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Axial rotation in Parkinson's disease

Aims: To investigate the ability of patients with Parkinson's disease to perform a rotation around the longitudinal axis of the body. Three questions were raised. Is body rotation impaired in Parkinson's disease? Is there a level of the kinematic chain from the head to the foot at which the impairment is more severe? Is the deficit related to the general slowness of movement in Parkinson's disease? Methods: Kinematic data were recorded. The temporal organisation of body rotation during gait initiation was analysed in 10 patients with Parkinson's disease, who were all at an advanced stage of the disease and had all experienced falls and freezing during their daily life, and in five controls. The latency of the onset of the rotation of each segment was measured by taking the onset of the postural phase of step initiation as reference value. Locomotor variables were also analysed. Results: Body rotation was found to be impaired in patients with Parkinson's disease, as the delay in the onset of the rotation of each segment is greater than that in controls. Moreover, a specific uncoupling in the onset of shoulder and pelvis segment rotation was seen in patients. This impairment of rotation is not related only to the general slowness of movements. Conclusion: Patients with Parkinson's disease were found to have an impairment of posturo-kinetic coordination and impaired capacity to exert appropriate ground reaction forces to orient the pelvis in space.

M

any aspects of motor performance are impaired in people with Parkinson's disease. One aspect that has rarely been investigated is the ability to perform whole-body rotations around the longitudinal axis of the body. Turning in bed is markedly impaired in these people. 1 2 A reduction in longitudinal spinal rotation in seated subjects during a reaching task has also been observed in Parkinson's disease. [START_REF] Schenkman | Spinal movement and performance of a standing reach task in participants with and without Parkinson disease[END_REF] Steiger et al [START_REF] Steiger | Disordered axial movement in Parkinson's disease[END_REF] have indicated difficulty in coordinating the orientation of the superimposed axial segments along the body's spinal axis in patients with Parkinson's disease. The patients also show a marked deficit in performing a wholebody rotation on the spot while standing. Moreover, the ''impairment of turning in bed'' is usually assessed as an item of daily life activities in Unified Parkinson's Disease Rating Scale (UPDRS). [START_REF] Fahn | members of the UPDRS Development Committee[END_REF] This axial disorder has also been described during walking (directional changes, half turns) and is associated with the ''freezing'' phenomenon. When asked to turn on the spot, patients perform the action very slowly and execute the rotation by taking little steps (Vaugoyeau et al, unpublished). It is not clear, however, whether the marked impairment of axial rotation is related to a specific deficit in the coordination of the superimposed segments or to a deficit caused by the change in body orientation in space. We can emphasise the role of specific constraints related to postural organisation, which requires coordination between sensory inputs and multijoint outputs. Schieppati et al [START_REF] Schieppati | The limits of equilibrium in young and elderly normal subjects and in parkinsonians[END_REF] have shown that the stability limits are reduced in Parkinson's disease, which is in agreement with the postural instability described in the late stages of the disease. The static and dynamic postural deficits in patients with Parkinson's disease have been related to an impairment of postural reactions, mainly in the extensor muscles. 7 8 Another sensory deficit concerns the body's graviceptors, more specifically those that monitor the force exerted by the extensor muscles. 9 10 As a result, patients rely more on vision and on flexor muscles to regulate balance [START_REF] Dietz | Influence of body load on the gait pattern in Parkinson's disease[END_REF] or locomotion. [START_REF] Azulay | Visual control of locomotion in Parkinson's disease[END_REF] The deficit in producing dynamic ground reaction forces is also characteristic in Parkinson's disease, [START_REF] Forssberg | Is parkinsonian gait caused by a regression to an immature walking pattern?[END_REF] especially during initiation of gait and locomo- tion. [START_REF] Crenna | The initiation of gait in Parkinson's disease[END_REF][START_REF] Dietz | Leg muscle activation during gait in Parkinson's disease: influence of body unloading[END_REF][START_REF] Gantchev | Impairment of posturo-kinetic coordination during initiation of forward oriented stepping movements in parkinsonian patients[END_REF][START_REF] Vaugoyeau | Coordination of axial rotation and step execution: deficits in Parkinson's disease[END_REF] These deficits, however, are related to posture and gait in general and do not explain why rotation along the longitudinal axis is more impaired in whole-body rotation than during the initiation of gait.

This study explores the possibility that a deficit in axial body rotation while standing does exist in patients with Parkinson's disease, when performing a task that fulfils two requirements: the task has to be similar to a natural task that is easy to perform and has to involve the whole-body axis from the head to the feet, to see whether the impairment of body axis rotation may more specifically involve a given segmental level. The selected task fulfilling the two criteria was a single step at an angle of 45 ˚, which involved a wholebody reorientation in the same direction (fig 1). Three questions were raised. Is the body rotation that takes place in this task impaired? Is there a level of the kinematical chain at which the impairment is more severe? Is the deficit related to the velocity of the movement?

METHODS

Participants

Ten patients with Parkinson's disease aged 55-70 years (mean 62.2 (SD 5.5) years) and five age-matched controls aged 56-69 years (mean 61.8 (SD 5.4) years) participated in this study after giving their informed consent. The local ethics committee (Cancer Control using Population-based Registries and Biobanks) approved the project.

Table 1 shows the clinical status of the patients. The patient group was functionally homogeneous as assessed by the UPDRS (normality test: K = 0.16, p.0.2). All patients were taking their usual antiparkinsonian drugs and were tested during the pharmacologically ''on'' status. All patients were at an advanced stage of the disease and they had all experienced falls while walking, as well as the freezing phenomenon. The controls did not have any neurological or other diseases, which may affect their postural stability or ability to perform the experimental tasks.

Abbreviation: UPDRS, Unified Parkinson's Disease Rating Scale

Experimental procedure

The task was analysed by using a multiparametric method combining kinetic and kinematic variables. It consisted of taking a single diagonal step of an angle of 45 ˚and ended when the other leg (trailing leg) was placed parallel to the first moving leg. Participants had to take the diagonal step accompanied by body reorientation in the direction of the step, and then end the task with their body oriented in the 45 ˚angle direction. A triggering signal was given by a sound emitted by a loudspeaker situated in the required step direction (45 ˚). No instruction was given about the speed of execution.

Ten trials were recorded for each participant. Before each trial, they stood erect, unsupported and barefoot on a force platform (AMTI; Advanced Mechanical Technology, Watertown, Massachussetts, USA). Participants were instructed to adopt the same initial posture with the head upright and looking straight ahead, and to take the step with the same leg-the one that they used to initiate walking. All participants but one initiated the step with the right leg.

Experimental recordings

The recording duration was 3 s for each trial and horizontal and vertical components of the ground reaction forces were recorded by using a force platform with a sampling frequency of 500 Hz (AMTI). Kinematic analyses were carried out with the ELITE television image-processing system. [START_REF] Ferrigno | ELITE: a digital dedicated hardware system for movement analysis via real-time TV signal processing[END_REF] For this purpose, 14 reflective markers (1 cm in diameter) were placed symmetrically in pairs: at the level of the external angle of the eye orbit, the shoulder acromion, anterosuperior iliac spine, great trochanter, knee external malleolus and fifth metatarsus. Recordings were taken with four infrared cameras and kinematic profiles were monitored at a sampling rate of 100 Hz.

Step variables For all variables, we analysed the first step-that is, the one performed during body rotation.

On the basis of kinetic and kinematic variables, two successive phases were defined for controls and patients with Parkinson's disease: the postural phase and the movement phase. [START_REF] Gantchev | Impairment of posturo-kinetic coordination during initiation of forward oriented stepping movements in parkinsonian patients[END_REF] The postural phase started at T1, with the first variation of the horizontal force in the sagittal plane (Fy), and ended at T2, which corresponded to the onset of deflection of the velocity curve of the malleolus marker of the leading leg (fig 2). The movement phase corresponded to step execution, beginning at T2 and ending at T3, when the first moving leg struck the ground. T3 corresponded to the zero crossing of the velocity curve of the moving malleolus. Step length was measured in the step direction from the trajectory of the malleolus marker of the first moving leg. To verify this (45 ˚), the angular direction of the step was measured, from the curve of the malleolus marker displacement of the moving leg, as the angle change between the initial anteroposterior direction and the final direction defined by the path of the step.

Body rotation

Whole-body reorientation in the step direction was investigated. The horizontal rotation around the vertical axis (yaw) of three segments was considered-those of the head, the shoulder and the pelvis-then corresponding to the lines between markers 1 and 8 (head), 2 and 9 (shoulders) and 3 and 10 (pelvis).

Angular variables

Two angles for each segment were defined as follows:

1. the angle between the initial position and the position at T3 (that corresponds to the end of the first diagonal step; a1 for the head, b1 for the shoulders and c1 for the pelvis); 2. the angle between the initial position and the end of the body rotation (a2 for the head, b2 for the shoulders and c2 for the pelvis).

Temporal variables

For each segment, the onset time of the rotation was measured, which corresponded to the onset of angular variation from the initial position in the horizontal plane. The latencies of the onset of rotation of each segment were calculated by taking the first variation in the horizontal forces in the sagittal plane (T1) initiating the postural phase as a reference. These time intervals were called head (Th), shoulder (Ts) and pelvis (Tp) onset latencies.

Statistical analysis

Data were analysed with the Statistica program Statsoft. Descriptive statistics are reported as mean (SD). The mean of each group corresponds to the average of the mean values of the 10 trials performed for each participant. Differences between the groups were tested with the Mann-Whitney U test. The comparison between latency of segments in each group was made with the Wilcoxon's signed rank test (for within-subjects comparisons).

One-sample analysis (t test) was used to compare the step trajectory to the 45 ˚required. To determine whether the segmental rotation was simultaneous with the onset of the postural phase, we compared the onset of the latencies of each segmental rotation to 0, by using one-sample analysis (t test). A correlation analysis between the body's kinematic variables and step velocity was carried out in both groups. A coefficient of correlation not significantly different from zero would show that the impairment of rotation would not be related only to the general slowness of movements. We checked that all the data analysed with a t test were normally distributed (Kolmogorov-Smirnoff test). Differences with p,0.05 were considered to be significant.

RESULTS

To assess how accurately the instructions of step direction in both control and patient groups were followed, original and final orientations of the head were compared with 45 ˚(figs 

Comparison between groups

Analysis of the step variables

Phase duration, step length, step velocity

The duration of the postural phase was significantly longer in the patients than in the healthy controls (330.30 (78) v 239.30 (70.38) s; U = 3.62; p,0.001). The duration of the movement phase was significantly shorter in patients than in controls (787.20 (149.2) v 861.7 (110.9) s; U = 22.54; p,0.05).

The step length in the patients with Parkinson's disease group was significantly decreased compared with that in the control group (302.40 (77) v 422.30 (8.32) mm; U = 26.67; p,0.001).

Step velocity was reduced in patients compared with that in controls (389.5 (94.94) v 495 (10.9) mm/s; U = 25.12; p,0.001).

Analysis of body rotation

Figure 5 shows the respective angular rotation amplitudes of the head, the shoulders and the pelvis at T3 (a1, b1, c 1) and at the end of the task (a2, b2, c2). Figure 6 shows the latencies from T1 to the onset of rotation for the three segments studied (head, shoulders and pelvis).

Amplitude of rotation of segments

When compared with healthy controls, patients with Parkinson's disease presented with a significant decrease in the amplitude of pelvis rotation at T3 (35 ˚(11.2 ˚) and 38. 3 (10.7 ˚); U = 5.15; p,0.05; fig 5). Rotations of the head and shoulder, however, were similar in both groups at T3 and at the end of the task.

Onset of rotation of segments

For the three segments studied (head, shoulders and pelvis), the latencies of the onset of the rotation from T1 (Th, Ts and Tp, respectively) were significantly longer in patients with Parkinson's disease than in controls: head, U = 23.51; p,0.001; shoulders, U = 22.34; p,0.05; and pelvis, U = 23.65; p,0.001. This indicates a global delay in the onset of body rotation in patients with Parkinson's disease (fig 6).

Comparison within groups

Temporal organisation of body rotation

The comparison between groups showed a significant delay in the onset of rotation of each segment in patients with Parkinson's disease (fig 6). To determine possible changes in the organisation of rotation, the latencies of head, shoulders and pelvis were statistically analysed for both groups.

In controls, the latency of head rotation (Th) was not significantly different from 0, indicating that the onset of the postural phase (T1) and the onset of head rotation (Th) were almost simultaneous. The latencies of both shoulder and pelvis rotation were significantly different from 0 (t = 5.74; p,0.001 and t = 4.08; p,0.01, respectively), indicating a delay with respect to T1. Latency of onset of head rotation (Th) was significantly shorter than those of shoulder (Ts; t = 23.82; p,0.001) and pelvis rotation (Tp; t = 3.49; p,0.001), indicating that the onset of head rotation preceded shoulder and pelvis rotation. We found no significant difference, however, between the latencies of shoulder and pelvis rotation. Therefore, controls initiated body rotation 90 90

Step trajectory Final head orientation with the head at the beginning of the postural phase and recruited the shoulders coupled with the pelvis.

In patients with Parkinson's disease, the three latencies (head, shoulders and pelvis) were significantly different from 0 (t = 7.35; p,0.001; t = 16.24; p,0.001 and t = 10.24; p,0.001, respectively). The latency of head rotation was significantly shorter than those of shoulder (Ts; t = 3.57; p,0.001) and pelvis rotation (Tp; t = 4.71; p,0.001). In contrast with controls, the latency of shoulder rotation was significantly shorter than that of pelvis rotation (Tp; t = 3.18; p,0.01). Obviously, patients with Parkinson's disease started their rotation with the head long after the onset of the postural phase, then continued with the rotation of the shoulders and finally with that of the pelvis. The shoulders were not recruited together with the pelvis but in a top-down sequential organisation.

Influence of step velocity on the sequential onset of shoulder and pelvis rotation

To test the influence of step velocity on the pattern of rotation onset, the coefficient of correlation of the delay between the onset of shoulder and pelvis rotation and step velocity was calculated.

In controls, the coefficient of correlation was not significantly different from 0 (r 2 = 0.07), indicating that there is no relationship between the step velocity and the timing of rotation onset. In other words, this indicates that step velocity does not influence the timing of the onset of rotation.

In patients with Parkinson's disease, the same analysis indicates that the latency between shoulders and pelvis rotation does not depend on step velocity (r 2 = 0.1). Therefore, the uncoupling between onset of shoulder and pelvis rotation is not because of the general slowing of the movement. A set of values with a high delay between shoulder and pelvis, however, is seen only for high-velocity values.

DISCUSSION

The analysis of body rotation in the population with Parkinson's disease shows a specific impairment of the process of axial rotation. The principal results were (1) a decrease in the gait initiation performance, (2) a coupled shoulder and pelvis rotation and (3) a delayed onset of pelvis rotation with respect to the shoulder, suggesting a specific deficit in coordinating shoulder and pelvis rotation, not due to the slowness in the performance of movement in Parkinson's disease.

Deficits of temporal organisation of body rotation in patients with Parkinson's disease

As shown in fig 2, in controls, head rotation was the first event accompanying the onset of the postural phase (T1), which corresponded to the generation of propulsive forces in the sagittal plane. During the onset of the postural phase, the trunk segment (shoulder and pelvis) started its rotation almost simultaneously. Thus, at the onset of the movement phase (T2), all segments had largely initiated their rotations and the rotation process continued progressively during the execution of the diagonal step. At the end of the movement phase (T3), more than half the trunk rotation had been completed and the rotation of the head segment was almost fully achieved. In patients with Parkinson's disease, the onset of rotation of each segment was clearly delayed in comparison with that of controls. The onset of head rotation intervened only at the middle of the postural phase, whereas that of shoulder rotation intervened at the end of this phase, and that of pelvis rotation intervened even later, with the onset of the movement phase.

Slower movements were not significantly different from faster ones, with a coupled rotation of the shoulder and the pelvis. By contrast, the slowest axial rotations observed in patients with Parkinson's disease were performed in a manner similar to those of controls. In patients, the delay between shoulder and pelvis rotation increased with the velocity of rotation, indicating that the delay in pelvis rotation with respect to the shoulder is not due to the slowness of performance of movement in Parkinson's disease but due to an impairment that increases with the velocity of the task.

Mechanisms

What could be specifically impaired in the capacity of patients with Parkinson's disease to exert simultaneous rotation of the upper and lower trunk? A general deficit may be the reduced reliance on proprioceptive inputs to control the motor output [START_REF] Rickards | Proprioceptive control of wrist movements in Parkinson's disease. Reduced muscle vibration-induced errors[END_REF] and the biased functioning of the segmental circuits related to Ia and Ib afferents. [START_REF] Ohye | Rigidity and disturbance of reciprocal innervation[END_REF][START_REF] Hayashi | Disorder in reciprocal innervation upon initiation of voluntary movement in patients with Parkinson's disease[END_REF][START_REF] Delwaide | Contribution of reticular nuclei to the pathophysiology of parkinsonian rigidity[END_REF][START_REF] Meunier | Abnormal reciprocal inhibition between antagonist muscles in Parkinson's disease[END_REF] The muscles participating in axial rotation are also antigravity muscles, and the impaired functioning of these circuits may be increased compared with that of the flexor muscles. [START_REF] Dietz | Regulation of bipedal stance: dependency on ''load'' receptors[END_REF] The main impairment may concern the control of pelvis rotation. The pelvis position in space depends on two control systems. The first is based on a top-down organisation by using the head position in space as a reference frame and calculating the various segment positions in space from the head position. The second is the bottom-up control, which, when a person is standing, regulates the position of the centre of gravity in space as well as to that of the pelvis, where the centre of gravity is located, by using the feetsupport interface as a reference frame. 24 25 The bottom-up control would be mainly related to equilibrium maintenance and would be more severely impaired in patients with Parkinson's disease, owing to the reduced capacity to generate ground reaction forces, 14-17 in connection with a biased assessment of the effort exerted by the extensor muscles against gravity. [START_REF] Dietz | Human postural reflexes and gravity-an under water simulation[END_REF] By contrast, the control of head and trunk rotation, which depends on the descending chain, would be less impaired in those with Parkinson's disease, and the onset of shoulder rotation would occur earlier than that of pelvis rotation.

An impairment of coordination between the top-down and bottom-up control can also be put forward to explain the parkinsonian impairment in whole-body rotation. In Parkinson's disease, the difficulty of performing two motor tasks simultaneously has been described for a long time: [START_REF] Georgiou | An evaluation of the role of internal cues in the pathogenesis of parkinsonian hypokinesia[END_REF] this phenomenon is well known in clinical practice, with the classic description of a patient being unable to walk and simultaneously to put his wallet into his inside pocket. [START_REF] Schwab | Control of two simultaneous voluntary motor acts in normals and parkinsonism[END_REF] This underlines the role of the basal ganglia and supplementary motor area output in providing the person with an internal timing cue for movement and postural sequences. 29 30 Study limitations These data on a small group of selected patients with advanced Parkinson's disease (Hoehn-Yahr stages III and IV), however, are clearly not applicable to patients at earlier stages of disability without any axial motor impairment during daily living.

Conclusions

The specific impairment of temporal organisation of the axial rotation in patients with Parkinson's disease may reflect two aspects. The first would be related to a general role of the basal ganglia in body orientation in space. The delayed onset of the head rotation in patients with Parkinson's disease as compared with that in controls may be related to the impaired orientation in patients with Parkinson's disease. The second aspect would be a major deficit in coordinating the descending control of body segment orientation starting from the head and acting on the shoulder with the ascending control of the pelvis orientation in space starting from the feet. The difficulty in Parkinson's disease to produce ground reaction forces responsible for positioning of the centre of gravity in space would explain the uncoupling between shoulder and pelvis rotation and the delayed onset of pelvis rotation. This impaired generation of ground reaction forces may be due to a deficit relating to the extensors Ib input, monitoring the muscle effort against gravity.

Figure 1

 1 Figure 1 Experimental set-up and task. On the left: representation of the subject in the initial position with the location of the 14 markers; on the right: experimental task; single diagonal step with reorientation.

3 , 4 )Figure 2

 342 Figure 2 Single trial recording of body rotation: left, control; right, a patient with Parkinson's disease. Top: kinetic (Fy: horizontal forces in the sagittal plane), kinematic (malleolus displacement) and angular data. The horizontal rotation around the vertical axis (yaw), angular variation of the head, the shoulders and the pelvis are shown. The small arrows indicate the onset of rotation of each segment. Bottom: representation of the temporal organisation of the rotation. Controls begin shoulder and pelvis rotation simultaneously with their axial body rotation, whereas patients with Parkinson's disease start shoulder (s) rotation before pelvis (p) rotation. Trunk rotation is uncoupled. T1, start of the postural phase (first variation in the horizontal forces in the sagittal plane); T2, end of the postural phase corresponding to the beginning of the movement phase (first variation in the velocity of the malleolus marker); T3, end of the movement phase (first contact of the foot with the floor).

  not significantly different for controls (t = 1.8; p.0.05) and patients with Parkinson's disease (t = 0.2; p.0.05), and the final orientation of the head was not significantly different from 45 ˚for controls (t = 20.29; p.0.05) and patients with Parkinson's disease (t = 0.92; p.0.05).
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 34 Figure 3 Mean (SD) step trajectory (left) and final head orientation (right) of controls (CS, white) and patients with Parkinson's disease (PP, black).
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 56 Figure 5 Bar graphs of amplitude of rotation for each segment. Comparison between controls (CS, white) and patients with Parkinson's disease (PP, black). The mean (SD) values are given. *p,0.05 and ***p,0.001.

Table 1

 1 Characteristics of the disease in the 10 patients with Parkinson's disease

		Patient									
	Characteristic	1	2	3	4	5	6	7	8	9	1 0
	Duration of disease	18	10	10	29	13	19	6	12	8	12
	(years)										
	Hoehn-Yahr stage	III	III	III	IV	III	III	III	IV	III	IV
	UPDRS part III	30	19	28	33	22	24	31	35	25	31
	in the on state										
	UPDRS part III	45	57	40	65	38	NA	40	48	44	44
	in the off state										
	Levodopa (mg/day);	1750; 14	1000; 8	1000; 8	2200; 25	850; 12	800; 18	400; 5 1350; 10	1200; 8	600; 10
	duration (years)										
	Other drugs,	Bromocriptin	Pergolide 6;	Bromocriptin	Pergolide 3;	Piribedil 100;	Bromocriptin	None			Trihexipphenidyle
	mg/day	15	Amantadine	40;	Amantadine	Segiline 10	50; Segiline 10				4
			300	Amantadine	300						
				300							
	Lisuride 0.8;	Bromocriptin 15;								
	Segiline 10	Trihexipphenidyle 10;								
		Tolcapone 600								
	UPDRS, Unified Parkinson's Disease Rating Scale.								
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