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Abstract
Rigidity or hypertonicity is a cardinal symptom of Parkinson's disease (PD). We hypothesized that
hypertonicity of the body axis affects functional performance of tasks involving balance, walking
and turning. The magnitude of axial postural tone in the neck, trunk and hip segments of 15 subjects
with PD (both ON and OFF levodopa) and 15 control subjects was quantified during unsupported
standing in an axial twisting device in our laboratory as resistance to torsional rotation. Subjects also
performed six functional tests (walking in a figure of eight [Figure of Eight], Timed Up & Go, Berg
Balance Scale, supine rolling task [rollover], Functional Reach, and standing 360-deg turn-in-place)
in the ON and OFF state. Results showed that PD subjects had increased tone throughout the axis
compared to control subjects (p=0.008) and that this increase was most prominent in the neck. In PD
subjects, axial tone was related to functional performance, but most strongly for tone at the neck and
accounted for an especially large portion of the variability in the performance of the Figure of Eight
test (rOFF=0.68 and rON=0.74, p<0.05) and the Rollover test (rOFF=0.67and rON=0.55, p<0.05). Our
results suggest that neck tone plays a significant role in functional mobility and that abnormally high
postural tone may be an important contributor to balance and mobility disorders in individuals with
PD.
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Introduction
Rigidity (or muscle hypertonicity), defined as increased resistance to passive movement, is a
cardinal sign of Parkinson's disease (PD) (Foster 1892). Previous studies suggest that rigidity
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may underlie many of the common motor disabilities associated with PD (Nutt et al., 1992;
Shenkman et al, 2001). Research on rigidity in subjects with PD has concentrated mainly on
the effects of hypertonicity in the distal limb musculature, even though rigidity in axial and
proximal muscles may be an important contributor to limited functional mobility (Nagumo et
al., 1993; Nagumo et al., 1996; Nutt et al., 1992; Schenkman et al., 2001; Steiger et al.,
1996).

A number of studies (Horak et al., 1996; Lakke 1985; Nagumo et al., 1993; Schenkman et al.,
2000; Steiger et al., 1996) have attempted to relate axial rigidity to functional performance.
However, these studies did not use direct objective measures of axial tone because of the
complexity of quantifying tone in the axial segments. For example, some studies have
quantified axial trunk tone in the supine position (Nagumo et al., 1993; Nagumo et al., 1996)
by passively moving the legs and hips. The shortcoming of this technique is that tone is assessed
in a resting position, when the body is relaxed such that postural tone is reduced. The clinical
measure of rigidity in the UPDRS (Unified Parkinsons Disease Rating Scale, Fahn et al.,
1987) is also limited by the subjective estimation of tone in the extremities and the neck with
a rating scale when the patient is sitting.

In the present study, we used a device recently developed in our laboratory to objectively
quantify axial tone in standing PD subjects when the nervous system is actively controlling
balance (Gurfinkel et al., 2006; Wright et al., 2007). This device, called “Twister,” quantifies
axial tone by measuring resistance to passively applied torsional rotation at the neck, trunk
and/or hips without constraining anterior-posterior, lateral, or vertical body position (Gurfinkel
et al., 2006). Body position is constrained only in the torsional direction. Using the Twister
device, we showed that axial tone in healthy adults is not static, but rather involves flexible,
active shortening and lengthening reactions (Gurfinkel et al., 2006). Unlike stretch reflexes, in
which muscles are activated during muscle lengthening and silenced during muscle shortening,
shortening reactions are associated with increased activity during muscle shortening and
decreased activity during muscle lengthening (see Sherrington 1909). In another study, we
showed that subjects with PD have elevated tone in the trunk and hips compared to age-matched
control subjects (Wright et al., 2007); however, this study did not investigate axial tone at the
neck.

Axial hypertonicity may contribute to motor disability in PD (Schenkman et al., 2000; Wright
et al., 2007). For example, hypertonicity is thought to contribute to the absence of body rotation
during sleep (Nutt et al., 1992; Stack et al., 2006a) and may also contribute to abnormal
intersegmental coordination during walking and turning (Crenna et al., 2007; Mesure et al.,
1999; Vaugoyeau et al., 2006). While these observations suggest a causal relationship between
axial tone and functional performance in PD, no study has directly measured axial tone and its
relation to functional performance.

The axial trunk tone might affect the performance during walking and turning because it may
hinder normal dissociated rotation of the head and trunk (Stack et al., 2006b). Axial hip tone
may also affect gait speed and turning because it could impair the control of pelvis on hip
rotation (Vaugoyeau et al., 2006). More importantly, increased neck tone may have a major
impact on walking, turning and twisting since the head must be free to move to scan surrounding
objects and to steer locomotion (Paquette et al., 2006). Therefore, we hypothesize that neck
tone will be the locus of hypertonicity and most related to performance impairments in balance,
walking and turning tasks in persons with PD. To test this hypothesis, we correlated axial
postural tone in the neck, trunk and pelvis segments measured objectively using Twister with
measures of balance and mobility in both subjects with PD and age-matched control subjects.
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Methods
Subjects

Fifteen male subjects (63 ± 8 years) with a clinical diagnosis of “idiopathic” PD, treated with
levodopa and 15 healthy male control subjects (64 ± 9 years old), matched for age, weight and
height, participated in the study. The PD subjects had no history suggesting “atypical” PD
symptoms, as defined by Hughes et al. (1992) or other existing neuromuscular disorders,
including severely flexed posture. We included only PD subjects with Hoehn &Yahr scores of
2 or 3. Characteristics of the PD subjects are presented in Table 1. The control subjects had no
recent or unresolved history of musculoskeletal, neuromuscular or motor disorders. Control
and PD subjects were able to stand independently for at least 10 minutes. All subjects provided
informed consent in accordance to the Oregon Health & Science University Internal Review
Board regulations for human subjects' studies and the Helsinki Declaration.

Protocol
PD subjects were tested OFF-medication (OFF) the morning after abstaining from levodopa
overnight (washout period =12 h). The experiment began with the measurement of axial tone
at the neck, trunk and hips. Subjects were then instrumented with reflective markers on the
skin over bony prominences to measure accurately their active range of motion at the neck,
trunk and hips while standing using motion analysis. Six functional performance tests were
then performed by each subject: 1) The Figure of Eight test; 2) Supine Rolling task on a therapy
mat; 3) the Timed-Up-and-Go (TUG) test; 4) the Berg Balance Scale ([BBS]; 5) the Functional
Reach test; 6) Standing, 360 deg turn-in-place. The motor part of the UPDRS (Fahn et al.,
1987) was then performed by each subject.

The OFF testing session ended with PD subjects taking their usual morning dose of medication,
followed by a rest period of one hour. During that time, the subjects rated themselves on
activities of daily living (ADL) as part of the UPDRS (Fahn et al., 1987) to quantify activity
impairments. After the rest period and once the subjects reported that they felt “ON”, the
protocol was repeated (i.e., range of motion, functional performance tests, UPDRS and axial
tone measurement) with PD subjects ON-medication (ON). Control subjects only did the first
part of the protocol (i.e., same as for PD OFF).

Measurement of axial tone
Axial tone was quantified in standing subjects using Twister, which has been shown to be a
repeatable and reliable measure of axial postural tone in healthy individuals (Gurfinkel et al.,
2006) and PD subjects (Wright et al., 2007). Briefly, subjects stood blindfolded on a horizontal
platform that slowly (1 deg/s) rotated left and right (±10 deg) with certain axial body segments
attached either to an earth-fixed frame or to the rotating surface in order to isolate the rotation
to specific axial segments (i.e., hips, trunk or neck). Body segments were fixed to the earth-
fixed frame or rotating surface with a helmet, shoulder harness, or pelvis harness. A torque
sensor (Futek TFF400, Irvine, CA), located between the earth-fixed frame and the axial
segment under study, was used to measure that segment's axial resistance to passive rotation.
A double-hinged attachment of the torque sensor restricted torsion but allowed motion in all
other directions so subjects actively maintained stance balance. The following configurations
were used to quantify tone at different body segments: 1) neck tone: head attached to the earth-
fixed frame such that platform motion caused the legs, pelvis and trunk to rotate torsionally as
a unit relative to head, 2) trunk tone: trunk attached to the earth-fixed frame and pelvis attached
to the rotating platform such that platform motion caused the legs and pelvis to rotate as one
unit, and 3) hip tone: pelvis attached to the earth-fixed frame such that platform motion caused
the legs to rotate relative to the fixed pelvis.
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During the measurement of axial tone in each subject, the platform rotated under the feet for
4 complete cycles ±10 deg from the neutral position (i.e., facing straight ahead) at 1 deg/s (Fig.
1A, left panel bottom trace). A potentiometer signaled the angular position of the platform.
The rate of rotation was constant to minimize effects of inertia, except during directional
changes where the rotation followed a parabolic trajectory, reducing acceleration to <12 deg/
s2. The resistive torque at the hip, trunk and neck was digitized and recorded at 100 samples/
s using Spike2 software (Cambridge Electronic Devices, Cambridge, UK) and analyzed offline
using Matlab software (Mathworks, Natick, MA).

The first cycle of rotation was excluded from the analysis of the torsional resistance since that
cycle might be affected by the subject's initial postural set or resting short-range stiffness. This
difference between the first and subsequent cycles of rotation was confirmed by a 3-way
analysis of variance (ANOVA) on Group (PD vs. Controls) X Cycles (1st vs. subsequent) X
Segment (head, trunk, pelvis) with repeated measures on the last 2 factors. An interaction effect
was found between the first and subsequent cycles in the hips segment (F[1,42]=407.5,
p>0.001), while no interaction was found between Group and Cycles (F[2,42]=1.4, p=0.255).
The resistive torque in the neck, trunk and hips was quantified as the mean peak-to-peak torque
amplitude for cycles 2-4 (bars in the shaded area of Fig. 1A, left panel). We also calculated the
cross-covariance between resistive torque and torsional position at the neck, trunk and hips.
The cross-covariance is the mean-removed cross-correlation sequence, and it quantifies the
similarity between two waveforms as a function of a time-lag applied to one of the waveforms.
Cycles 2-4 were also used for this calculation.

Measurement of active range of axial movement
Active range of motion was measured at the neck, trunk and pelvis in PD subjects and control
subjects while standing. The subjects were positioned with their feet together and arms crossed.
Maximum horizontal voluntary range of motion was measured with an 8-camera video system
(Hi-Res, Motion Analysis System, Santa Rosa, CA). The cameras tracked the 3-dimensional
positions of 14 reflective markers affixed to the head, trunk, pelvis and feet. An experimenter
instructed the subjects to first look straight ahead (center, 0° position) then to twist their body
in the horizontal plane as far as possible to the left or right while keeping their feet in the same
position. The subjects were then instructed to come back to center position and then to rotate
in the opposite direction, repeating this process once (i.e., right-left-right-left or left-right-left-
right). Every position, including the center position, was held for 3 to 5 seconds.

For range of motion, segment angular rotation in the horizontal plane was obtained by
computing the angular displacement of each segmental vector (i.e., head, trunk and pelvis) in
each of the 2 axes defining the horizontal plane. The reference position (0° position) for all
three segments corresponds to the center, straight ahead position, normalized to the beginning
of the trial when subjects were facing forward. For interval-detection purposes, 2 Hz low-pass
filter (4th order, dual-pass Butterworth filter) was used. A criterion of null angular velocity (0
±3 deg/s) over at least 30 frames was used to determine the intervals when the subjects had
reached their maximum right or left position or center. The maximum active range of motion
value selected represents the position of each segment averaged over the interval when subjects
maintained their maximum position. The outcome measures retained were total range of motion
(maximum left + maximum right) of the neck (i.e., head movement minus trunk movement),
trunk (i.e., trunk movement minus pelvis movement) and pelvis.

Functional performance assessments
Functional performance tests commonly used by therapists in clinical settings were performed
to assess functional mobility in PD subjects both ON and OFF medication and in control
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subjects. The following 6 functional performance measures were assessed in random order
across subjects:

1) The Figure of Eight test timed subjects walking in a figure-8 trajectory (Jarnlo and
Nordell, 2003). The figure-8 trajectory was marked with 4 cm-wide tape on the floor, each
loop having an internal diameter of 163 cm. The time to walk two complete cycles was
measured with a hand-held stopwatch. The subject started in the center of the figure-8 and
the onset time was based on the first detectable movement of the subject following a “Go!”
command from the experimenter. Steps outside or inside the line were quantified as
described in Jarnlo and Nordell (2003). The task was performed twice, but the first test
was considered a training trial and not used for analysis.

2) The rollover task began with subjects in supine position on a therapy mat. The subjects
were instructed to execute a 360 deg-rolling movement to the left as fast as possible after
a “Go!” command (stopwatch started). When the evaluator determined that the maneuver
had reached a full 360 deg, the subject immediately received a “Return” command and
the subject rolled 360 deg to the right as fast as possible to the supine position. A stopwatch
was used to time the duration of the task. The task was performed twice, and the second
trial duration was used for analysis.

3) In the Timed Up and Go test (TUG; Morris et al., 2001; Podsiadlo et al., 1991) subjects
began from a seated position, rose from the chair, walked 3 m straight ahead, turned 180
deg, returned to the chair, and sat down. The entire sequence was timed with a stopwatch
and all subjects performed the TUG three times. The first trial was considered a training
trial and the mean of the second and third trials was used for analysis. In addition, the 180
degree-turning sequence during the TUG was videotaped and post processed according to
procedures described by Dite and Temple (2002).

4) All 14 items of the Berg Balance Scale (BBS) were assessed as described by Berg et al.
(1992).

5) In the Functional Reach test (Duncan et al., 1992), subjects stood beside a horizontally
oriented measuring tape on the wall at their shoulder level. The subjects were oriented
with shoulders perpendicular to the measuring tape with both arms stretched out in a 90°
shoulder flexion. The subjects were then instructed to “reach forward as far as you can
without losing balance or taking a step” and the number of centimeters they reached from
the initial position was measured.

6) A 360 deg turn-in-place task was timed using the motion analysis system with reflective
markers on the subjects' feet. The subjects were instructed to turn in their preferred
direction 360 deg when they were ready to do so (self-initiated). Turn duration was
computed from the first movement of the toe or heel off the floor until the last vertical
contact of the foot (toe or heel) on the floor after a full 360 deg turn.

Statistical analysis
Statistical analysis for both axial tone and range of motion measures consisted of a two-way
analysis of variance (ANOVA) on Group (PD OFF meds vs. controls) X axial segments (neck,
trunk and hip) with repeated measures on the last factor to compare PD subjects to control
subjects. To test for the effect of medication in the PD group (ON vs. OFF) X the axial segments
(neck, trunk and hip), an ANOVA with repeated measurement on both factors was used.
Planned comparisons were used to analyze significant main effects.

T-tests were used to analyze differences in the functional performance tests between the PD
and control groups (independent) and between PD ON and OFF (dependent). In the specific
cases of the BBS, UPDRS and oversteps in the Figure of Eight test, differences were analyzed
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with Mann-Whitney U-test statistics (independent) and Wilcoxon Matched Pairs test
(dependent).

The Pearson product moment correlation was used to investigate the relationship between tone
and range of motion as well as the relationship between tone and functional performance tests.
In the specific cases of the BBS and UPDRS, the Spearman Rank Order Correlation was used.
The significance level was set at p<0.05. Subject 9 was excluded from the correlation analysis
between tone and the functional performance tests due to prominent dystonia in the left foot
that influenced his performance in the clinical tests. In addition, subject 8 did not perform the
TUG in the OFF medication state due to fatigue. One of the control subject' Achilles tendon
was painful during gait but had no symptoms when standing quietly. Thus this subject did not
perform the Figure of Eight and the TUG and only his tone and range of motion were retained
for analysis.

Results
Magnitude of axial tone

Figure 1A (left panel) shows example traces of neck resistive torque in response to torsional
rotation of the neck from a representative control subject and a subject with PD (ON and OFF
levodopa). A main effect of group was observed (Fig. 1B), in which PD subjects showed
significantly higher (43%) axial torque amplitude compared to the control group (PD OFF vs.
controls: neck 0.7 ± 0.3 Nm vs. 0.4 ± 0.2 Nm; trunk: 6.0 ± 1.4 Nm vs. 4.9 ± 1.4 Nm; hip 5.4
± 1.3 Nm vs. 4.1 ± 1.7 Nm; F(1, 28)=8.2, p=0.008). Most of the difference between the PD
and control groups was due to the neck segment, in which tone was 75% higher in the PD
group. As expected, a main effect of segment was found, with neck<hip<trunk tone, F(2, 56)
=214.2, p>0.001. Figure 1A, right panel shows the torque changes plotted against changes in
platform rotation. A linear relationship between torque and platform rotation was observed in
both PD subjects and normal controls. The increased axial tone in PD subjects is also reflected
by their steeper torque/rotation slopes. Thus, the difference in torque amplitude for each subject
was dependent on the subject's stiffness (i.e., slope) and independent of the degree of rotation,
consistent across the ±10 deg tested in this study.

Medication (PD OFF vs. PD ON) had no significant effect on the resistive torque in the neck,
trunk or hip segment, F(1, 14)=0.6, p=0.460 (Fig. 1B).

Flexibility of axial tone
The PD OFF group's axial resistance was more dependent on the torsional rotation (platform
position), that is, these subjects were less “flexible” than the control subjects (Fig. 2). A cross-
covariance analysis revealed a higher correlation in the neck between axial torque and platform
position in the PD OFF group compared to the control group (PD OFF: r=0.94 vs. controls:
r=0.85, p=0.005) and in the hip segment (PD OFF: r=0.98 vs. controls r=0.94, p=0.04). In
contrast, the resistance of the trunk segment was highly dependent on the torsional rotation in
both groups (PD OFF: r=0.99 vs. controls: r=0.98, p=0.102). There were no significant
differences in correlation coefficients between PD ON and OFF at all 3 axial levels (p>0.05).
Also, the cross-covariation analysis revealed that, during head rotation, neck torque led neck
position by 3.9 s in the control subjects and only by 2.9 s in the PD subjects OFF (p=0.002),
while no significant group differences in phase were observed in the hip or trunk segments of
control or PD OFF subjects (p>0.05).

Active range of motion
PD OFF subjects and control subjects had similar active axial range of rotation (PD OFF: 90°
± 13°; controls: 95° ± 14°, p=0.36). No significant change in range of axial rotation was
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observed when PD subjects went ON their medication (PD ON: 91° ± 16°, p=0.842). Subjects
were generally symmetric in their left and right trunk rotation amplitude despite the fact that
PD subjects were asymmetric in their limb PD signs as recorded on the UPDRS. There was no
significant relation between axial tone and total range of motion in any segment (neck range-
of-motion vs. neck resistance; rOFF=0.06, rON= −0.37, rControls=−0.15: trunk range-of-motion
vs. trunk resistance rOFF=0.27, rON= 0.24, rControls=−0.13 and pelvis range-of-motion vs. hip
resistance rOFF=0.03, rON= −0.19, rControls=−0.30).

Functional performance tests
As seen in Table 2, all functional performance tests showed better scores in the control group
than in the PD OFF group. Only the Figure of Eight, TUG, and BBS tests improved significantly
with levodopa. The Figure of Eight test improved by 8.4 seconds in the ON, compared to the
OFF state. The oversteps/errors counted during the Figure of Eight test were also significantly
larger in the PD OFF than the control group (Median 1 [range 0-8] vs. Median 0 [range 0-4],
respectively; p=0.012) but not between the PD OFF and ON groups (p=0.575). With levodopa,
the TUG improved by one second and the BBS decreased by one unit.

Axial tone affects functional performance in PD
The functional performance of the PD subjects was correlated with their axial tone, especially
by their neck tone (Table 3). Neck tone accounted for a large portion of the variability in the
performance of the Figure of Eight test, both OFF (r=0.68, r2=0.46, p<0.05) and ON (r=0.74,
r2=0.55, p<0.05) medication (Fig. 3A). However, the change in the Figure of Eight time OFF
and ON medication did not correlate with the change in the subjects' neck torque (r=0.23,
p>0.05), or with the change in UPDRS (r=0.02, p>0.05). Indicating a strong relation between
performance on the Figure of Eight test and the neck tone measured with Twister, although the
improvement in performing the Figure of Eight was not due to a change in tone, or for that
matter UPDRS.

The Supine Rolling task (rollover) was also influenced by the subjects' neck tone, both OFF
and ON medication (r=0.67, r2=0.45, p<0.05 and r=0.55, r2=0.30, p<0.05, see Fig. 3B). When
the PD subjects were ON their medication, the performance of the Functional Reach and BBS
was also significantly influenced by their neck and trunk tone. When the PD subjects were
OFF medication, the TUG correlated with their neck tone (see Table 3). In contrast to the
subjects with PD, the neck, trunk or hip tone did not correlate with the functional performance
tests in the control group (Table 3).

Relation between postural tone and the UPDRS motor part
The total UPDRS motor score decreased significantly from the OFF to the ON state (p<0.001)
from 34 ± 10 (OFF) to 24 ± 8 (ON). However, no significant relationship (r=0.09-0.47, p>0.05)
was found between postural tone in the three axial segments (i.e., measured with Twister) and
the total score of the UPDRS (motor part), the rigidity (item 22), the neck rigidity (part of item
22), or the postural alignment (item 28). The only significant relation was found between our
measure of axial tone and PIGD (postural instability and gait difficulty, items 27-30). The
PIGD correlated significantly with neck tone (r=0.71) in PD subjects OFF and also with the
trunk tone in PD subjects, both OFF and ON (r=0.64 and r=0.78, respectively).

Relation between functional performance and the UPDRS motor part
In contrast to the quantitative measure of axial tone from Twister, the neck rigidity measure
of the UPDRS motor was not significantly correlated with the functional performance tests (r=
−0.34-0.28, p>0.05). The only functional performance task that significantly correlated with
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the total UPDRS score was the rollover, when the PD subjects were ON medication (r=0.62,
p<0.05).

Discussion
In this study, we demonstrate that axial tone, particularly at the neck, is abnormally high in
subjects with PD. The increase in neck tone was more strongly related to functional
performance than were the increases in trunk and hip axial tone, suggesting that neck muscle
tone plays a critical role in the control of balance, mobility, and coordination.

Causes of increased postural neck tone in PD
Consistent with our earlier studies in subjects with PD and elderly controls, trunk tone was
greater than hip tone (Gurfinkel et al., 2006; Wright et al., 2007) and tone was smallest in the
neck (Gurfinkel et al., 2006). This is the first study to quantify axial tone at the neck in PD
subjects and we find it to be 75% higher, compared to 22% higher at the trunk and 32% higher
at the hips, compared to age-matched control subjects. We do not think that the increased tone,
especially the increased neck tone, was due to a stooped postural alignment of our subjects
with PD. Our subjects did not have severely stooped posture and the flexed postural alignment
(Item 28 of the UPDRS) was not significantly correlated with our subjects' axial tone. In
addition, the observed increase in resistance to axial rotation around the vertical axis was not
due to limitations in their passive or active range-of-motion.

Alternatively, high axial tone in PD could arise from a generalized increase in flexor muscle
tone (Zhang et al., 1999), or from compensatory hyperactivity in the extensor muscles to
maintain antigravity posture during increased flexor activity. Even in healthy subjects, the
center of mass of the head is in front of the neck, so neck extensor muscles must remain active
to prevent the head from falling forward. Disturbances in cervical muscle tone have been
described for many years in patients with PD. James Parkinson first reported that “the chin was
almost immovably bent down upon the sternum” (Parkinson, 1817). Purdue Martin (1967)
noted a loss of “fixation activity” in cervical extensor muscles in patients with advanced PD.
This dropped head sign (also called anterocollis) could result from imbalanced muscle rigidity
between anterior and posterior neck muscles (Yoshiyama et al., 1999; Kashihara et al., 2006;
van de Warrenburg et al., 2007). In fact, we previously found larger increases in flexor, than
extensor, EMG activity during stance in subjects with PD (Burleigh et al, 1995). Even when
PD subjects show a flexed head posture, they can voluntarily hold their heads upright,
indicating a disturbance in involuntary tonic muscle activity and not in voluntary muscle
activity (Martin, 1967; Kashihara et al., 2006).

The physiological basis for rigidity is not well understood. Studies have suggested that rigidity
is associated with increased tonic activity of motoneurons, lack of reciprocal inhibition of spinal
circuits, reduced phasic stretch reflexes or abnormal tonic stretch reflexes, myofacial and
histological changes in muscle fibers, abnormal firing patterns of motoneurons, abnormal
feedback from secondary afferents of muscle spindles, larger evoked potentials from
supraspinal supersensitivity, hyperexcitable motoneurons, and deficits in cortical inhibition
onto motoneuron pools (Granit, 1970; Meyer et al., 1977; Mori, 1987; Kandel et al., 2000). In
our study, higher peak resistance to rotation and faster change in resistance (Fig. 1) were both
associated with higher axial tone in PD. In addition to the higher amplitude of axial tone, the
cross-covariance between tone and rotation showed an “inflexibility” of the tone, that is, axial
tone was more driven by the platform rotation with the muscles acting more as a passive, rubber
band in the subjects with PD than in the control subjects (Fig. 2). This dependence of tone on
muscle length may suggest more peripheral, than central, control of tone in the subjects with
PD. Consistent with less central control over postural tone in PD, Hiraoka et al. (2005) found
that the central inhibition of the H-reflex during gait initiation was inversely related to the
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severity of PD, indicating an abnormality of descending central commands in more severely
affected patients. This abnormality in H-reflex inhibition has also been seen in PD subjects
during standing (Hayashi et al., 1997). Consistent with an inflexibility of postural tone,
previous studies showed that, unlike control subjects, PD subjects with rigidity do not flexibly
inhibit their leg muscle responses to postural perturbations when the initial conditions of
support change (Horak et al., 1992; Chong et al., 2000).

Higher tone in the neck, than the trunk and hips, in subjects with PD may be related to the
special descending and ascending innervations of neck motoneurons. The innervation of
cervical muscles is especially complex (Peterson, 2004). Neck muscles receive more afferent
control than trunk and hip muscles and afferents from neck muscles project more widely to the
central nervous system (Peterson, 2004). Neck motoneurons receive input from reticulospinal
neurons, vestibular nuclei, cerebellum (via fastigial nucleus), the motor cortex, as well as from
the frontal and occipital cortex, through primary motor cortex (Peterson, 2004). There are also
medial vestibulospinal neurons that project only to neck motoneurons (Perlmuter et al.,1998).
In addition, cervical muscles contain a higher density of muscle spindles (ratio of mean spindle
content to the mean weight of muscle in grams) than any other axial muscles (Cooper et al.,
1963; Richmond et al., 1979; Kulkarni et al., 2001). The high connectivity of neck motoneurons
may be responsible for a greater vulnerability of neck tone to degenerative processes that
disturb muscle tone regulation with PD (Samantaray et al., 2008). For example, PD is known
to be associated with abnormal proprioceptive processing (Khudados et al., 1999;
O'Suilleabhain et al., 2001), abnormal reciprocal inhibition of muscle activation (Dimitrova et
al., 2004a), and abnormal synchronisation of muscle activation (Dimitrova et al., 2004b).

Neck tone also had a stronger correlation with functional performance measures than either
trunk or hip tone, suggesting that neck tone may be even more important than trunk and hip
tone for functional mobility. Laboratory studies have shown that neck muscles are particularly
important for control of posture. Activation of proprioceptors in cervical muscles with vibration
causes a number of powerful perceptual and motor effects. For example, activation of muscle
spindles with vibration of neck muscles in standing causes larger postural disturbances than
vibration of other muscles of the trunk and legs (Gregoric et al., 1978). In addition, changing
posture of the head greatly alters the direction of postural sway due to both leg muscle vibration
and galvanic vestibular stimulation, consistent with an effect of head posture on postural
reference frames (Lund et al., 1983; Gurfinkel et al., 1995). Damage to cervical, but not other
axial, muscles can result in gait ataxia and cervicogenic dizziness in both humans and animals,
supporting their special role in spatial orientation (Brandt, 1996). Cervical muscles also appear
to receive higher descending levels of tonic central readiness as shown by their lower thresholds
to startle-reactions and to otolith stimulation and by their sudden relaxation with sleep (Brown
et al., 1991; Halmagyi et al., 1983).

Contribution of axial tone to functional performance
The unique ability of Twister to measure axial tone while subjects actively controlled posture
and stance equilibrium (Gurfinkel et al., 2006) may be why we were able to observe a
significant relationship between axial tone and clinical measures of balance and mobility, even
though the more subjective rigidity item 22 of the UPDRS did not correlate with functional
performance. However, we did see a relation between the PIGD scores (Items 27-30) of the
UPDRS and both neck and trunk tone, consistent with an influence of axial postural tone on
functional posture and gait.

The strongest relationship between neck tone and the functional performance measures was
with the Figure of Eight test, which had been previously used with healthy elderly subjects
(Jarnlo and Nordell, 2003; Shkuratova et al., 2004), subjects with Alzheimer's disease
(Pettersson et al., 2002), and subjects with arthritis (Noren et al., 2001). We found no previous
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studies using the Figure of Eight test on subjects with PD, despite the clinical observation that
individuals with PD often have difficulty turning (Bloem et al., 2001). The Figure of Eight test
requires continuous turning during gait with an emphasis on accuracy (avoid oversteps), speed
(timed task), and switching of motor patterns during the cross-over from the clockwise to the
counter-clockwise loop. Hicheur et al. (2005) studied body kinematics during Figure of Eight
walking in 10 healthy subjects, revealing anticipatory head turns related to both the geometrical
form of the path and to the transfer of body mass from one foot to the other during stepping.
Given the nature of PD mobility problems with en bloc turns, adapting locomotor patterns and
quick switching of motor patterns (Crenna et al., 2007; Huxham et al., 2008), the Figure of
Eight test seems to be a sensitive functional performance measure of mobility for individuals
with PD.

The rollover and the TUG, which require twisting and turning of the head, also had a strong
correlations with neck tone (Table 3). The rollover requires inter-segmental coordination of
the head and trunk to initiate the movement as well as to stop it and reverse direction. The TUG
involves coordination of the head and trunk during postural transitions of the sit-to-stand and
the stand-to-sit components, as well as counter-rotation of the head, shoulder and pelvis during
gait and turns, especially when looking at the chair prior to sitting down at the end of the
sequence. Since the duration of the 180-degree turn of the TUG was not correlated with axial
tone, it is unlikely that the turn, alone, was responsible for the correlation between the TUG
with neck tone. However, straight walking also involves coordinated counter-rotation of the
head, trunk, and pelvis with precise multisegmental timing of axial segments (Murray et al.,
1966,Stokes et al., 1989), which may be reduced by increased axial tone.

There are many examples of everyday motor tasks that require inter-segmental coordination
of axial segments to maintain balance and mobility. Stability and mobility in functional motor
activities depend on the precise regulation of axial phasic and tonic activity that is carried out
automatically, without conscious awareness (Gurfinkel et al., 2006). In PD, posture and gait
movements involving axial counter-rotation are often problematic. During walking and
turning, individuals with PD tend to rotate the head and trunk simultaneously, whereas healthy
subjects lead turns with prior head rotation (Crenna et al., 2007; Mesure et al., 1999, Stack et
al., 2006b; Vaugoyeau et al., 2006). Effective postural responses to recover equilibrium also
require precise spatial-temporal coordination of the axis (Horak et al., 1986). For example,
control of sagittal stability requires coordinated counter-rotation of the upper and lower body
segments and lateral postural stability requires coordination of lateral trunk flexion with trunk
rotation; coordinations that are disrupted by PD (Henry et al., 1998; Dimitrova et al., 2004b;
Horak et al., 2005; Maurer et al., 2006).

The role of levodopa on axial tone and functional performance
Levodopa did not alter axial tone in our study, consistent with previous studies (Burleigh et
al., 1995; Pavese et al., 2006; Weinrich et al., 1988) that found this drug to be ineffective for
axial hypertonia. Our recent study on axial tone in PD subjects (Wright et al., 2007) also showed
that hypertonicity in the trunk and hips is insensitive to levodopa. This agrees with our previous
findings that high amplitude of muscle activity during stance is significantly reduced in the
distal, but not proximal, muscles with levodopa (Burleigh et al., 1995; however, cf. Bejjani et
al., 2000). Fatigue is a common problem in PD (Friedman et al., 2007) and might have
influenced these non-significant differences between ON and OFF state since our experimental
protocol was twice as long for the PD subjects compared to controls. On the other hand, we
provided pauses and, as mentioned earlier, our result are consistent with previous studies
(Burleigh et al., 1995; Pavese et al., 2006; Weinrich et al., 1988; Wright et al., 2007), although
in some cases subjects were collected in OFF and ON state on different days (Pavese et al.,
2006). Moreover, although axial tone was similar OFF and ON medication the performance
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in some clinical tests improved. Our results support the theory that axial musculature is
controlled by nondopaminergic central structures and pathways that are separate from the
levodopa-sensitive pathways for distal muscles (Bloem, 1992).

Although scores on the BBS and the TUG improved with medication in our study, these
improvements were too small to be clinically significant. Steffen and Seney (2008) showed
that a minimally detectable change in BBS to identify a significant difference in score from
measurement error is >5 of the total 56 points in PD subjects. However, none of the PD subjects
in the present study improved by >5 points in the BBS with medication. However, we observed
a ceiling effect of the Berg in both PD subjects and controls, similar to the study by Steffen
and Seney (2008). Although significant, the 1 s improvement in the TUG we observed cannot
be distinguished from measurement error. In the study by Steffens and Seney (2008) the
minimal detectable difference for the TUG was 11 s in the PD group.

In the present study, only the Figure of Eight test had a clinically meaningful improvement
(8.4 s) with levodopa. This improvement with levodopa in the Figure of Eight, without
improvement in axial tone, suggests that the Figure of Eight test is also constrained by mobility
components, such as bradykinesia and limb rigidity, which are improved by levodopa. A similar
explanation may account for the correlation between axial tone and the BBS and the Functional
Reach test in PD subjects ON, but not OFF. In the ON state, the primary constraint to perform
these tasks may be axial tone, whereas in the OFF state other symptoms of the disease, such
as gait deficits and bradykinesia may be more limiting to functional performance.

Limitations in measuring axial tone and functional performance
Our measure of neck tone did not correlate with clinical neck rigidity as measured with the
UPDRS. Whereas our measure of tone with Twister showed no significant difference in neck
tone ON and OFF levodopa, the UPDRS measures of rigidity were reduced (rigidity: Item 22
and neck rigidity: part of Item 22; Table 1). There are many possible reasons for poor
correlations between our measure of tone and the clinical measure of rigidity, including:

1. Objectivity of tonic measurements—the experimenter assessing UPDRS was not
blinded to the medication status of subjects (OFF or ON) and the measure of rigidity
with UPDRS is based on subjective feeling of rigidity by the rater.

2. Sitting vs. standing posture—The subjects were sitting down when assessed tone with
the UPDRS, whereas in our measure of axial resistance, the subjects were standing
and actively maintaining their balance.

3. Planes of movement assessed in neck rigidity—Twister quantified rigidity in torsion
only, whereas the UPDRS score is obtained by summing the resistance in torsion,
flexion/extension, and lateral flexion.

4. Duration of rigidity test—Twister sampled axial resistance over 160 s at each segment
while the UPDRS measure of tone was tested over only a few seconds.

It is unknown exactly how axial tone affects mobility in individuals with PD. While we were
able to demonstrate correlations between axial tone and functional performance, there remain
many questions about what specific aspects of motor control these clinical tests actually assess.
Future studies employing both kinematic and EMG measures of functional performance are
needed to study how multi-segmental coordination is affected by axial rigidity in PD. Future
studies also need to explore how active axial tone measured with Twister can be influenced by
fatigue, postural alignment and attention. Although we have shown good reliability in young
subjects (Gurfinkel et al., 2006), the test-retest reliability in PD subjects has yet to be
investigated.
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Conclusions
This study suggests that abnormally high postural tone, especially in the neck, may contribute
significantly to balance and gait disorders in individuals with PD. Many falls in patients with
PD associated with sudden changes in postural orientation, such as turning, may be due to
inflexible control of axial postural tone (Bloem et al., 2001). A better understanding of the
relationship between axial postural tone and motor disability is needed to develop more
effective therapeutic interventions for PD.
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Fig. 1.
Panel A shows the raw data of the neck resistance when the head was fixed and the body was
twisted in one representative PD subject both OFF and ON medication and one control subject.
The peak torque measured for each cycle of left and right rotation used for the analysis are
indicated by bars in the shaded area. Bottom trace illustrates the signal from the rotating plate,
±10°, 1°/s. The torque-angle relation is shown in the same subjects. A flatter slope of the torque-
angle relationship indicates relatively little resistance to axial rotation. Panel B shows the mean
and SD of the neck, trunk and hip resistance to torsional rotation in all groups. ** denotes
p<0.01and *denotes p<0.05.
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Fig. 2.
Illustrates the cross-covariance between the torque signal and the rotation signal in one PD
subject ON and OFF their medication and one control subject.
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Fig. 3.
Relation between the peak to peak neck torque and the Figure of Eight (A) and the rollover
(B) in both PD OFF (boxes) and ON (circles). Regression lines are shown for the PD subjects
OFF (solid black) and ON (solid grey) medication.
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