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Abstract A clinical motion analysis protocol was devel-

oped to measure the coordinated movements of shoulder-

girdle and humerus (girdle-humeral rhythm—GD-H-R)

during humerus flexion–extension (HFE) and ab-adduction

(HAA), through an optoelectronic system. In particular, the

protocol describes the GD-H-R with 2 angle–angle plots for

each movement: girdle elevation–depression and protrac-

tion–retraction vs HFE, and vs HAA. Each of these plots is

further divided in two subplots, one for the upward and one

for the downward phases of the movement. By involving 11

participants and 2 operators, we measured the protocol’s

inter-operator reliability which ranged from very-good to

excellent depending on the angle–angle plot (median values

of the inter-operator coefficient of multiple correlation for

the angle–angle plots higher than 0.94). We then computed

the subjects’ average control patterns, together with statis-

tically meaningful prediction bands. ±1SD confidence

bands were also computed and their width ranged from

±0.5� to ±4.6�. Based on these results we could conclude

that the method is robust and able to identify even limited

differences in the GD-H-R.

Keywords Shoulder � Shoulder-girdle � Motion analysis �
Inter-operator reliability � Prediction bands

1 Introduction

As soon as patients are surgically treated for shoulder

instability or rotator-cuff tears and the active mobilisation

begins, an altered coordination between shoulder-girdle

and humerus rotations can be observed (video, on-line

material). In particular, an abnormal girdle-thoracic kine-

matics is generally evident during humerus elevations,

involving range and/or timing of elevation–depression and

protraction–retraction [29]. One of the targets of rehabili-

tation is therefore to remove these compensatory

movements, recovering a normal coordination between

shoulder-girdle and humerus, which will be referred herein

as girdle-humeral rhythm (GD-H-R). The standard clinical

rating scales for the assessment of shoulder impairment, i.e.

Constant and ASES [9], record valuable information about

shoulder overall mobility, pain, power, functionality and

stability. However, they do not address how a movement is

performed, nor describe the specific alterations of the GD-

H-R. Quantitative 3D motion analysis with the extraction

of focused parameters appears a possible solution to

overcome these limitations, and especially for monitoring

the evolution of the GD-H-R during the different periods of

rehabilitation.

Since the shoulder-girdle is formed by the clavicle and

scapula, the measure of the GD-H-R can be decomposed in

the measure of the clavicle-humeral and scapulo-humeral

rhythms [8, 12, 14, 18–20, 23, 24, 28, 30, 34, 35].
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However, the measure of the scapulo-humeral rhythm is

not always possible, e.g. due to clinical routine constraints

which preclude the use of currently available tracking

systems for the scapula [14, 25]. The need to complete the

acquisitions of (1) both shoulders of a subject, (2) either

muscular or slim, (3) non-invasively, (4) within a time

interval comparable to the time required to complete a

patient’s anamnesis and a clinical scale (i.e. 30 min), (5)

with no constraint on the maximal humeral elevation

admissible, (6) with the measure of multiple repetitions of

the activities in order to obtain motion cycles truly repre-

sentative of the subject’s kinematics, is a concrete example

of such a combination of constraints, taken from the

authors’ clinical routine.

In these same conditions, however, even though the

single clavicle-humeral and scapulo-humeral rhythms

cannot be measured, at least the measure of the overall GD-

H-R could still be possible, with the non secondary

advantage for the overall GD-H-R of being the most evi-

dent and visually detectable clinical sign.

Despite its clinical relevance, the quantitative measure

of the alterations of the overall GD-H-R has received little

attention in the movement analysis literature: no protocols

are available for this purpose with the exception of a pre-

liminary proposal by these same authors [7, 10, 32].

The purposes of this work were therefore (1) to com-

plete the definition of the protocol to measure the overall

GD-H-R in routinely clinical settings, and (2) to determine

important metric properties of the protocol for clinical

applications. Concerning this second purpose, since dif-

ferent operators can potentially conduct the measurements

on a subject on separate sessions, we verified that the

protocol is robust to a change in operator by measuring its

inter-operator reliability on a group of control subjects.

Moreover, since it is important to know if a subject is

recovering a ‘‘normal’’ GD-H-R with the rehabilitation, we

measured the average GD-H-R of the controls along with

statistically meaningful prediction bands. An example of

clinical application of the controls’ average response and

prediction bands is finally provided in Sect. 3.3.

2 Materials and methods

2.1 Development of the protocol

The protocol was intended to measure the overall GD-H-R

in routinely clinical settings. For this purpose, we devel-

oped the protocol assuming the six constraints detailed in

the introduction plus one more: to include in the protocol

only motor tasks of the Constant and ASES scales, in

order to ease the cross analysis of clinical and kinematic

data.

Given these seven constraints, we developed the proto-

col by addressing the following six issues: (1) choice of the

measurement system, (2) identification of the segments of

interest and formulation of the reference kinematic model

of the shoulder, (3) definition of the segments’ coordinate

systems and angles, (4) positioning of the system’s sensors

on the body of a subject, (5) identification of the activities

the subjects have to execute, (6) formulation of the out-

come measure and specification of the data processing.

2.1.1 Measurement system

Since non-invasive methods were required, the protocol

was developed for a system able to track in time the

position of skin-mounted sensors, e.g. optoelectronic,

electromagnetic or ultrasound. Since the reliability analysis

of the protocol presented in Sect. 2.2 was performed with

an optoelectronic system [5], hereinafter we will only

explicitly refer to this type of system.

2.1.2 Segments of interest and reference kinematic model

Thorax, shoulder-girdle and humerus were considered as

the three segments forming the shoulder. In particular, the

shoulder-girdle was defined as the segment connecting the

midpoint between the Incisura Jugularis (IJ) and C7, and

the centre of the Glenohumeral Head (GH). Thorax,

shoulder-girdle and humerus form an open kinematics

chain (Fig. 1a, b). Since segment kinematics is of interest,

Fig. 1 Segments of interest

with their anatomical landmarks

(dots), coordinate systems and

marker placement. XGRD, YGRD,

ZGRD are the axes of the girdle

anatomical frame. YTHX is the

vertical axis of the thorax

anatomical frame. a Frontal

plane; b sagittal plane; c
positioning of the clusters of

markers
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the girdle-thoracic motion was modelled with 2 degrees of

freedom (DoFs), namely elevation–depression (ED) and

protraction–retraction (PR). The humero-thoracic motion

was instead modelled with 3 DoFs: flexion–extension (FE),

ab-adduction (AA) and internal–external (IE) rotation.

2.1.3 Definition of the segments’ frames and angles

To measure the girdle-thoracic and humero-thoracic

angles, we defined anatomical frames for thorax, shoulder-

girdle and humerus (1) consistently with the kinematic

model, and (2) based on the identification of relevant

anatomical landmarks.

The ISG standard [38] was followed for the anatomical

frames of thorax and humerus (Table 1).

For the shoulder-girdle no standard is available. There-

fore, for the shoulder-girdle the axes of the anatomical

frame were defined as follows (Table 1; Fig. 1a, b): XGRD

from the midpoint of IJ and C7 to GH; ZGRD perpendicular

to XGRD and the Y-axis of the thorax; YGRD perpendicular to

XGRD and ZGRD.

To measure the ED and PR angles, the relative orien-

tation of shoulder-girdle and thoracic frames was

decomposed with the Euler angles sequence YZ0X00. It is

important to notice that with the anatomical frame adopted

for the shoulder-girdle, the third Euler angle of the

sequence is always mathematically null, consistently with

the mechanical model assumed.

To measure the FE, AA and IE angles, the relative

orientation of the humerus and thoracic frames was

decomposed with the Euler angles sequence XZ0Y00 for

movements in the sagittal plane (obtaining FE, AA, IE),

and with the sequence ZX0Y00 for movements in the frontal

plane (obtaining AA, FE, IE).

2.1.4 Sensors placement and anatomical calibrations

To link the thorax frame to the system’s sensors, four

markers are directly positioned over the anatomical land-

marks IJ, Processus Xiphoideus (PX), C7, and T8. In case

of visibility or placement problems (e.g. due to long hair or

bra), two markers are positioned as apart as possible on the

sternum, while the other two are positioned as close as

possible to C7 and T8. The anatomical landmarks are then

calibrated [3, 6, 36] with respect to this cluster of four

markers.

To link the humerus frame to the system’s sensors, the

anatomical landmarks Epicondylus Lateralis (EL), Epi-

condylus Medialis (EM) and GH are calibrated relative to a

cluster of four markers positioned on the humerus

(Fig. 1c). Specifically, three of the four markers were

positioned posteriorly, on a CO-PLUS (BSN Medical, UK)

cuff wrapped around the humerus. The fourth marker is

positioned at the insertion of the deltoid as proposed in

Murray and Johnson [27]. The practice suggests that this

configuration limits the deformation of the humerus cluster

due to elbow flexion. GH was calibrated with respect to the

humerus cluster by application of the regression equations

described in Charlton [4] and Murray and Johnson [27].

These regression equations require the static calibration of

the acromion (AC) relative to the thorax frame.

The link of the shoulder-girdle frame to the system’s

sensors comes as a consequence from the previous steps,

since the shoulder-girdle frame is based on anatomical

Table 1 Definition of thorax,

humerus and shoulder-girdle

anatomical frames

Segment Axes definition

Thorax YTHX ¼ ðIJþ C7Þ=2� ðPXþ T8Þ=2ð Þ= ðIJþ C7Þ=2� ðPXþ 8Þ=2k k
XTHX ¼ YTHX ^ ðT8� PXÞ= YTHX ^ ðT8� PXÞk k: medio-lateral

ZTHX ¼ XTHX ^ YTHX: antero-posterior

Origin = IJ

Shoulder-girdle YGRD ¼ ZGRD ^ XGRDð Þ= �k k: upward

XGRD ¼ GH� ðIJþ C7Þ=2ð Þ= GH� ðIJþ C7Þ=2ð Þk k: medio-lateral

ZGRD ¼ XGRD ^ YTHXð Þ= �k k: antero-posterior

Origin = IJ

Humerus YH1 ¼ ðGH� EÞ= ðGH� EÞk k: longitudinal

ZH1 ¼ YH1 ^ ðEM� ELÞ= YH1 ^ ðEM� ELÞk k: antero-posterior

XH1 ¼ YH1 ^ ZH1ð Þ= �k k: medio-lateral

Origin = GH

E = (EL ? EM)/2
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landmarks (GH, IJ and C7) already tracked through the

markers on humerus and thorax.

2.1.5 Activities to be measured and number of repetitions

The protocol requires the subject under analysis to execute

two activities common to both the ASES and Constant

scales, i.e. humerus flexion–extension (HFE—sagittal

plane) and ab-adduction (HAA—frontal plane). Before

starting with the measurements, the subject has to famil-

iarise with the movement. When confident, the subject is

asked to repeat each movement at least five times, with an

interval of relax after each repetition. Five repetitions are

assumed to be sufficient to gather at least four cycles truly

representative of the subject’s GD-H-R, similarly to

[2, 18].

2.1.6 Data processing and output of the protocol

The output of the protocol is a graphical representation of

the GD-H-R during HFE and HAA. Specifically, the GD-

H-R of HFE is described by four angle–angle plots, two for

the upward phase of the movement (humerus moving

cranially) and two for the downward phase (humerus

moving caudally): ED vs FE and PR vs FE—upward phase,

ED vs FE and PR vs FE—downward phase (e.g. see

Fig. 3a). Similarly, the GD-H-R of HAA is described by:

ED vs AA and PR vs AA—upward phase, ED vs AA and

PR vs AA—downward phase (e.g. see Fig. 3b). Distin-

guishing the upward and the downward phases is

important, because motion patterns can change between the

two conditions [2, 18, 22].

To reach this representation of the GD-H-R, before

being plotted FE, AA, ED and PR undergo two macro-

steps: (1) a segmentation procedure to identify the repeti-

tions of the movement and distinguish between the upward

and downward phases, and (2) offset removal from ED and

PR patterns.

For the seek of brevity, the details of the segmentation

algorithm are reported in Annex 1 (on-line material).

The algorithm to remove the offsets of ED and PR starts

from the output of the segmentation algorithm and can be

simply summarised in two steps. Firstly, the values of the

ED angle in time, ED(t), correspondent to the onsets of the

upward phases are considered and their median value is

computed (ED). Secondly, ED is subtracted to ED(t).

Identical steps apply to PR.

2.2 Assessment of the protocol

The protocol was tested in vivo in two experiments that

were executed simultaneously on a group of control sub-

jects and with the involvement of two operators. The first

experiment aimed to assess the inter-operator reliability of

the protocol. The second experiment aimed to compute the

average GD-H-R of the controls along with statistically

meaningful prediction bands.

2.2.1 Subjects and operators

Eleven able-bodied subjects (30 ± 3 years old, 9 males, 2

females) participated in the experiments after signing an

informed consent. A physical examination excluded any

pathology in the subjects’ upper-limbs. The experiments

also involved two operators (O1 and O2) with even famil-

iarity in the application of the protocol (five patients each).

2.2.2 Set-up, procedure and preliminary data processing

A common set-up and procedure was used for both

experiments. Specifically, the GD-H-R of a side of each

subject was measured once by operator O1 and O2 through

the application of the protocol, by using a Vicon MX 1.3

optoelectronic system (Oxford Metrics, UK) with a sam-

pling frequency of 100 Hz. For each of the two

acquisitions, therefore, each subject repeated five times the

two movements HFE and HAA, but only the last four

repetitions were used for the subsequent computations.

The side acquired for each subject was randomly

selected as well as the order of the operators.

For each subject the acquisitions by O1 and O2 were

from 10 to 30 min apart. The second operator was not

aware of the position of the markers adopted by the first.

The first part of data processing was also common to the

two experiments. For each subject and angle–angle plot, it

was firstly selected the range of the angle on the X-axis

common to both the four waveforms obtained by O1 and by

O2. Then 80 equidistant values were selected in this com-

mon range and each of the eight waveforms was

interpolated (using a cubic spline) and re-sampled on the

80 values.

2.2.3 Experiment 1: inter-operator reliability

The inter-operator reliability of the protocol in measuring

the GD-H-R was quantified by means of two different

parameters: (1) the coefficient of multiple correlation

(CMC), similarly to Kavanagh et al. [15], and (2) the

average inter-operator standard deviation (IOSD), as

described by Meskers et al. [24]. The former was used

since in recent years the CMC is becoming a standard for

the measure of the repeatability of waveforms [13, 15, 16,

21, 26, 39]. The latter was used instead to enable the

comparison of the results of this study with those reported

in [24] about clavicle-humeral and scapulo-humeral

rhythm.
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2.2.3.1 Measure of the inter-operator reliability through

CMC 2.2.3.1.1 Inter-operator reliability within each

subject The inter-operator reliability of the protocol was

firstly quantified separately for each subject, for each of the

eight angle–angle plots provided by the protocol. For what

follows, it may be useful to recall that in each plot eight

waveforms are reported, four measured by O1 and four

measured by O2.

In details, for each plot we followed the two steps

below:

(1) We checked if the subject was highly repeatable in

the execution of the movement, both when acquired

by O1 and by O2 (intra-subject repeatability). To

check for the intra-subject reliability we computed the

similarity between the four waveforms acquired by

each operator. The similarity was measured through

the CMC named by Kadaba et al. within-day CMC

[13], which will be referred to herein as intra-subject

CMC. For the computation of the intra-subject CMC

we applied the technique described in [16]. The intra-

subject CMC is a single scalar value which combines

the similarity for both operators, i.e. it tends toward 1

if both the waveforms of O1 and of O2 are similar, and

toward 0 otherwise.

Only if the subject presented an intra-subject CMC

higher that 0.95 we proceeded with step 2.

(2) We evaluated the inter-operator reliability by com-

paring the similarity of the eight waveforms obtained

by O1 and O2 considered altogether. In particular, the

inter-operator reliability was evaluated, similarly to

[15], through the second CMC proposed in [13], i.e.:

CMC¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�
PO

i¼1

PR
j¼1

PA
k¼1 Yijk�Yk

� �2
.

AðOR�1Þ
PO

i¼1

PR
j¼1

PA
k¼1 Yijk�Y
� �2

.

ðORA�1Þ

v

u

u

u

t

ð1Þ

where k = 1,…, A (A = 80): differentiate the 80

samples of the angle on the X-axis. j = 1,…, R

(R = 4): differentiate the four repetitions of each

movement, in order of execution. i = 1,…, O

(O = 2): differentiate the waveforms obtained by

operator O1 from those of operator O2. Yijk is the Y-

axis angle correspondent to the k-th X-axis angle, of

the j-th waveforms, obtained by the i-th operator; Yk

is the average among all the R 9 O waveforms of the

subject at the k-th X-axis angle; Y is the grand mean of

all the waveforms from all the operators.

This CMC will be referred hereinafter as inter-operator

CMC.

As for the intra-subject CMC, when the waveforms are

similar, CMC tends to 1. If the waveforms are dissimilar,

CMC tends to 0. Thus, the inter-operator CMC measures

the reliability of the waveforms by the two operators and is

a combined measure over eight repetitions.

It may be observed that the inter-operator CMC can be

lowered by a poor intra-subject repeatability, i.e. by the

dispersion of the waveforms. More specifically, the inter-

operator CMC can be lowered by (1) the low repeatability

of the subject within each acquisition (intra-subject

repeatability), and (2) the biological variability of the

subject between the acquisitions of the two operators. To

compensate for the first cause, through step (1) we con-

sidered only those subjects with excellent intra-subject

repeatability. The effect on the inter-operator CMC of the

(limited) biological variability of these subjects was

ascribed to the inter-operator error. To compensate for the

second cause, we chose a very limited time interval

between the two acquisitions (30 min as worst case). This

excluded large between-days variability. As before, the

effect on the inter-operator CMC of the biological vari-

ability between the two acquisitions was entirely ascribed

to the inter-operator error.

2.2.3.1.2 Inter-operator reliability among the sub-

jects Once assessed the inter-operator reliability for each

plot and subject, statistical parameters were computed to

describe the inter-operator reliability among the subjects of

the study.

For each plot, the distribution of the inter-operator CMC

among the subjects was firstly checked for normality by

visual inspection of normality plots. Since the inter-operator

CMC did not generally show a normal distribution among

the subjects (ceiling effect), the median and interquartile

distance (IQD) was computed for the subjects and a box and

whiskers plot was created. For each plot, the protocol inter-

operator reliability was then interpreted as follows, based

on the median and IQD range of the inter-operator CMC

and based on previous publications [13, 15, 39]:

– 0.65 \ CMC \ 0.75 moderate

– 0.75 \ CMC \ 0.85 good

– 0.85 \ CMC \ 0.95 very good

– 0.95 \ CMC \ 1 excellent

Finally, to access if certain plots were more reliable than

others, we compared the inter-operator CMCs of the four

angle–angle plots of HFE and of the four angle–angle plots

of HAA through repeated measures non-parametric

ANOVA (Friedman’s test).

2.2.3.2 Measure of the inter-operator reliability through

IOSD In Meskers et al. [24], the inter-operator reliability

was measured by computing for each subject the numerator
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of the ratio of Eq. 1, and this quantity was called inter-

operator variance. The average of the inter-operator vari-

ance was then computed over the subjects. The root square

of this average, i.e. the average IOSD, was finally reported.

For the seek of comparison, this same procedure was fol-

lowed here.

2.2.4 Experiment 2: prediction bands and ± 1SD

confidence bands

It is of clinical interest to know if the angle–angle patterns

describing the GD-H-R of a subject are ‘‘normal’’ patterns.

For instance, it can be of interest to know if a single

upward phase of ED vs FE is ‘‘normal’’. A ‘‘normal’’

pattern will be assumed herein as a pattern which remains

within the protocol’s minimal detectable difference band

(also called herein ‘‘prediction band’’ or MDDB) from the

control subjects’ average pattern. The minimal detectable

difference [37] band for a given angle–angle plot is a (1-

a)% confidence band around the average pattern of the

control subjects, with a clear statistical meaning: when a

pattern of a new subject is outside of the prediction band,

there the subject’s pattern is different from the control

average with a (1-a)% probability. MDDB bands are

alternative to the more common confidence bands used in

motion analysis based on ±1SD of the population [33],

with the remarkable advantage for the former of being

meaningful from the inferential statistics viewpoint. As

detailed below (Sect. 2.2.4.1), MDDBs are directly related

to the standard errors of measurement (SEM) of the pro-

tocol [37].

For each of the eight angle–angle plots describing the

GD-H-R, the control subjects’ average and MDDB was

computed as described in Sect. 2.2.4.1, starting from the

kinematic data collected by both operator O1 and O2,

altogether.

To compare the results from this study with previous

works concerning the clavicle and scapulo-humeral

rhythm, we also computed for each plot the ±1SD confi-

dence bands as described in [33].

2.2.4.1 Computation of an average pattern and its pre-

diction band (MDDB) For the description below, it is

worth recalling that each angle–angle plot has 80 values in

abscissa (see Sect. 2.2.2). Since 11 subjects were measured

by two operators, and for each subject four repetitions were

considered, 88 ordinate values exist for each abscissa.

To compute the average pattern and the MDDB for each

angle–angle plot, each of the 80 angle values (of FE for

HFE and AA for HAA) in abscissa was separately

considered.

For the i-th abscissa, the average ordinate from its 88

ordinates was firstly computed, and named Mi.

For the i-th abscissa the MDDB’s upper and lower values

were then computed from its 88 ordinates as follows:

(a) A two-factors repeated measures ANOVA was exe-

cuted, with the ‘‘ordinate angle’’ as dependent

variable and with ‘‘operator’’ and ‘‘repetition’’ as the

two independent variables, with two and four levels

respectively (Supplementary Figure 1). The repeated

measures ANOVA method allows to isolate the

contribution due to the between-subjects variability

and to the within-subject variability (MSw). The

within-subjects variability takes into account all the

systematic and random errors associated with the

application of the protocol, i.e. the variability of the

data from repetition-to-repetition, operator-to-opera-

tor, a possible interaction of these two factors, and the

total residual.

(b) The square root of MSw was computed, thus obtaining

the SEM of the protocol [1, 11, 37]:

SEMðiÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MSwðiÞ
p

ð2Þ

The SEM is usually referred to as the ‘‘typical error’’

and, being based on the MSw only, is a fixed char-

acteristic of any measure, regardless of the sample of

subjects under investigation [11].

(c) The upper and lower values of MDDB are computed

from the SEM as follows [37]:

MDDBupð95%Þ ¼ Mi þ 1:96� SEM�
ffiffiffi

2
p

ð3Þ

MDDBlowð95%Þ ¼ Mi � 1:96� SEM�
ffiffiffi

2
p

ð4Þ

where

MDDBð95%Þ ¼ 1:96� SEM�
ffiffiffi

2
p

ð5Þ

is defined as the minimal difference (MD) detectable

through the protocol [37].

Since MSw incorporated the measure of the repetition-

to-repetition variability, operator-to-operator variability,

their interaction and the residual, it can be stated that: a

new single ordinate value for the i-th abscissa (1) obtained

from a new subject, and (2) measured by a new operator, is

different with a 95% probability from the controls average

if it falls above the value indicated by MDDBupð95%Þ or

below the value indicated byMDDBlowð95%Þ.

3 Results

3.1 Results for experiment 1—inter-operator reliability

The intra-subject variability was higher than 0.95 in 86/88

cases. Subject 3 presented an intra-subject variability of

0.89 in the upward phase of PR vs FE and subject 4

480 Med Biol Eng Comput (2009) 47:475–486

123



presented an intra-subject variability of 0.92 in the down-

ward phase of ED vs FE. These two cases were excluded

from the computation of the inter-operator CMC.

Box and whisker plots with notches of the inter-operator

CMCs of each angle–angle plot are reported in Fig. 2a.

Numeric values for the medians and IQDs illustrated in

Fig. 2a are reported in Fig. 2b.

The median values in the boxes are not generally cen-

tred and this suggests the non normality of the

distributions, also confirmed by the inspections of the

normality plots. CMCs median values among the eight

angle–angle plots were all above 0.94. The lowest first

quartile was 0.89. These results suggest that the inter-

operator reliability varied, depending on the angle–angle

plot, from ‘‘very good’’ to ‘‘excellent’’.

Friedman’s tests confirmed that no statistically signifi-

cant differences exist neither between the inter-operator

CMCs of the angle–angle plots associated to HFE

(p = 0.07), nor to those of HAA (p = 0.52).

The IOSD values for the eight angle–angles plots are

reported in Table 2.

3.2 Results for experiment 2

The controls subjects’ average pattern, MDDB and ±1SD

bands for each of the eight angle–angle plots are reported in

Fig. 2 Inter-operator CMCs

among the control subjects for

the different angle–angle plots

describing the GD-H-R. a Box

and whiskers plots with notches

for all the eight angle–angle

plots coming from the protocol;

b Median, quartile values and

IQD for the distributions

reported in a

Table 2 IOSD values describing the inter-operator reliability for each movement (HFE, HAA), phase of the movement (upward and downward)

and angle–angle plot

HFE HAA

Upward Downward Upward Downward

ED vs FE PR vs FE ED vs FE PR vs FE ED vs FE PR vs FE ED vs FE PR vs FE

IOSD (deg) 1.78 2.00 2.14 2.28 1.69 1.72 1.74 1.63
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Fig. 3. To ease the application of the protocol by other

research groups, the numeric data required to plot the aver-

age plots, MDDBs and ±1SD confidence bands are provided

as on-line material (Microsoft Excel file). MDDBs width

ranged among the angle–angle plots between ±1.5� and

±7.9�. The SEM ranged therefore between ±0.6� and ±2.8�.

The ±1SD bands ranged instead between ±0.5� and ±4.6�.

3.3 Clinical application

To illustrate an example of clinical application of the

protocol, average patterns and MDDBs, let us consider the

case of a 34-year-old male patient surgically treated for

rotator cuff tears. The patient was acquired with the pro-

tocol three times, i.e. after 42, 70 and 122 days from the

surgery.

For this patient, the specific clinical questions were: (1)

if the ED vs FE pattern measured during the first, second

and third acquisition could be assimilated to a normal

pattern, and (2) if the rehabilitation was effective in

restoring a normal ED vs FE pattern.

Since the intra-subject repeatability of the patient for the

ED vs FE plot was higher than 0.95, the repetition-to-

repetition variability is the same of the population from

Fig. 3 Control subjects’

average patterns, MDDBs

(prediction bands) and ±1SD

confidence bands for the eight

angle–angle plots describing the

GD-H-R. a The four angle–

angle plots associated to HFE; b
the four angle–angle plots

associated to HAA
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which the MDDB was computed. In all three acquisitions,

therefore, the analysis could be performed comparing just

one repetition of the movement to the average pattern and

MDDB. However, to further decrease the probability of

false positives, all four repetitions from each acquisition

were compared to the average controls’ pattern.

The ED vs FE patterns for all the three acquisitions are

reported in Fig. 4.

To answer to the first clinical question, it should be

noticed that the patterns of the first and second acquisitions

felt above the MDDB almost immediately, i.e. from very

small values of FE. This indicates a 95% probability of

differences between the patients and the controls’ average

for almost the entire pattern. In the third acquisitions,

instead, the patient’s pattern remained within the MDDB

until 30� of FE. This indicated that only from 30� to the end

of the range of motion for FE the patient differed from the

control’s average with a probability of 95%.

For what concerns the second questions, based on (1)

the previous considerations, (2) the fact that the shape of

the pattern in the third acquisition is closer to the con-

trol’s average shape, and (3) the increase in the range of

motion of FE from the first to the third acquisition, it can

be stated that the rehabilitation is having a positive

influence on the patients but the recovered rhythm of FE

and ED still remains statistically different from the nor-

mal pattern.

4 Discussion and conclusion

A motion analysis protocol was developed to measure the

overall GD-H-R in clinical settings. Specifically, the pro-

tocol allows to measure the coordination between humerus

FE and shoulder-girdle ED and PR during HFE, and the

coordination between humerus AA and shoulder-girdle ED

and PR during HAA. For a single arm the protocol requires

only eight markers, the calibration from three to seven

anatomical landmarks, and the dynamic acquisition of two

motor activities. No specialised equipment is required (e.g.

a scapula locator). The girdle segment is not based on a

scapula-tracker over the acromion, but only on the cali-

bration of GH relative to the humerus cluster. Therefore,

the validity of the measure is not a priori limited to 120� of

humerus elevation [14, 25]. Overall, the protocol fulfils the

clinical constraints declared in Sect. 1.

To the authors’ knowledge, the protocol is original in

the aims, in the description provided of the GD-H-R and in

the definition of the shoulder-girdle coordinate system.

This last represents an update of a previous proposal by

these same authors [7–32]. With the new coordinate sys-

tem, the third Euler angle of the sequence YZ0X00 used to

compute the orientation of the shoulder-girdle relative to

the thorax is always mathematically null. The Euler angles

provided are therefore consistent with the mechanical

model assumed for the ‘joint’ connecting the shoulder-

girdle with the thorax. This was not the case with the

previous proposal.

The protocol includes an offset removal step for the ED

and PR patterns. The same offset is removed from all the

four repetitions of ED (PR). This step was included since

this common offset among the repetitions is strictly

dependent on the specific anatomy and static posture of the

subject considered, i.e. by the subject-specific position of

the anatomical landmarks IJ, C7 and GH. Similarly to gait

protocols [13], the main clinical interest was here to detect

differences in the patterns describing the GD-H-R rhythm.

Differences between subjects, if not compensated for, can

increase the width of the MDDB and therefore decrease the

sensitivity of the protocol in detecting differences in the

angles patterns.

Since a common offset was removed from all the rep-

etitions, it should be noticed that the variation of the initial

value of ED and PR between the different repetitions

(which can be of clinical interest and affects the value of

the intra-subject variability), has not been removed and is

therefore taken into account in the MDDBs.

The protocol requires the execution of activities inclu-

ded in the Constant scale. This was done since in

preliminary assessments [7, 10, 32] the Constant resulted

quite insensitive to the amplitude and pattern of patients’

compensatory movements. Although extended clinical

experimentations are needed, the information coming from

the protocol can be intended as an integration of this

popular clinical scale.

For what concerns the in vivo assessment of the proto-

col, the results from the first experiment confirmed that the

Fig. 4 Elevation–depression versus FE patterns of three acquisitions

of a typical patient recovering from surgery for rotator cuff tear,

during the HFE task. Controls’ average and 95% MDDB are provided

for statistical comparison
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protocol has an inter-operator reliability ranging from

‘‘very-good’’ to ‘‘excellent’’, with no differences between

the angle–angle plots considered for HFE and HAA.

Unfortunately, at the moment no other studies are available

in upper-extremity motion analysis which have assessed

the inter-operator reliability by means of the inter-operator

CMC. This is because the CMC and the inter-operator

CMC is currently becoming a well accepted standard for

this measurement. However, the inter-operator reliability

results for the IOSD can be compared with previous results

by Meskers et al. [24], and in particular with the IOSD they

reported for the clavicle-humeral and scapulo-humeral

rhythm. Meskers reported for these two rhythms IOSD

values ranging from 2.2� to 5.6�, with a mean value of 3.4�.

In the present study, IOSDs ranged from 1.6� to 2.3�, with

a mean value of 1.9�. This demonstrates that the measure of

the GD-H-R with the protocol presented here is more

reliable than the measure of the scapulo-humeral and

clavicle-humeral rhythm through the palpation method. A

possible explanation of these results can lay in the fact that

the protocol presented here does not require the interven-

tion of an operator during the acquisitions, but only to set-

up the procedure.

Results from the second experiment showed that the

average patterns and MDDBs generally differed from the

upward and the downward phase of each movement. This

confirmed the need to consider the two phases separately in

the analysis of the kinematics of a subject, as well as the

need to always incorporate in an upper-extremity protocol

a segmentation algorithm. The differences between the

average patterns in the upward and downward phases are

consistent with previous findings for the scapulo-humeral

and clavicle-humeral rhythm [2, 18, 22].

Unfortunately, no other studies in upper-extremity

motion analysis have ever reported any sort of prediction

bands. The comparison with previous literature has there-

fore to be based on the comparison of the ±1SD confidence

bands. In particular, the best candidate for comparisons

appears the paper by Meskers et al. [25], who have reported

±1SD confidence bands for the scapulo-humeral rhythm

measured with the tripod method, not considering just one

observer, but three, similarly to the present study. Meskers

reported the narrowest band for the scapula medio-lateral

rotation, with 1SD ranging from about 5� to 10�. In the

present study, the widest band presents a 1SD = 4.6� (PR

vs AA—upward phase). Given the typical alteration of the

GD-H-R of patients recovering from surgery for shoulder-

instability and rotator cuff tears (see Sect. 3.3), the widths

of the MDDBs appear adequate to draw solid clinical

conclusions, i.e. the protocol appears sensitive enough for

the application. Further clinical experimentations are

however required to draw definitive conclusions. In

particular, further efforts will be intended to assess if the

average patterns and the MDDBs do change between

populations of different age and gender. At present no

conclusions can be drawn to this regard and in the most

conservative approach the patterns and bands reported here

should be used for age-matched patients (i.e. between 20

and 40 years old).

Remarkably, the MDDBs are generally wider than the

confidence bands based on the SD of the population. This

suggests that ±1SD confidence bands tend to underesti-

mate the uncertainty of the average pattern and can lead to

an increase of false positives. This is consistent with pre-

vious findings in gait analysis [17].

In computing the MDDBs, all the repetitions of all the

subjects were considered, as well as the acquisitions of

each subject by both operators. Usually the inter-operator

variability is excluded in the computation of the confidence

bands in motion analysis, excluding therefore an important

source of potential errors.

The MDDBs computed allow to draw conclusion on a

subject based on a new single measure taken with an

operator with comparable experience to those who partic-

ipated in these experiments. Since the MDDBs are based

on subjects with a repetition-to-repetition repeatability of at

least 0.95, they should be used to draw conclusion on a

patient based on a single measure only if the patient pre-

sents a similar intra-subject variability (see Sect. 2.2.3.1.1).

For those patients with less repetition-to-repetition repeat-

ability, a simple solution is to compare all the repetitions of

the movement with the controls’ average and MDDB. This

increases the probability of no difference between the

patient’s and average controls’ pattern, thus reducing the

probability of false positive.

The definition of confidence bands based on the mini-

mal detectable difference is original but it is based on well

known statistical methods and procedures [37]. The

problem of estimating confidence bands with a clear

inferential statistics meaning is receiving increasing

interest in the literature [31, 40]. In particular, Schwartz

and co-workers stressed the improper use of confidence

bands based on ±1SD for performing statistical tests on

the data. The approach followed here, is similar to the

method proposed by Schwartz et al. [31], with the

advantage of (1) using a standard and well documented

two-way analysis of variance with repeated measures, and

(2) defining prediction bands which allows immediate

graphical statistical tests. Compared to the bootstrap

techniques, MDDBs have the advantage of explicitly

excluding the between-subject variability from the com-

putation of the prediction bands and to allow an angle-by-

angle analysis of statistical difference. Moreover MDDBs

are of very simple implementation.
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