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Abstract:



Measuring dynamic postural control and mobility using task-based full-body movements has been advocated. The star excursion balance test (SEBT) is well-established, but it does not elicit large upper body joint movements. Therefore, the hand reach star excursion balance test (HSEBT) was developed. The purpose of the current study was to assess the inter-rater and test-retest reliability and validity of the HSEBT. Twenty-nine healthy male subjects performed ten HSEBT reaches on each leg on four different occasions, led by three different raters. Reach distances were recorded in centimeters and degrees. Then, twenty-eight different healthy males performed the HSEBT while using a standard motion capture system. Reliability was assessed using the intraclass correlation coefficient (ICC) (range 0.77–0.98). Stability of measurement was assessed using the standard error of measurement (SEM) (range 0.3–2.8 cm and 1.7°–2.6°) and coefficient of variation (CV) (range 2.1–14.6%). Change scores were obtained using minimal detectable change (MDC95) (range 0.9–7.9 cm and 4.7°–7.2°). Observed (Maxm) and calculated (Maxkin) maximum hand reach measurements showed good to excellent correlations. Bland Altman analysis established a fixed bias for all tests, which can be partially explained by the kinematic calculations. In conclusion, the HSEBT is a valid and reliable full-body clinical tool for measuring dynamic postural control and functional joint mobility.
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1. Introduction


A task-based clinical assessment of mobility and dynamic postural control that elicits full kinematic chain (foot to hand) three-dimensional joint movements has been advocated [1,2]. This is clinically important considering that testing of joints in isolation does not capture the neuromuscular control involved in the joint or muscular synergies necessary for dynamic postural control. Foot and hand reaches are task-driven tests that can capture this interaction. The star excursion balance test (SEBT) is a well-established, reliable clinical tool for dynamic postural control [3] that assesses different neuromuscular functions, such as proprioception [4], joint range of motion (ROM) [5] and lower extremity strength and balance [6]. Clinically, the SEBT has proved to be sensitive in detecting functional deficits in patients with different lower extremity dysfunctions and diagnoses [3], improvements in response to training [7], and predicting the risk of lower extremity injuries [8]. However, the SEBT does not examine trunk, upper extremity and all hip joint movements in the assessment of dynamic postural control, and therefore is not well suited to revealing functional deficits in these joints in combination with lower extremity joint movements. A systematic combination of hand reaches has the potential to capture this interaction.



Hand reaches beyond arm’s length from standing elicit a dual role of the trunk and lower extremities in both postural stability and joint movements in transferring the hand to the target, linking posture and movement coordination [9,10,11]. As reach distance increases, the trunk, upper and lower extremities work together as one functional unit to move the body toward the target [9] with a greater movement of center of the mass (COM) [9,11] and increased joint movements [12]. In addition, different reach directions describe different limits of stability [13]. Furthermore, 95% of the activities of daily living involve trunk and arm movement [14], and falls often occur while reaching [15]. Hand action is also closely linked with movement of the rest of the body and thus with performance in volleyball, tennis, golf and throwing sports. Therefore, a systematic combination of hand reaches in different directions might prove to be a highly relevant clinical tool.



Currently, different hand reach tests are used for assessing dynamic postural control and upper body mobility and stability [13,16,17,18,19]. However, a validated and reliability-tested hand reach test battery, comparable to the SEBT, that elicits ankle, knee, general hip, trunk and upper extremity joint movements in standing is currently not available. Such a test battery would provide the clinician with a tool for quantitative (cm or °), qualitative (magnitude and coordination) and subjective assessment of dynamic postural control and full body movement (functional mobility). Therefore, we developed the hand reach star excursion balance test (HSEBT), which consists of ten different hand reaches on each foot in the same directions as the SEBT, with the addition of two rotational reaches. The HSEBT measures hand reach distance (cm or °) while engaging the full kinetic chain (hand to foot) under reach-specific constraints dictated, for example, by stance position and reaching arm. Thus, the HSEBT has the potential to complement the SEBT as a clinical tool in the assessment of dynamic postural control.



The current paper reports on two studies that were conducted to evaluate the reliability and internal validity of the HSEBT. Specifically, the purposes were to (i) determine test–retest reliability; (ii) document the inter-rater reliability of all HSEBT reaches; (iii) validate reach measurements (cm and °) collected by a trained physiotherapist against kinematic measurements and (iv) provide reference data for a young healthy male population.




2. Materials and Methods


2.1. Participants


Two convenience samples of 29 (age 25.4 ± 6.4 years; height 180.0 ± 9.3 cm; mean ± SD) and 28 (age 23.8 ± 2.2 years; height 181 ± 6.0 cm; mean ± SD) recreationally active, healthy male subjects volunteered for the reliability analysis and kinematic validation respectively. Exclusion criteria were musculoskeletal or neurological dysfunction or injury in the past six months. All subjects gave written informed consent. The regional committees for medical and health research ethics in Norway (reference number: 2012/1736 A; approval date: 12 October 2012) and Norwegian Data Protection Agency (reference number: 40996) approved the study, and it was carried out according to the rules of the Declaration of Helsinki. The subjects’ height and weight were obtained using a Seca model 217 stadiometer and a Seca flat scale (Seca GmbH. & Co., Hamburg, Germany).




2.2. Research Design


Reliability was determined using a within-subjects repeated measures design, while the validation was a cross-sectional study.




2.3. Procedures Hand Reach Star Excursion Balance Test (HSEBT)


The HSEBT consists of eight horizontal and two rotational hand reach tests executed separately standing on the right and the left foot. Similar to the SEBT [3], the horizontal HSEBT reaches are performed along eight reaching directions at 45 degree intervals and categorized into movement patterns according to the following criteria: (1) flexion (three reaches forward to the ground); (2) extension (three reaches backward overhead) and (3) lateral (two reaches laterally overhead). The two rotational reaches are performed with both shoulders flexed to 90°. Furthermore, hand reaches are classified as either pure plane (reaches within a cardinal plane) or diagonal (reaches that combine planes of motion).



The individual hand reach tests were defined based on the anatomical neutral position as follows: direction (i.e., anterior (A); posterior (P)), side of body (left (L); right (R)); angle at 45° increments from anterior (0°) to posterior (180°); and movement (rotation (ROT)). Thus, pure plane reaches were named A0, P180, R90, L90, LROT and RROT, while diagonal reaches were named R45, R135, L45, and L135. The pure plane and diagonal reaches are bilateral and unilateral hand reaches, respectively. Table 1 and Table 2 identify stance foot and hand(s) reaching, while Figure 1 shows the maximum reach positions for all tests. Note that these definitions differ from the SEBT reaching directions defined based on stance foot [3].


Figure 1. Horizontal and rotational reaches for left and right leg. Visual representation of all reaches (photographs). Horizontal reaches (center graphs) with average (cm, black line) and standard deviation (±SD, grey shaded area). Rotational reaches (°, circular graphs) with average (±SD). All values are based on results from four sessions.
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Table 1. Test–retest and inter-rater reliability of hand reach star excursion balance test HSEBT.







	
Test

	
Foot

	
Hand (s)

	
Order

	
Test–Retest Reliability

	
Inter-Rater Reliability




	
Reach (±SD) *

	
ICC2,1

	
95 CI

	
SDtest-retest

	
SEM *

	
CV

	
MDC95 *

	
Reach (±SD) *

	
ICC2,3

	
95 CI

	
SDinter-rater

	
SEM *

	
CV

	
MDC95 *






	
A0

	
L

	
B

	
3

	
72 ± 8

	
0.96

	
0.92, 0.98

	
1.5

	
0.3

	
2.1

	
0.9

	
72 ± 8

	
0.98

	
0.95, 0.99

	
2.2

	
0.3

	
3.1

	
0.9




	
A0

	
R

	
B

	
4

	
72 ± 7

	
0.90

	
0.79, 0.95

	
2.3

	
0.7

	
3.2

	
2.1

	
73 ± 8

	
0.97

	
0.95, 0.99

	
2.3

	
0.4

	
3.2

	
1.1




	
R45

	
L

	
L

	
1

	
79 ± 7

	
0.85

	
0.71, 0.93

	
2.6

	
1.0

	
3.3

	
2.8

	
79 ± 7

	
0.95

	
0.90, 0.97

	
2.9

	
0.6

	
3.6

	
1.8




	
L45

	
R

	
R

	
2

	
80 ± 7

	
0.87

	
0.74, 0.94

	
2.4

	
0.9

	
3.0

	
2.4

	
80 ± 7

	
0.95

	
0.90, 0.97

	
2.8

	
0.6

	
3.5

	
1.7




	
R90

	
L

	
B

	
9

	
68 ± 10

	
0.82

	
0.65, 0.91

	
4.4

	
1.9

	
6.5

	
5.1

	
68 ± 10

	
0.95

	
0.91, 0.98

	
3.8

	
0.8

	
5.6

	
2.3




	
L90

	
R

	
B

	
10

	
68 ± 10

	
0.87

	
0.73, 0.94

	
3.9

	
1.4

	
5.8

	
3.9

	
68 ± 11

	
0.95

	
0.91, 0.98

	
3.9

	
0.9

	
5.8

	
2.4




	
R135

	
L

	
L

	
15

	
50 ± 13

	
0.80

	
0.61, 0.90

	
6.4

	
2.8

	
12.8

	
7.9

	
49 ± 14

	
0.91

	
0.84, 0.96

	
6.6

	
2.0

	
13.4

	
5.5




	
L135

	
R

	
R

	
16

	
49 ± 15

	
0.84

	
0.69, 0.92

	
6.5

	
2.6

	
13.1

	
7.2

	
50 ± 14

	
0.92

	
0.85, 0.96

	
7.3

	
2.1

	
14.6

	
5.7




	
P180

	
L

	
B

	
13

	
67 ± 12

	
0.87

	
0.74, 0.94

	
4.3

	
1.6

	
6.4

	
4.3

	
69 ± 11

	
0.96

	
0.92, 0.98

	
3.9

	
0.8

	
5.7

	
2.2




	
P180

	
R

	
B

	
14

	
67 ± 11

	
0.80

	
0.61, 0.90

	
5.1

	
2.3

	
7.6

	
6.3

	
67 ± 11

	
0.93

	
0.88, 0.97

	
4.8

	
1.3

	
7.2

	
3.5




	
L135

	
L

	
R

	
11

	
80 ± 12

	
0.87

	
0.74, 0.94

	
4.2

	
1.5

	
5.2

	
4.2

	
81 ± 12

	
0.93

	
0.87, 0.97

	
5.4

	
1.4

	
6.6

	
3.9




	
R135

	
R

	
L

	
12

	
80 ± 14

	
0.90

	
0.80, 0.95

	
4.5

	
1.4

	
5.6

	
3.9

	
80 ± 13

	
0.95

	
0.90, 0.97

	
5.4

	
1.2

	
6.7

	
3.3




	
L90

	
L

	
B

	
7

	
73 ± 10

	
0.84

	
0.69, 0.92

	
4.0

	
1.6

	
5.5

	
4.5

	
74 ± 11

	
0.92

	
0.84, 0.96

	
5.2

	
1.4

	
7.0

	
4.1




	
R90

	
R

	
B

	
8

	
72 ± 10

	
0.77

	
0.57, 0.89

	
4.8

	
2.3

	
6.6

	
6.3

	
74 ± 11

	
0.93

	
0.86, 0.96

	
4.9

	
1.3

	
6.7

	
3.6




	
L45

	
L

	
R

	
5

	
65 ± 9

	
0.94

	
0.87, 0.97

	
2.2

	
0.5

	
3.4

	
1.5

	
66 ± 9

	
0.96

	
0.92, 0.98

	
3.3

	
0.7

	
5.0

	
1.8




	
R45

	
R

	
L

	
6

	
66 ± 8

	
0.91

	
0.82, 0.96

	
2.5

	
0.8

	
3.8

	
2.1

	
66 ± 9

	
0.95

	
0.91, 0.97

	
3.5

	
0,8

	
5.2

	
2.1




	
RROT

	
L

	
B

	
17

	
129 ± 13

	
0.87

	
0.74, 0.94

	
4.7

	
1.7

	
3.6

	
4.7

	
128 ± 14

	
0.92

	
0.85, 0.96

	
6.5

	
1.8

	
5.1

	
5.1




	
LROT

	
R

	
B

	
18

	
134 ± 13

	
0.86

	
0.72, 0.93

	
5.0

	
1.9

	
3.8

	
5.2

	
130 ± 13

	
0.90

	
0.81, 0.95

	
7.5

	
2.4

	
5.8

	
6.6




	
LROT

	
L

	
B

	
19

	
124 ± 14

	
0.84

	
0.68, 0.92

	
5.7

	
2.3

	
4.6

	
6.3

	
121 ± 15

	
0.93

	
0.86, 0.96

	
7.1

	
1.9

	
5.8

	
5.2




	
RROT

	
R

	
B

	
20

	
119 ± 14

	
0.82

	
0.66, 0.91

	
6.1

	
2.6

	
5.1

	
7.2

	
118 ± 16

	
0.93

	
0.88, 0.97

	
7.0

	
1.8

	
5.9

	
5.1








* = cm is the unit in all reach tests with the exception of LROT and RROT where ° is the measurement unit. Abbreviations: ICC = Interclass correlation coefficient; SD = Standard deviation; SEM = Standard error of measurement (cm/°); CV = Coefficient of variation (%); MDC95 = Minimal detectable change; L = Left; R = Right; B = Bilateral; A0 = Anterior (0°) reach; R45 = Right anterolateral (45°) reach; R90 = Right lateral (90°) reach; R135 = Right posterolateral (135°) reach; P180 = Posterior (180°) reach; L135 = Left posterolateral (135°) reach; L90 = Left lateral (90°) reach; L45 = Left anterolateral (45°) reach; RROT = Right rotational reach; LROT = Left rotational reach.








Table 2. Effect of day and tester on HSEBT measurements.







	
Test

	
Foot

	
Hand (s)

	
Order

	
Effect of Day

	
Effect of Tester




	
Day 1 *

	
Day 2 *

	
Day 3 *

	
Day 4 *

	
Wilks Lambda (p)

	
Tester 1 *

	
Tester 2 *

	
Tester 3 *

	
Wilks Lambda (p)






	
A0

	
L

	
B

	
3

	
72.8 ± 7.4

	
72.2 ± 7.9

	
72.2 ± 7.5

	
71.9 ± 8.4

	
0.587

	
72.3 ± 7.6

	
71.7 ± 7.9

	
73.1 ± 8.1

	
0.048 *




	
A0

	
R

	
B

	
4

	
72.7 ± 7.6

	
73.1 ± 7.7

	
72.4 ± 6.8

	
72.0 ± 8.1

	
0.569

	
72.4 ± 7.4

	
72.1 ± 7.1

	
73.5 ± 8.3

	
0.057




	
R45

	
L

	
L

	
1

	
79.9 ± 6.9

	
79.2 ± 7.5

	
79.6 ± 7.1

	
78.5 ± 7.5

	
0.071

	
79.1 ± 6.6

	
79.2 ± 8.1

	
80.0 ± 7.3

	
0.277




	
L45

	
R

	
R

	
2

	
81.1 ± 6.5

	
79.6 ± 7.6

	
80.3 ± 7.0

	
79.2 ± 7.6

	
0.054

	
80.1 ± 6.3

	
79.7 ± 8.1

	
80.8 ± 7.2

	
0.132




	
R90

	
L

	
B

	
9

	
67.8 ± 9.8

	
67.3 ± 10.3

	
68.4 ± 10.3

	
67.7 ± 10.4

	
0.625

	
67.7 ± 11.0

	
68.5 ± 10.1

	
67.4 ± 9.9

	
0.479




	
L90

	
R

	
B

	
10

	
68.2 ± 10.8

	
67.3 ± 11.0

	
69.0 ± 9.8

	
66.9 ± 11.5

	
0.154

	
68.5 ± 10.8

	
67.8 ± 10.1

	
68.1 ± 12.0

	
0.768




	
R135

	
L

	
L

	
15

	
46.6 ± 13.1

	
50.0 ± 14.1

	
50.5 ± 12.7

	
52.2 ± 14.1

	
0.055

	
48.1 ± 13.4

	
49.2 ± 13.1

	
50.6 ± 14.6

	
0.397




	
L135

	
R

	
R

	
16

	
47.7 ± 13.8

	
50.1 ± 14.6

	
50.5 ± 14.4

	
52.5 ± 15.4

	
0.219

	
47.0 ± 14.3

	
49.9 ± 14.6

	
52.6 ± 14.4

	
0.032 *




	
P180

	
L

	
B

	
13

	
69.6 ± 11.1

	
67.7 ± 11.4

	
68.0 ± 10.4

	
67.9 ± 12.1

	
0.225

	
68.1 ± 12.0

	
69.3 ± 11.1

	
69.0 ± 10.5

	
0.403




	
P180

	
R

	
B

	
14

	
66.3 ± 11.5

	
66.4 ± 11.5

	
67.5 ± 11.4

	
67.4 ± 10.9

	
0.539

	
66.2 ± 11.9

	
67.1 ± 10.9

	
67.1 ± 11.7

	
0.713




	
L135

	
L

	
R

	
11

	
82.3 ± 11.2

	
79.5 ± 13.1

	
80.7 ± 10.9

	
81.2 ± 12.5

	
0.261

	
79.5 ± 12.1

	
82.3 ± 11.2

	
81.9 ± 12.8

	
0.061




	
R135

	
R

	
L

	
12

	
80.7 ± 13.7

	
79.0 ± 14.5

	
80.6 ± 12.2

	
81.5 ± 13.3

	
0.256

	
78.8 ± 13.9

	
80.7 ± 13.1

	
81.5 ± 13.4

	
0.144




	
L90

	
L

	
B

	
7

	
73.3 ± 10.8

	
72.1 ± 10.7

	
74.8 ± 10.7

	
73.4 ± 9.9

	
0.081

	
72.3 ± 10.5

	
74.9 ± 9.4

	
73.5 ± 12.1

	
0.044 *




	
R90

	
R

	
B

	
8

	
75.1 ± 9.3

	
71.5 ± 11.5

	
74.1 ± 10.0

	
72.2 ± 10.3

	
0.063

	
72.1 ± 10.9

	
74.6 ± 9.7

	
74.0 ± 11.3

	
0.166




	
L45

	
L

	
R

	
5

	
65.7 ± 8.8

	
65.6 ± 8.6

	
66.5 ± 9.4

	
65.2 ± 9.4

	
0.463

	
65.4 ± 9.3

	
66.0 ± 9.1

	
66.4 ± 9.4

	
0.441




	
R45

	
R

	
L

	
6

	
65.0 ± 8.9

	
65.8 ± 8.2

	
66.7 ± 8.8

	
65.9 ± 9.4

	
0.466

	
65.5 ± 8.9

	
65.6 ± 9.2

	
66.6 ± 9.2

	
0.458




	
RROT

	
L

	
B

	
17

	
127.8 ± 14.4

	
128.2 ± 14.4

	
127.9 ± 11.8

	
128.6 ± 12.6

	
0.942

	
129.0 ± 14.2

	
126.4 ± 13.0

	
127.8 ± 13.7

	
0.289




	
LROT

	
R

	
B

	
18

	
130.6 ± 13.4

	
131.3 ± 15.2

	
129.6 ± 10.6

	
132.4 ± 13.6

	
0.306

	
134.0 ± 14.0

	
127.1 ± 11.5

	
129.7 ± 13.8

	
0.002 *




	
LROT

	
L

	
B

	
19

	
121.0 ± 15.4

	
121.6 ± 14.2

	
121.6 ± 13.3

	
121.7 ± 15.9

	
0.979

	
122.9 ± 14.2

	
117.5 ± 14.9

	
121.4 ± 15.0

	
0.016 *




	
RROT

	
R

	
B

	
20

	
117.8 ± 16.1

	
118.4 ± 14.9

	
119.0 ± 13.4

	
117.7 ± 16.7

	
0.797

	
118.1 ± 15.1

	
115.0 ± 15.9

	
119.9 ± 15.8

	
0.250








* = cm is the unit in all reach tests with the exception of LROT and RROT where ° is the measurement unit. Abbreviations: L = Left; R = Right; B = Bilateral; A0 = Anterior (0°) reach; R45 = Right anterolateral (45°) reach; R90 = Right lateral (90°) reach; R135 = Right posterolateral (135°) reach; P180 = Posterior (180°) reach; L135 = Left posterolateral (135°) reach; L90 = Left lateral (90°) reach; L45 = Left anterolateral (45°) reach; RROT = Right rotational reach; LROT = Left rotational reach.








All reaches were performed in the same order (Table 1 and Table 2) and testing procedures were based on starting position, movement and measurement. The starting positions were defined as follows: (1) one foot (stance foot) without footwear, positioned in the center of the testing mat; (2) longitudinal axis of stance foot (bisection of heel to second toe) aligned with the A0 to P180 line; (3) other foot (support foot) placed at a 135° angle (toe-touch) relative to the reach vector and rotated in the direction of the reach, with the exception of rotational and lateral movement patterns, where the support foot is oriented in the A0 direction; (4) support foot placed parallel to the stance foot (L90 or R90) for rotational reaches; and (5) diagonal reaches are unilateral hand reaches where the trunk is aligned with the reach vector prior to reaching, and the hand reaching is based on crossing the A0 to P180 line from starting to maximum reach position with the other hand placed on the hip. Movement was defined as follows: (1) the heel and the head of the first and fifth metatarsals of the stance foot maintain ground contact while reaching; (2) elbows extended and wrists in neutral positions; (3) when reaching to the floor (flexion), no weight support with the reaching hand(s) was allowed; and (4) subjects were instructed to reach as far as possible and return to the starting position without losing balance. Measurement was defined as follows: (1) all horizontal reach distances were measured in centimeters (cm) from the center of the mat to the tip of the third digit; (2) rotational reaches were measured in degrees (°); and (3) in extension, lateral, and rotational reaches a plumb line (extension, lateral) or a rod (rotation) was used to project the position of the middle digit to the testing mat. A minimum of three practice trials were given for each reach, after which three valid reaches were recorded, with the maximum value used for analysis.



Similarly to when conducting an SEBT, drawing or taping a star onto the ground to indicate the direction of axes and their scale (cm), with the addition of concentric circles marked at 5° intervals, proved to be a helpful preparation. For ease of measurement, a mat with imprinted reaching directions with marks at 2 cm intervals and nine concentric circles at 10 cm intervals (Athletic Knowledge Nordic AB, Stockholm, Sweden) was used to determine reach performance. The outer concentric circle (90 cm radius) with marks at 5-degree intervals was used to measure rotational reaches.




2.4. Procedure Testing Reliability


Each subject completed the HSEBT a total of four times across four different days. One of three raters (convenience sample) administered the HSEBT independently each day, thus one rater administered the HSEBT twice. Specifically, the rater who tested all subjects twice was a physical therapist with two years’ experience in administering the HSEBT, while the other two raters were sports science students with one year of experience. All tests were done independently by each rater, the order of raters was randomized for each subject, and the order of reaches was the same for all sessions (Table 1 and Table 2). Testing sessions for each subject were scheduled at the same time of day when possible; 8 a.m.–12 noon (morning) or 12 noon–6 p.m. (afternoon), since time of day has been found to influence performance on a similar test battery (SEBT) [20]. Raters were blinded to inter-rater reliability and test–retest reliability results.




2.5. Procedure Testing Validity


For the validity assessment, the volunteers were equipped with reflective markers to capture movements and postures while executing the HSEBT. The motion tracking system consisted of 15 Oqus cameras (ProReflex®, Qualisys Inc., Gothenburg, Sweden) recording at 480 Hz. A total of seventy-nine spherical reflective markers (20 mm Ø) were attached over specific anatomical landmarks using bi-adhesive tape. For the purpose of validation (cm and °), the following markers were used: foot (calcaneal, 1st and 5th metacarpal marker); leg (medial and lateral malleoli marker); hand (dorsal surface 5th metacarpal marker); upper arm (medial and lateral epicondyle and marker clusters (attached firmly using tensoplast elastic tape (BSN Medical GmBH, Hamburg, Germany)); and the thorax segment (acromion). Markers were identified using Qualisys software (Göteborg, Sweden). Gaps in marker trajectories were interpolated and reconstructed as needed. Otherwise marker data were not treated or filtered.



All HSEBT reaches were recorded on the same testing mat and performed according to the testing procedures described previously, with the exception of the measurements for extension, lateral and rotational movement patterns. These measurement procedures were changed since a tester standing next to the subject obstructed the field of view for multiple cameras, making the tracking of markers difficult. For these movement patterns a vertical pole mounted on a plate was used and moved along the horizontal reach vectors or along the outer concentric circle to the maximum reach position by a tester lying on the floor. The order of tests (Table 3) was the same for all subjects. The maximum reach distance of three trials (Maxm) for each HSEBT reach was used for analysis.



Table 3. Validity of HSEBT.







	
Test

	
Foot

	
Hand(s)

	
Order

	
Maxm (±SD) a

	
Maxkin (±SD) a

	
Regression Analysis

	
Agreement Analysis




	
r

	
R2

	
Bias ± SD

	
Bias ± SE






	
A0

	
L

	
B

	
9

	
72.8 ± 8.4

	
70.6 ± 6.9

	
0.97

	
0.94

	
2.2 ± 2.4

	
2.2 ± 0.5




	
A0

	
R

	
B

	
15

	
71.2 ± 9.9

	
67.8 ± 8.4

	
0.98

	
0.96

	
3.4 ± 2.3

	
3.4 ± 0.5




	
R45

	
L

	
L

	
1

	
79.0 ± 7.2

	
74.1 ± 6.6

	
0.95

	
0.90

	
4.9 ± 2.4

	
4,9 ± 0.4




	
L45

	
R

	
R

	
5

	
79.2 ± 8.4

	
74.1 ± 6.9

	
0.96

	
0.93

	
5.1 ± 2.6

	
5.1 ± 0.5




	
R90

	
L

	
B

	
12

	
67.4 ± 11.2

	
55.3 ± 10.5

	
0.96

	
0.92

	
12.0 ± 3.1

	
12.0 ± 0.6




	
L90

	
R

	
B

	
18

	
67.6 ± 12.3

	
54.7 ± 11.1

	
0.95

	
0.91

	
12.8 ± 3.8

	
12.8 ± 0.7




	
R135

	
L

	
L

	
4

	
62.0 ± 13.3

	
52.2 ± 12.3

	
0.95

	
0.89

	
9.8 ± 4.4

	
9.8 ± 0.8




	
L135

	
R

	
R

	
8

	
61.3 ± 14.3

	
50.2 ± 14.3

	
0.99

	
0.97

	
11.1 ± 2.4

	
11.1 ± 0.5




	
P180

	
L

	
B

	
10

	
71.3 ± 12.9

	
58.5 ± 12.4

	
0.97

	
0.94

	
12.8 ± 3.1

	
12.8 ± 0.6




	
P180

	
R

	
B

	
16

	
70.8 ± 12.4

	
57.7 ± 11.9

	
0.95

	
0.91

	
1.237 ± 0.087 b

	
1.237 ± 0.016 b




	
L135

	
L

	
R

	
2

	
87.6 ± 8.9

	
76.6 ± 8.6

	
0.95

	
0.91

	
11.0 ± 2.7

	
11.0± 0.5




	
R135

	
R

	
L

	
6

	
82.8 ± 10.7

	
73.1 ± 9.9

	
0.94

	
0.88

	
9.7 ± 3.7

	
9.7± 0.7




	
L90

	
L

	
B

	
11

	
75.7 ± 10.0

	
71.8 ± 7.6

	
0.90

	
0.81

	
3.8 ± 4.6

	
3.8 ± 0.9




	
R90

	
R

	
B

	
17

	
74.5 ± 11.6

	
69.5 ± 9.5

	
0.95

	
0.90

	
5.1 ± 4.0

	
5.1 ± 0.8




	
L45

	
L

	
R

	
3

	
68.2 ± 9.5

	
65.0 ± 8.1

	
0.99

	
0.98

	
3.2 ± 1.9

	
3.2 ± 0.4




	
R45

	
R

	
L

	
7

	
65.7 ± 9.9

	
63.0 ± 8.6

	
0.98

	
0.96

	
2.7 ± 2.3

	
2.7 ± 0.4




	
RROT

	
L

	
B

	
14

	
135.4 ± 14.8

	
140.4 ± 16.0

	
0.89

	
0.79

	
−5.0 ± 7.3

	
−5.0 ± 1.4




	
LROT

	
R

	
B

	
20

	
140.8 ± 15.1

	
146.8 ± 19.4

	
0.90

	
0.81

	
−6.0 ± 8.8

	
−6.0 ± 1.7




	
LROT

	
L

	
B

	
13

	
133.3 ± 18.7

	
123.1 ± 18.9

	
0.92

	
0.84

	
10.2 ± 7.7

	
10.2 ± 1.5




	
RROT

	
R

	
B

	
19

	
135.2 ± 15.5

	
124.0 ± 16.3

	
0.79

	
0.63

	
11.2 ± 10.3

	
11.2 ± 2.0








a = cm is the unit in all reach tests with the exception of LROT and RROT where is the measurement unit. b = bias as ratio (rm_kin = Ratio Maxm/Maxkin). Abbreviations: SD = Standard deviation; SE = Standard error; Maxm = Maximum observed HSEBT reach measurement; Maxkin = Maximum measured kinematic measurement; r = Correlation coefficient; R2 = Coefficient of determination; L = Left; R = Right; B = Bilateral; A0 = Anterior (0°) reach; R45 = Right anterolateral (45°) reach; R90 = Right lateral (90°) reach; R135 = Right posterolateral (135°) reach; P180 = Posterior (180°) reach; L135 = Left posterolateral (135°) reach; L90 = Left lateral (90°) reach; L45 = Left anterolateral (45°) reach; RROT = Right rotational reach; LROT = Left rotational reach.








Analysis of kinematic data was done using Visual 3D® (C-Motion Inc., Rockville, MD, USA). Calibration of the kinematic model was carried out using marker locations registered while standing. Local coordinate systems for the foot and upper arm were created according to the International Society of Biomechanics (ISB) recommendations. Specifically, the local foot coordinate system was located at ground level with the origin at the midpoint between the calcaneal marker and the midpoint between the two metacarpal markers to reflect the center of the testing mat. A ZYZ cardan sequence (Zfirst = horizontal adduction and abduction, Y = abduction and adduction, Zthird = internal and external rotation) was used for orientation of the upper arm segments in the validation of rotational reaches.



Maximum reach events were defined as the position of the ipsilateral metacarpal marker relative to the stance foot in the global coordinate system (orientations: x (+) anterior, y (+) right lateral and z (+) vertical) for the different HSEBT reaches as follows: flexion (minimum z-coordinate value), lateral (minimum and maximum y-coordinate values), extension (minimum z-coordinate value except P180 reaches the minimum x-coordinate value) and rotational movement patterns (minimum x-coordinate value). Reach distances (Maxkin) for the horizontal reaches were then calculated from the position of the metacarpal marker at the maximum reach event in the coordinate system of the stance foot. Specifically, Maxkin was quantified as |x| and |y| (pure plane reaches) and √(x2 + y2) (diagonal reaches). An underestimation of Maxkin relative to Maxm is expected for horizontal reaches since the foot coordinate system is not exactly aligned with the center of the testing mat, and the position of the 5th metacarpal marker underestimates the position of the distal-most point of the third digit. Maxkin for rotational reaches was defined as the orientation (°) (first rotation (Z) of the ipsilateral upper arm segment) at the maximum reach event resolved in the local coordinate system of the stance foot.




2.6. Statistical Analysis


Descriptive statistics (mean and standard deviation (SD)) were calculated in Excel for Mac OS 10.10.5 (Apple Inc., Cupertino, CA, USA), version 14.4.8 (Microsoft Corp., Redmond, WA, USA) for all tests included in the analysis of inter-rater and test–retest reliability. Specifically, test–retest and inter-rater SDs were calculated using Equations (1) and (2) respectively. All other analyses were done using IBM SPSS version 21.0 (IBM, Armonk, NY, USA). Inter-rater and test–retest reliability were assessed for each test by calculating intraclass correlation coefficients (ICC2,3) and (ICC2,1) respectively. The following criteria were used to evaluate ICCs: high ≥0.90, 0.80–0.89 moderate and below 0.80 questionable. Stability of measurements was assessed by calculating the standard error of measurement (Equation (3)), and the coefficient of variation (CV) for test–retest (Equation (4)) and inter-rater reliability (Equation (5)). Minimal detectable change (MDC95) was calculated for a 95% confidence interval for both test–retest and interrater reliability (Equation (6)). A within-subjects repeated-measures analysis of variance (ANOVA) was performed with the independent variable being day (1, 2, 3, 4) to identify whether any learning effects had occurred between sessions. The same analysis was done with the independent variable being rater (1, 2, 3), where only the first session of the rater who tested the subjects twice was used. The level of significance was set at 95% (α = 0.05).


SDtest-retest = √∑(test 1 ∲ test 2)2/2n



(1)






SDinterrater = √∑(SDbetween raters)2/n − 1



(2)






SEM = (SD × √(1 − ICC)



(3)






SDtest-retest/pooled mean × 100



(4)






SDinterrater/pooled mean × 100



(5)






MDC95 = 1.96 × √(2 × SEM)



(6)







The validity of HSEBT reaches was determined by comparing Maxm to Maxkin using linear regression analysis and the Bland Altman method. Correlation coefficients of 0.50–0.75 and >0.75 were considered moderate to good and good to excellent, respectively. The normal distribution of difference between measurements (Equation (7)) was assessed using the Shapiro-Wilk test. In the presence of a non-normal distribution of Maxdiff, a ratio of manual to kinematic measurements was calculated (Equation (8)) and used in the subsequent analysis. Bland Altman plots were then generated for Maxdiff or rm_kin (y-axis) and averages of measurements (Equation (9)) (x-axis). Bias between measurements (Maxdiffmean) was calculated (Equation (10)) with standard deviation (MaxdiffSD) and then plotted with 95% confidence interval (Maxdiffmean ± 1.96MaxdiffSD). Then standard error difference scores were calculated (Equation (11)). Maxdiff outliers were determined using the outlier labelling rule of 2.2 multiples of the upper and lower quartiles. Values outside this range were removed from the analysis.


Maxdiff = Maxm − Maxkin



(7)






rm_kin = Maxm/Maxkin



(8)






Maxmean = mean(Maxkin + Maxm)



(9)






Maxdiffmean = meansubject1–28Maxdiff



(10)






SEdiff = √(MaxdiffSD2/n)



(11)









3. Results


There were 6.4 ± 6.1 days between sessions and 63.2% of the test sessions were scheduled at the same time of the day (morning or afternoon) as the previous tests. HSEBT reach tests, ICC, SEM and CV for interrater and test–retest reliability are listed in Table 1, which is organized so that the same tests, left and right, follow each other (grey and white). In addition, HSEBT reach scores (mean ± SD) for all hand reach tests (four sessions) are presented in Figure 1.



Test–retest reliability was moderate to high for 19/20 HSEBT reaches (ICC: 0.80 to 0.96) with right foot L90 reach being questionable (ICC = 0.77). SEM ranged from 0.3 to 2.8 cm and 1.7° to 2.6° for horizontal and rotational reaches respectively, while CV ranged from 2.1% to 13.1%. MDC95 ranged from 0.9–7.9 cm and 4.7°–7.2° for horizontal and rotational reaches, respectively (Table 1).



Inter-rater reliability was high (ICC: 0.90 to 0.98) with SEM ranging from 0.3 to 2.1 cm and 1.8° to 2.4° for horizontal and rotational reaches respectively. CV values ranged from 3.1% to 14.6% (Table 1). MDC95 ranged from 0.9 to 5.7 cm and 5.1° to 6.6° for horizontal and rotational reaches, respectively (Table 1). There was no effect of test session (day) on the results; however, a significant difference between raters was observed for the following tests (maximum difference between raters identified in parentheses): left foot A0 reach (1.4 cm); right foot L135 reach (5.6 cm); left foot L90 reach (2.6 cm); right foot LROT reach (6.9°); and L foot LROT reach (5.4°) (Table 2).



There was a strong relationship between Maxm and Maxkin measurements for all HSEBT reaches. Maxm and Maxkin measurements for 18/20 tests had excellent correlation coefficients (r ≥ 0.90) and a shared variance of 81 to 97%, while two tests, left foot RROT (r = 0.89) and right foot RROT (r = 0.79), had a shared variance of 79% and 63% respectively (Table 3). Maxdiff was normally distributed as assessed by Shapiro Wilk’s test with one exception, right foot P180 reach (p = 0.045); however, rm_kin for this test was normally distributed (r = 0.067) and used in the agreement analysis (Table 3). There was a positive fixed bias (Maxdiffmean) for all horizontal reaches ranging from 2.2 to 12.8 cm and 23.7% (rm-kin = 1.237) for the right foot P180 reach test. Fixed biases for the rotational reaches were positive for ipsilateral (10.2 to 11.2°) and negative for contralateral rotational reaches (−5.0 to −6.0°) (Table 3 and Figure 2).


Figure 2. Agreement analysis of horizontal and rotational reaches left and right foot. Visual representation (center left and right) of horizontal reach test scores (full line Maxm, dotted line Maxkin and grey area showing difference). Circular graphs (Maxkin grey, Maxm black) of left and right rotational reaches. Bland Altman plots (y-axis: Maxdiff (cm) and x-axis: Maxmean (cm)) for all tests with fixed bias (full line) with 95% confidence interval (dotted line) and agreement (dashed line).
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4. Discussion


The current study has established the HSEBT as a reliable and valid test battery for hand reaches, with description of the testing procedures and reference values for a young, healthy male population. The HSEBT has moderate to high test–retest and inter-rater reliability, with ICC results similar to or better than comparable tests such as SEBT [21] and functional reach test (FR) [22]. Response stability (SEM and CV) was also comparable to these tests [16,21,22], while MDC95 was smaller than what has been reported for the SEBT [23]. No learning effect between test sessions was observed, but there was a small yet systematic difference between raters in five tests. Manual (Maxm) and calculated (Maxkin) hand reach measurements had good to excellent correlation. However, agreement analysis showed a fixed bias for all HSEBT reaches, which can be partially explained by the methods used for kinematic calculation (Maxkin).



The reliability results (ICC values) obtained in the current study are comparable to other tests of dynamic postural control and functional mobility. The HSEBT test–retest reliability ICC values ranged from 0.77 to 0.96, while FR test–retest reliability ICC values of 0.89 and 0.92 have been reported [16,22]. Upper quarter Y balance tests and the multi-directional reach tests were found to range from 0.80 to 0.99 [19] and 0.93 to 0.95 [13], respectively. SEBT ICC test–retest values range from 0.84 to 0.98 [23,24,25,26]. Furthermore, the inter-rater reliability of the HSEBT was high, with ICC values ranging from 0.90 to 0.98. FR inter-rater ICC values between 0.73 and 0.98 have been reported [22,27,28], while SEBT values range from 0.81 to 0.93 [21,24,26,29]. Even though our ICC results showed high HSEBT inter-rater reliability, the repeated measure ANOVA results suggested that in five of the 20 tests at least one rater differed systematically from the other raters (Table 2). Effects of test administrators on the results therefore cannot be ruled out. In contrast, test day did not have an impact on the results (Table 2).



Response stability, as quantified by SEM, ranged in the current study from 0.3 to 2.8 cm and from 1.7° to 2.6° for both test–retest and interrater reliability. The SEM values reported for the SEBT range from 2.2 to 4.8 cm and 2.0 to 5.0 cm for test–retest and inter-rater reliability, respectively [21,23,30], while FR ranged from 2.1 to 4.0 cm and 2.1 to 4.3 cm for inter-rater and test–retest reliability, respectively [22]. In summary, the SEM values found for HSEBT are comparable or lower than those established for the SEBT and FR.



However, CV is a more appropriate measure of response stability than SEM when comparing HSEBT to SEBT and FR. In the current study the CV ranged from 2.1% to 13.1% and 3.1% to 14.6% for test–retest and inter-rater reliability, respectively. Some of these values are higher than the test–retest CVs reported for the SEBT, 2.0% to 4.6% [25], and the FR, 2.5% [16]. One potential reason for these relatively large variations is the influence of visual feedback. When subjects could see how far they reached (flexion) a considerably lower variation was observed (test–retest CV: 2.1–3.8%; inter-rater CV: 3.1–5.2%), than when the subjects were blind to the test results (lateral and extension) (test–retest CV: 5.2–13.1%; inter-rater CV: 5.6–14.6%).



MDC values are change scores important from both a clinical and a research perspective. MDC95 for the horizontal and rotational reaches ranged from 0.9 to 7.9 cm and 4.7° to 7.2° respectively for both inter-rater and test–retest reliability (Table 1). Based on clinical experience, a 5 cm change in flexion and 7 cm change in lateral and extension movement patterns have been considered clinically meaningful in documenting change or right-to-left asymmetry. However, our results suggest that mostly lower values, 0.9 to 2.8 cm, 2.3 to 6.3 cm, and 2.2 to 7.9 cm, can be used in flexion, lateral and extension movement patterns respectively (Table 1). Based on our findings and clinical experience we recommend 5 cm in flexion and 7 cm in lateral and extension movement patterns as a clinically meaningful difference. These values are comparable to what has been reported for the SEBT (5–7 cm) [23], while others have found slightly greater values [24]. In their discussion, Munro and co-workers argue that an MDC of 5–7 cm (6–8% of leg length) puts into question previously established side differences of 4.2 cm and 2–5% in patients with and without chronic ankle instability (CAI) [23], as well as the 4 cm SEBT side difference used to determine risk of lower extremity injury in high school basketball players [25].



There was a good to excellent relationship between Maxm and Maxkin measurements, similar standard deviations, and a shared variance ranging from 63% to 97% for all HSEBT reaches. However, agreement analysis using the Bland Altman method found a fixed bias for all tests, which can be partially explained by the position of the center of the foot coordinate system relative to the geometric center of the foot, and the orientation of the hand at maximum reach position. The observed differences in fixed biases for the horizontal reaches ranged from 2.2 to 5.1 cm, 3.8 to 12.8 cm and 9.7 to 12.8 cm (Table 3) for flexion, lateral and extension movement patterns, respectively. The difference between flexion and extension movement patterns can be partially explained by the definition of the foot coordinate system. The center of the foot coordinate system will be posterior to the geometrical center of the foot used as a reference for foot placement on the testing mat. This will decrease and increase the influence of the distance (cm) from the 5th metacarpal marker to the distal-most point of the third digit in flexion and extension movement patterns, respectively, based on the assumption of similar hand orientation. The influence of hand orientation can be exemplified and may partially explain the observed differences between lateral movement patterns. There were directional specific differences in the fixed bias for ipsilateral and contralateral overhead reaches of 3.8 to 5.1 cm and 12.0 to 12.8 cm, respectively. The hand had a stronger vertical orientation in the maximum reach position in the ipsilateral than in the contralateral overhead reach (visual observation). Thus, the 5th metacarpal marker will better approximate the position of the distal-most point of the third digit (y-coordinate) in the ipsilateral than in the contralateral overhead reach. Fixed bias for rotational reaches can be partially explained by the orientation of the ipsilateral upper arm to the stance foot at the maximum reach event. Maxkin values were higher and lower than Maxm for contralateral and ipsilateral rotational reaches, respectively. A greater contribution of shoulder horizontal adduction in contralateral rather than horizontal abduction in ipsilateral rotational reaches (visual observation) can explain the observed difference. Based on the good to excellent correlation coefficients between Maxm and Maxkin, and because kinematic methods can explain the observed fixed biases, manual measurements of hand reach distance (cm) and rotation (°) seem valid.



4.1. Clinical Application


Future research should focus on the HSEBT as a clinical measure for dynamic postural control and functional joint mobility testing in different populations. In particular, the application of HSEBT, possibly in combination with SEBT, should be explored in sports where hand and arm action is closely linked with the movement of the rest of body, such as volleyball, tennis, golf and various throwing sports. Furthermore, different reach directions describe different limits of stability [13] and since falls often occur while reaching [15] HSEBT may be an interesting clinical tool in determining fall risks. In addition, the ability to assess the influence of other joints and regions on specific diagnoses such as low back pain (LBP) and shoulder instability has the potential to offer information about causative factors. We also believe that the HSEBT is a clinical measure that has the potential to differentiate pathological conditions, similar to the SEBT. The HSEBT may serve as a weight-bearing version of current clinical tests; for example, the L foot L45/R foot R45 triggers the same hip joint movements (flexion, adduction and internal rotation) that comprise a clinical test for hip impingement (FADIR).




4.2. Study Limitations


In future studies, learning effects, rest periods, and the randomization of reach orders and populations should be addressed. Each subject was given at least three warm-up attempts per reach. These were not documented and more attempts were given if the subjects were unable to complete the reach as defined by the testing procedures. Documentation of warm-up reaches could have provided additional information about learning effects. Future studies should include females, a wider age-range and different diagnoses, since only a young, healthy, male population was studied. However, the current study provides reference data that can be used for future comparisons.



The kinematic methods used to calculate maximum reach position could be improved since a fixed bias was observed for all tests. Placement of a marker at the distal-most point of the third digit of the reaching hand, and using an external reference frame (markers) with a geometrical center in the center of the mat, rather than the coordinate system of the foot, would have optimized kinematic distance calculations. In addition, the pole used to measure lateral and extension movement patterns introduced a measurement error, because the center of the base of the pole (4 cm diameter) had to be projected onto the reaching vector. However, this was necessary since the presence of a tester standing next to the subject obstructed the view of the markers used for kinematic analysis.





5. Conclusions


HSEBT has moderate to high intra-test and test–retest reliability (ICC) and stability of measurements (SEM, CV and MDC95) similar to or better than comparable tests such as SEBT and FR. Manually obtained HSEBT reach test measurements (cm or °) are a valid representation of calculated measurements. However, the fixed bias observed for all tests, partially explained by the kinematic methods employed, has to be considered in the interpretation of internal validity. Since the HSEBT elicits joint movements in the hip, spine and shoulder, which are not challenged to the same magnitude in other dynamic postural control tests, it can be considered a viable complement to these tests. We expect that the HSEBT will find application in the clinical assessment and documentation of training and rehabilitative progress for shoulder, spine, hip and knee musculoskeletal dysfunctions, as well as in LBP, and neurological conditions with balance and dynamic postural control impairments.







Acknowledgments


The authors would like to thank Vidar Eivind Jakobsen, Patrick Anderson and Eirik Andreassen for technical support during motion capture; Ingar Holme for statistical advice; Jens Bojsen-Møller and Olivier Seynnes for valuable advice on methods and organization of the manuscript; and Ali Ghelem and Jessica Parnevik-Muth for assisting in the development of the HSEBT.




Author Contributions


Ola Eriksrud conceived the HSEBT and designed the experiments. Ola Eriksrud, Fredrik Sæland and Stavros Litsos performed the experiments. Ola Eriksrud and Jan Cabri analyzed the data. Ola Eriksrud, Peter Federolf and Jan Cabri wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Kibler, W.B.; Press, J.; Sciascia, A. The role of core stability in athletic function. Sports Med. 2006, 36, 189–198. [Google Scholar] [CrossRef] [PubMed]

	2. 
Young, J.L.H.; Herring, S.A.; Press, J.M.; Casazza, B.A. The influence of the spine on the shoulder in the throwing athlete. J. Back Musculoskelet. Rehab. 1996, 7, 5–17. [Google Scholar] [CrossRef] [PubMed]

	3. 
Gribble, P.A.; Hertel, J.; Plisky, P. Using the star excursion balance test to assess dynamic postural-control deficits and outcomes in lower extremity injury: A literature and systematic review. J. Athl. Train. 2012, 47, 339–357. [Google Scholar] [CrossRef] [PubMed]

	4. 
Belley, A.F.; Bouffard, J.; Brochu, K.; Mercier, C.; Roy, J.S.; Bouyer, L. Development and reliability of a measure evaluating dynamic proprioception during walking with a robotized ankle-foot orthosis, and its relation to dynamic postural control. Gait Posture 2016, 49, 213–218. [Google Scholar] [CrossRef] [PubMed]

	5. 
Basnett, C.R.; Hanish, M.J.; Wheeler, T.J.; Miriovsky, D.J.; Danielson, E.L.; Barr, J.B.; Grindstaff, T.L. Ankle dorsiflexion range of motion influences dynamic balance in individuals with chronic ankle instability. Int. J. Sports Phys. Ther. 2013, 8, 121–128. [Google Scholar] [PubMed]

	6. 
Hubbard, T.J.; Kramer, L.C.; Denegar, C.R.; Hertel, J. Contributing factors to chronic ankle instability. Foot Ankle Int. 2007, 28, 343–354. [Google Scholar] [CrossRef] [PubMed]

	7. 
Hale, S.A.; Hertel, J.; Olmsted-Kramer, L.C. The effect of a 4-week comprehensive rehabilitation program on postural control and lower extremity function in individuals with chronic ankle instability. J. Orthop. Sports Phys. Ther. 2007, 37, 303–311. [Google Scholar] [CrossRef] [PubMed]

	8. 
Gribble, P.A.; Terada, M.; Beard, M.Q.; Kosik, K.B.; Lepley, A.S.; McCann, R.S.; Pietrosimone, B.G.; Thomas, A.C. Prediction of lateral ankle sprains in football players based on clinical tests and body mass index. Am. J. Sports Med. 2016, 44, 460–467. [Google Scholar] [CrossRef] [PubMed]

	9. 
Kaminski, T.R. The coupling between upper and lower extremity synergies during whole body reaching. Gait Posture 2007, 26, 256–262. [Google Scholar] [CrossRef] [PubMed]

	10. 
Kaminski, T.R.; Simpkins, S. The effects of stance configuration and target distance on reaching. I. Movement preparation. Exp. Brain Res. 2001, 136, 439–446. [Google Scholar] [CrossRef] [PubMed]

	11. 
Stapley, P.J.; Pozzo, T.; Cheron, G.; Grishin, A. Does the coordination between posture and movement during human whole-body reaching ensure center of mass stabilization? Exp. Brain Res. 1999, 129, 134–146. [Google Scholar] [CrossRef] [PubMed]

	12. 
Alexandrov, A.; Aurenty, R.; Massion, J.; Mesure, S.; Viallet, F. Axial synergies in parkinsonian patients during voluntary trunk bending. Gait Posture 1998, 8, 124–135. [Google Scholar] [CrossRef]

	13. 
Newton, R.A. Validity of the multi-directional reach test: A practical measure for limits of stability in older adults. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2001, 56, M248–M252. [Google Scholar] [CrossRef]

	14. 
Clark, M.C.; Czaja, S.J.; Weber, R.A. Older adults and daily living task profiles. Hum. Factors 1990, 32, 537–549. [Google Scholar] [CrossRef] [PubMed]

	15. 
Nachreiner, N.M.; Findorff, M.J.; Wyman, J.F.; McCarthy, T.C. Circumstances and consequences of falls in community-dwelling older women. J. Womens Health 2007, 16, 1437–1446. [Google Scholar] [CrossRef] [PubMed]

	16. 
Duncan, P.W.; Weiner, D.K.; Chandler, J.; Studenski, S. Functional reach: A new clinical measure of balance. J. Gerontol. 1990, 45, M192–M197. [Google Scholar] [CrossRef] [PubMed]

	17. 
Huang, M.H.; Brown, S.H. Age differences in the control of postural stability during reaching tasks. Gait Posture 2013, 38, 837–842. [Google Scholar] [CrossRef] [PubMed]

	18. 
Brauer, S.; Burns, Y.; Galley, P. Lateral reach: A clinical measure of medio-lateral postural stability. Physiother. Res. Int. 1999, 4, 81–88. [Google Scholar] [CrossRef] [PubMed]

	19. 
Gorman, P.P.; Butler, R.J.; Plisky, P.J.; Kiesel, K.B. Upper quarter y balance test: Reliability and performance comparison between genders in active adults. J. Strength Cond. Res. 2012, 26, 3043–3048. [Google Scholar] [CrossRef] [PubMed]

	20. 
Gribble, P.A.; Tucker, W.S.; White, P.A. Time-of-day influences on static and dynamic postural control. J. Athl. Train. 2007, 42, 35–41. [Google Scholar] [PubMed]

	21. 
Hertel, J.; Miller, S.J.; Denegar, C.R. Intratester and intertester reliability during the star excursion balance tests. J. Sport Rehabil. 2000, 9, 104–116. [Google Scholar] [CrossRef]

	22. 
Lin, Y.H.; Chen, T.R.; Tang, Y.W.; Wang, C.Y. A reliability study for standing functional reach test using modified and traditional rulers. Percept. Mot. Skills 2012, 115, 512–520. [Google Scholar] [CrossRef] [PubMed]

	23. 
Munro, A.G.; Herrington, L.C. Between-session reliability of the star excursion balance test. Phys. Ther. Sport. 2010, 11, 128–132. [Google Scholar] [CrossRef] [PubMed]

	24. 
Hyong, I.H.; Kim, J.H. Test of intrarater and interrater reliability for the star excursion balance test. J. Phys. Ther. Sci. 2014, 26, 1139–1141. [Google Scholar] [CrossRef] [PubMed]

	25. 
Plisky, P.J.; Rauh, M.J.; Kaminski, T.W.; Underwood, F.B. Star excursion balance test as a predictor of lower extremity injury in high school basketball players. J. Orthop. Sports Phys. Ther. 2006, 36, 911–919. [Google Scholar] [CrossRef] [PubMed]

	26. 
Clark, R.C.; Saxion, C.E.; Cameron, K.L.; Gerber, J.P. Associations between three clinical assessment tools for postural stability. N. Am. J. Sports. Phys. Ther. 2010, 5, 122–130. [Google Scholar] [PubMed]

	27. 
Merchan-Baeza, J.A.; Gonzalez-Sanchez, M.; Cuesta-Vargas, A.I. Reliability in the parameterization of the functional reach test in elderly stroke patients: A pilot study. BioMed. Res. Int. 2014, 2014, 637671. [Google Scholar] [CrossRef] [PubMed]

	28. 
Giorgetti, M.M.; Harris, B.A.; Jette, A. Reliability of clinical balance outcome measures in the elderly. Physiother. Res. Int. 1998, 3, 274–283. [Google Scholar] [CrossRef] [PubMed]

	29. 
Gribble, P.A.; Kelly, S.E.; Refshauge, K.M.; Hiller, C.E. Interrater reliability of the star excursion balance test. J. Athl. Train. 2013, 48, 621–626. [Google Scholar] [CrossRef] [PubMed]

	30. 
Kinzey, S.J.; Armstrong, C.W. The reliability of the star-excursion test in assessing dynamic balance. J. Orthop. Sports. Phys. Ther. 1998, 27, 356–360. [Google Scholar] [CrossRef] [PubMed]

















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
“
& g
Y

e e e o

&
=l

'1\..

o LROT RROT
o g o 18 ) ey
e ate B ——wwea— :
N o' x‘ L3 12 Kol ) a S n o u:
-5 -% 5 ) ,;n g R
2 .10 2
80 10 120 0 1s0 180 W 40 &0 81 100 80 100 120 40 160 180

18
10
-2

100

120

140

160

180

20

L1 100
RROT
‘ﬂ &E
e §q.
100 120 10 180

B0 100
R0
Gﬁ.
I .
W0 ed 80

100





nav.xhtml


  jfmk-02-00028


  
    		
      jfmk-02-00028
    


  




  





media/file5.png





media/file0.png





media/file2.png
--.--"

S ————

RROT 119:14

RROT 129414

LROT 124£13






media/file3.jpg





media/file1.jpg





