁𝑖=1
( 5 ) 𝑁

𝑓 



𝑓. 𝑓 
𝑓′ 𝑓′′ 

𝑓′ 𝑓′′ .

Figure 2.7 Histogram of the RMS logarithm of position (a) and speed (b) of the RELB marker in a representative participant 

(Contr003) during Frontal Reaching (dx arm). The yellow curve (𝑓) represents the result of a gaussian smoothing. The green 

curve (𝑓’) is the first derivative of 𝑓 and the blue curve (𝑓’’) is the second derivative of 𝑓. The red rectangles identify the first 

bell-shaped curve at low values, while the blue ones identify the second bell-shaped curve at higher values. The red circle is 

the local maximum of 𝑓 in the first bell. The pink circle is the first zero crossing of 𝑓 after the local maximum. In this case the 

values obtained from the graph are 3.0932 for the position and 1.448 for the speed. By applying the logarithm to these values, 

the thresholds of interest are obtained. 



Figure 2.8 Movement segmentation on position (a) and speed (b) of the RELB marker in a representative participant (Contr003) 

during Frontal Reaching (dx arm). In red the movement intervals are represented. 



Figure 2.9 Plot of position (a) and speed (b) as function of time in the three directions of the RHEE marker in a representative 

participant (Contr007) during Unilateral Stance (sn leg). The blue, red and yellow curves refer respectively to the x, y, z axes 

that conventionally represent the transverse, sagittal and longitudinal axes of the human body. 

Figure 2.10 Plot of position (a) and speed (b) result as function of time of the RHEE marker in a representative participant 

(Contr007) during Unilateral Stance (sn leg). 

𝑓 



Figure 2.11 Histogram of the RMS logarithm of position (a) and speed (b) of the RHEE marker in a representative participant 

(Contr007) during Unilateral Stance (sn leg). The yellow curve (𝑓) represents the result of a gaussian smoothing. The green 

curve (𝑓’) is the first derivative of f and the blue curve (𝑓’’) is the second derivative of 𝑓. In the position graph the red rectangle 

identifies the first bell-shaped curve at low values, while the blue curve identifies the second one at higher values. In the speed 

graph the orange rectangle identifies the only bell-shaped curve. The red circle is the local maximum of 𝑓 in the first bell. The 

pink circle is the first zero crossing of 𝑓 after the local maximum. In this case the values obtained from the graph are 1.686 for 

the position and 1.645 for the speed. By applying the logarithm to these values, the thresholds of interest are obtained. 

Figure 2.12 Movement segmentation on position (a) and speed (b) along the z axis of the RHEE marker in a representative 

participant (Contr007) during Unilateral Stance (sn leg). In red the intervals of monopodal stance are represented. 



2.4.2 CoP data processing 

Quijoux et al. 

𝐶𝑜𝑃𝑀𝐿 𝐶𝑜𝑃𝐴𝑃𝑁 𝐹𝑠 𝐶𝑜𝑃𝑀𝐿 𝐶𝑜𝑃𝐴𝑃
𝑀𝑒𝑎𝑛𝑀𝐿 =  1𝑁 ∑ 𝐶𝑜𝑃𝑀𝐿𝑁𝑛=1

( 6 ) 𝑀𝑒𝑎𝑛𝐴𝑃 =  1𝑁 ∑ 𝐶𝑜𝑃𝐴𝑃𝑁𝑛=1
( 7 ) 

𝑀 𝐻𝐸𝐸 𝑇𝑂𝐸

𝐻𝐸𝐸𝑥 =  1𝑀 ∑ 𝑅𝐻𝐸𝐸𝑥𝑚 + 𝐿𝐻𝐸𝐸𝑥𝑚2𝑀𝑚=1
( 8 ) 𝐻𝐸𝐸𝑦 =  1𝑀 ∑ 𝑅𝐻𝐸𝐸𝑦𝑚 + 𝐿𝐻𝐸𝐸𝑦𝑚2𝑀𝑚=1
( 9 ) 



𝑇𝑂𝐸𝑥 =  1𝑀 ∑ 𝑅𝑇𝑂𝐸𝑥𝑚 + 𝐿𝑇𝑂𝐸𝑥𝑚2𝑀𝑚=1
( 10 ) 𝑇𝑂𝐸𝑦 =  1𝑀 ∑ 𝑅𝑇𝑂𝐸𝑦𝑚 + 𝐿𝑇𝑂𝐸𝑦𝑚2𝑀𝑚=1
( 11 ) 

𝐻𝐸𝐸 𝑇𝑂𝐸
𝑎𝑥 + 𝑏𝑦 + 𝑐 = 0

( 12 ) 

𝑎 =  𝑇𝑂𝐸𝑦 −  𝐻𝐸𝐸𝑦
( 13 ) 𝑏 =  𝐻𝐸𝐸𝑥 −  𝑇𝑂𝐸𝑥
( 14 ) 𝑐 =  𝑇𝑂𝐸𝑥 ∗ 𝐻𝐸𝐸𝑦 −  𝐻𝐸𝐸𝑥 ∗ 𝑇𝑂𝐸𝑦
( 15 ) 𝑀𝑒𝑎𝑛𝑀𝐿 , 𝑀𝑒𝑎𝑛𝐴𝑃)

𝑀𝑒𝑎𝑛𝐶𝑜𝑃𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 =  |𝑎 ∗ 𝑀𝑒𝑎𝑛𝑀𝐿 + 𝑏 ∗ 𝑀𝑒𝑎𝑛𝐴𝑃 + 𝑐 |√𝑎2 + 𝑏2
(16) 



Figure 2.13 𝑀𝑒𝑎𝑛𝐶𝑜𝑃𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡: distance between the CoP mean point (blue circle) and the line passing through the 

midpoint of heels markers (red circle) and the midpoint of second metatarsals markers (green circle) in a representative 

participant (Contr010) during Bilateral Stance with eyes open. 

1 ≤ 𝑛 ≤ 𝑁, 𝑀𝑒𝑎𝑛𝑀𝐿 𝑀𝑒𝑎𝑛𝐴𝑃
𝐶𝑜𝑃𝑥𝑛 = 𝐶𝑜𝑃𝑀𝐿𝑛 − 𝑀𝑒𝑎𝑛𝑀𝐿

( 16 ) 𝐶𝑜𝑃𝑦𝑛 = 𝐶𝑜𝑃𝐴𝑃𝑛 − 𝑀𝑒𝑎𝑛𝐴𝑃
( 17 ) 

Radius signal1 ≤ 𝑛 ≤ 𝑁,
𝑅𝑛 =  √𝐶𝑜𝑃𝑥𝑛2 + 𝐶𝑜𝑃𝑦𝑛2

( 18 ) 



Mean Distance

𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿 =  1𝑁 ∑ |𝐶𝑜𝑃𝑥𝑛|𝑁𝑛=1
( 19 ) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐴𝑃 =  1𝑁 ∑ |𝐶𝑜𝑃𝑦𝑛|𝑁𝑛=1
( 20 ) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  1𝑁 ∑ |𝑅𝑛|𝑁𝑛=1
( 21 ) 

Maximal Distance

𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿 =  max1≤𝑛≤𝑁 |𝐶𝑜𝑃𝑥𝑛|
( 22 ) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐴𝑃 =  max1≤𝑛≤𝑁 |𝐶𝑜𝑃𝑦𝑛|
( 23 ) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  max1≤𝑛≤𝑁 |𝑅𝑛 |
( 24 ) 

Range

𝑅𝑎𝑛𝑔𝑒𝑀𝐿 =  max1≤𝑛≤𝑁 𝐶𝑜𝑃𝑥𝑛 − min1≤𝑛≤𝑁 𝐶𝑜𝑃𝑥𝑛
( 25 ) 𝑅𝑎𝑛𝑔𝑒𝐴𝑃 =  max1≤𝑛≤𝑁 𝐶0𝑃𝑦𝑛 − min1≤𝑛≤𝑁 𝐶𝑜𝑃𝑦𝑛
( 26 ) 



Range Ratio

𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜 =  𝑅𝑎𝑛𝑔𝑒𝑀𝐿𝑅𝑎𝑛𝑔𝑒𝐴𝑃  
( 27 ) 

𝐶𝑜𝑃𝑥 𝐶𝑜𝑃𝑦

𝜆1 𝜆2 𝜆1 ≥ 𝜆2 [𝑣1𝑣2] [𝑢1𝑢2]
Major Axis Inclination

𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑛𝑔𝑙𝑒 =  arctan (𝑣2𝑣1)
( 28 ) 𝐶𝜎 𝐶

𝜎



Major Axis Length

𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ = 2 ∗ 𝐶 ∗ √𝜆1
( 29 ) 

Minor Axis Length

𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ = 2 ∗ 𝐶 ∗ √𝜆2
( 30 ) 

Axes Lengths Ratio

𝐴𝑥𝑒𝑠𝐿𝑒𝑛𝑔𝑡ℎ𝑠𝑅𝑎𝑡𝑖𝑜 =  𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ
( 31 ) 

Area of the Ellipse

𝐸𝑙𝑙𝑖𝑝𝑠𝑒𝐴𝑟𝑒𝑎 = 𝜋 ∗ 𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ2 ∗ 𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ2
( 32 ) 



Figure 2.14 CoP displacement of a representative participant (Contr004) during bilateral stance with eyes open: mono-

dimensional time series in ML direction (a) and AP direction (b); two-dimensional CoP trajectory in the horizontal plane and 

representation of the 95% Confidence Ellipse (green curve) with the principal axes (red lines) (c). 

Sway Path

𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ =  𝑃𝑎𝑡ℎ𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
( 33 ) 𝑃𝑎𝑡ℎ 

𝑃𝑎𝑡ℎ =  ∑ √(𝐶𝑜𝑃𝑥𝑖 − 𝐶𝑜𝑃𝑥𝑖−1)2 + (𝐶𝑜𝑃𝑦𝑖 − 𝐶𝑜𝑃𝑦𝑖−1)2𝑁𝑖=2
( 34 ) 



Sway Area

𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎 =  𝐴𝑟𝑒𝑎𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
( 35 ) 𝐴𝑟𝑒𝑎 

𝐴𝑟𝑒𝑎 =  ∑ 12 |𝑑𝑒𝑡 [ 𝐶𝑜𝑃𝑥𝑖 𝐶𝑜𝑃𝑦𝑖 1𝐶𝑜𝑃𝑥𝑖−1 𝐶𝑜𝑃𝑦𝑖−1 1𝑀𝑒𝑎𝑛𝑥 𝑀𝑒𝑎𝑛𝑦 1]|𝑁𝑖=2  
( 36 ) 

𝑀𝑒𝑎𝑛𝑥 =  1𝑁 ∑ 𝐶𝑜𝑃𝑥𝑁𝑛=1
( 37 ) 

𝑀𝑒𝑎𝑛𝑦 =  1𝑁 ∑ 𝐶𝑜𝑃𝑦𝑁𝑛=1
( 38 ) 

Sway Area over Sway Path Ratio

𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ =  𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ
( 39 ) 



Figure 2.15 CoP displacement of a representative participant (Contr007) during unilateral stance (sn leg): mono-dimensional 

time series in ML direction (a) and AP direction (b); two-dimensional CoP trajectory in the horizontal plane (c). In different 

colors the ranges of interest in each repetition are represented. 

 



Figure 2.16 CoP displacement of a representative participant (Contr004) during circumduction (both arms): mono-

dimensional time series in ML direction (a) and AP direction (b); two-dimensional CoP trajectory in the horizontal plane (c). 

In different colors the ranges of interest in each repetition are represented. 

 

𝑅𝑎𝑛𝑔𝑒𝑀𝐿𝑅𝑎𝑛𝑔𝑒𝐴𝑃𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ





3 RESULTS 

3.1 CoP parameters during unilateral stance 

3.1.1 Comparison between control group and lymphedema group 



Figure 3.1 Unilateral stance parameters results: (a) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (b)𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (c) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜, (d) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (e) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, 

(f) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The values of the control group are represented by box plot: the red line is the median value, the 

edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are individual control values, 

the squares are Lymp002 patient values. The gray band represents the normal range of the control group. D = foot support on 

the dominant side, ND = foot support on the non-dominant side, L = foot support on the lymphedema side, NL = foot support 

on the side without lymphedema.  

𝑅𝑎𝑛𝑔𝑒𝑀𝐿𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜.
3.1.2 Comparison between unilateral stance on the dominant and 

non-dominant side 

dominant side (Δ D

between standing on the side with lymphedema and without lymphedema (Δ L



Figure 3.2 Differences between dominant and non-dominant side (ΔD-ND control group) and between side with lymphedema 

and without lymphedema (ΔL-NL lymphedema group) during unilateral stance: (a) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (b)𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (c) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜, 

(d) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (e) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, (f) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The values of the control group are represented by box plot: the 

red line is the median value, the edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles 

are individual control values, the squares are Lymp002 patient values. D = foot support on the dominant side, ND = foot 

support on the non-dominant side, L = foot support on the lymphedema side, NL = foot support on the side without lymphedema. 



3.2 CoP parameters during bilateral stance 

3.2.1 Comparison between control group and lymphedema group 



Figure 3.3 Bilateral stance parameters results: (a) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (b) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐴𝑃, (c) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (d) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (e) 𝑀𝑒𝑎𝑛𝑅𝑎𝑑𝑖𝑢𝑠, (f) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝑅𝑎𝑑𝑖𝑢𝑠, (g) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (h) 𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (i) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜. The values of 

the control group are represented by box plot: the red line is the median value, the edges of the box are the 25th and 75th 

percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the asterisks are the values of 

patient Lymp001, the squares are Lymp002 patient values. The gray band represents the normal range of the control group. 

EO = eyes open, EC = eyes closed. 

𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜
𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿 𝑅𝑎𝑛𝑔𝑒𝑀𝐿

𝑅𝑎𝑛𝑔𝑒𝐴𝑃𝑅𝑎𝑛𝑔𝑒𝑀𝐿



Figure 3.4 Bilateral stance parameters results: (a) 𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ, (b) 𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ, (c) 𝐴𝑥𝑒𝑠𝐿𝑒𝑛𝑔𝑡ℎ𝑠𝑅𝑎𝑡𝑖𝑜, (d) 𝐸𝑙𝑙𝑖𝑝𝑠𝑒𝐴𝑟𝑒𝑎, (e) 𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑛𝑔𝑙𝑒. The values of the control group are represented by box plot: the red line is the median 

value, the edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are the values of the 

individual controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 patient values. The gray band 

represents the normal range of the control group. EO = eyes open, EC = eyes closed. 

𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ 𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ 𝑅𝑎𝑛𝑔𝑒𝑀𝐿𝑅𝑎𝑛𝑔𝑒𝐴𝑃 𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑛𝑔𝑙𝑒𝐸𝑙𝑙𝑖𝑝𝑠𝑒𝐴𝑟𝑒𝑎



Figure 3.5 Bilateral stance parameters results: 𝑀𝑒𝑎𝑛𝐶𝑜𝑃𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡. The values of the control group are represented by 

box plot: the red line is the median value, the edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. 

The circles are the values of the individual controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 

patient values. The gray band represents the normal range of the control group. EO = eyes open, EC = eyes closed. 



Figure 3.6 Bilateral stance parameters results: (a) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (b) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, (c) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The values of the 

control group are represented by box plot: the red line is the median value, the edges of the box are the 25th and 75th 

percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the asterisks are the values of 

patient Lymp001, the squares are Lymp002 patient values. The gray band represents the normal range of the control group. 

EO = eyes open, EC = eyes closed. 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ
3.2.2 Comparison between eyes open and eyes closed conditions 

(Δ 



Figure 3.7 Differences between bilateral stance with eyes closed and eyes open (ΔEC-EO) during bilateral stance: (a) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (b) 𝑀𝑒𝑎𝑛𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝐴𝑃, (c) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (d) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑀𝐿, (e) 𝑀𝑒𝑎𝑛𝑅𝑎𝑑𝑖𝑢𝑠, (f) 𝑀𝑎𝑥𝑖𝑚𝑎𝑙𝑅𝑎𝑑𝑖𝑢𝑠, (g) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (h) 𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (i) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜. The values of the control group are represented by box plot: 

the red line is the median value, the edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The 

circles are the values of the individual controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 

patient values. EO = eyes open, EC = eyes closed. 



Figure 3.8 Differences between bilateral stance with eyes closed and eyes open (ΔEC-EO) during bilateral stance: (a) 𝑀𝑖𝑛𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ, (b) 𝑀𝑎𝑗𝑜𝑟𝐴𝑥𝑖𝑠𝐿𝑒𝑛𝑔𝑡ℎ, (c) 𝐴𝑥𝑒𝑠𝐿𝑒𝑛𝑔𝑡ℎ𝑠𝑅𝑎𝑡𝑖𝑜, (d) 𝐸𝑙𝑙𝑖𝑝𝑠𝑒𝐴𝑟𝑒𝑎, (e) 𝐼𝑛𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑛𝑔𝑙𝑒. The values of 

the control group are represented by box plot: the red line is the median value, the edges of the box are the 25th and 75th 

percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the asterisks are the values of 

patient Lymp001, the squares are Lymp002 patient values. EO = eyes open, EC = eyes closed. 



Figure 3.9 Differences between bilateral stance with eyes closed and eyes open (ΔEC-EO) during bilateral stance:𝑀𝑒𝑎𝑛𝐶𝑜𝑃𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡. The values of the control group are represented by box plot: the red line is the median value, the 

edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are the values of the individual 

controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 patient values. EO = eyes open, EC = eyes 

closed. 

Figure 3.10 Differences between bilateral stance with eyes closed and eyes open (ΔEC-EO) during bilateral stance: (a) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (b) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, (c) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The values of the control group are represented by box plot: the red 

line is the median value, the edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are 

the values of the individual controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 patient values. 

EO = eyes open, EC = eyes closed. 
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3.3 CoP parameters during upper limb functional 

tasks 

3.3.1 Comparison between control group and lymphedema group 





Figure 3.11 Upper limb functional tasks parameters results: (a) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (b) 𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (c) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜. The values of the 

control group are represented by box plot: the red line is the median value, the edges of the box are the 25th and 75th 

percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the asterisks are the values of 

patient Lymp001, the squares are Lymp002 patient values. The gray band represents the normal range of the control group. D 

= movement performed with the dominant arm, ND = movement performed with the non-dominant arm, L = movement 

performed with the lymphedema arm, NL = movement performed with the arm without lymphedema. 

𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜

𝑅𝑎𝑛𝑔𝑒𝑀𝐿 𝑅𝑎𝑛𝑔𝑒𝐴𝑃 𝑅𝑎𝑛𝑔𝑒𝑀𝐿





Figure 3.12 Upper limb functional tasks parameters results: (a) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (b) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, (c) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The 

values of the control group are represented by box plot: the red line is the median value, the edges of the box are the 25th and 

75th percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the asterisks are the 

values of patient Lymp001, the squares are Lymp002 patient values. The gray band represents the normal range of the control 

group. D = movement performed with the dominant arm, ND = movement performed with the non-dominant arm, L = movement 

performed with the lymphedema arm, NL = movement performed with the arm without lymphedema. 

𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎
3.3.2 Comparison between tasks executed with the dominant and 

non-dominant arm 

dominant side (Δ D

lymphedema (Δ L





Figure 3.13 Differences between dominant and non-dominant side (ΔD-ND control group) and between side with lymphedema 

and without lymphedema (ΔL-NL lymphedema group) during upper limb functional tasks: (a) 𝑅𝑎𝑛𝑔𝑒𝑀𝐿, (b) 𝑅𝑎𝑛𝑔𝑒𝐴𝑃, (c) 𝑅𝑎𝑛𝑔𝑒𝑅𝑎𝑡𝑖𝑜. The values of the control group are represented by box plot: the red line is the median value, the edges of the 

box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are the values of the individual controls, the 

asterisks are the values of patient Lymp001, the squares are Lymp002 patient values. D = movement performed with the 

dominant arm, ND = movement performed with the non-dominant arm, L = movement performed with the lymphedema arm, 

NL = movement performed with the arm without lymphedema. 





Figure 3.14 Differences between dominant and non-dominant side (ΔD-ND control group) and between side with lymphedema 

and without lymphedema (ΔL-NL lymphedema group) during upper limb functional tasks: (a) 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ, (b) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎, (c) 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎/𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ. The values of the control group are represented by box plot: the red line is the median value, the 

edges of the box are the 25th and 75th percentiles, the red crosses are the outliers. The circles are the values of the individual 

controls, the asterisks are the values of patient Lymp001, the squares are Lymp002 patient values. D = movement performed 

with the dominant arm, ND = movement performed with the non-dominant arm, L = movement performed with the lymphedema 

arm, NL = movement performed with the arm without lymphedema. 

𝑅𝑎𝑛𝑔𝑒𝐴𝑃 𝑆𝑤𝑎𝑦𝑃𝑎𝑡ℎ 𝑆𝑤𝑎𝑦𝐴𝑟𝑒𝑎𝑅𝑎𝑛𝑔𝑒𝑀𝐿
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