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Abstract The proprioceptive, visual and vestibular sen-
sory systems interact to maintain dynamic stability dur-
ing movement. The relative importance and interplay
between these sensory systems is still not fully understood.
Increased knowledge about spatial perception and postural
orientation would provide better understanding of bal-
ance disorders, and their rehabilitation. Displacement of
the body in space was recorded in 16 healthy subjects per-
forming a sequence of stepping-in-place tests without any
visual or auditory cues. Spatial displacement and orienta-
tion in space were determined by calculating two param-
eters, “Moved distance (sagittal + lateral displacement)”
and “Rotation”. During the stepping-in-place tests vibra-
tion were applied in a randomized order on four different
cervical muscles, and the effects were compared between
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muscles and to a non-vibration baseline condition. During
the tests a forward displacement (“Moved distance”) was
found to be the normal behavior, with various degrees of
longitudinal rotation (‘“Rotation”). The moved distance was
significantly larger when the vibration was applied on the
dorsal muscles (916 mm) relative to on ventral muscles
(715 mm) (p = 0.003) and the rate of displacement was
significantly larger for dorsal muscles (36.5 mm/s) rela-
tive to ventral (28.7 mm/s) vs (p = 0.002). When vibration
was applied on the left-sided muscles, 16° rotation to the
right was induced (p = 0.005), whereas no significant rota-
tion direction was induced with right-sided vibration (3°).
The rate of rotation was significantly larger for vibration
applied on ventral muscles (0.44°/s) relative to on dorsal
(0.33°/s) (p = 0.019). The results highlight the influence of
cervical proprioception on the internal spatial orientation,
and subsequent for postural control.

Keywords Orientation - Position sense - Spatial
perception - Proprioception

Abbreviation
STIP Stepping-in-place

Introduction

Postural orientation and stability are dependent on complex
interactions between the proprioceptive, visual and vestibu-
lar sensory systems to coordinate movements in response to
varying demands and challenges (Cullen et al. 2011). Dys-
function in any of these systems cause suboptimal postural
orientation, sometimes manifested as decreased stability or
dizziness. Cervical proprioception is of special importance
for spatial orientation, since it provides a reference frame,
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of how the head is positioned and moves relative to the
trunk. This feature is essential for a correct interpretation
of visual and vestibular inputs, e.g., for gaze stabilization
during head movements (Mergner et al. 2001). Since ves-
tibular afferents encode active and passive head movements
identically, cervical proprioception acts as a reference to
perceive the actual position of the head relative to the trunk
(Mergner and Rosemeier 1998; Cullen et al. 2011). Pro-
prioception is also important for performing coordinated,
correctional and targeted intersegmental movements (For-
tier and Basset 2012). The abundance of proprioceptors in
the cervical region, in muscles and joints, reflects the spe-
cial importance of detailed information from this region for
fine-tuned movement control (McLain 1994; Kulkarni et al.
2001; Boyd-Clark et al. 2002). Disturbed proprioceptive
information can induce illusions of distorted body percep-
tion (Lackner 1988). Pain of different etiology influences
cervical proprioception (Revel et al. 1991; Heikkila and
Astrom 1996; Rix and Bagust 2001; Lee et al. 2008; Paulus
and Brumagne 2008; Malmstrom et al. 2013), sometimes
manifested as dizziness due to sensory mismatch (Reason
1978) and denoted as “cervicogenic dizziness” (Karlberg
et al. 1996; Wrisley et al. 2000; Brandt and Bronstein 2001;
Reid and Rivett 2005; Malmstrom et al. 2007; Lystad et al.
2011). However, the lack of reliable clinical tests and the
uncertainty about the impact of disturbed cervical proprio-
ception on spatial orientation, still makes ‘“cervicogenic
dizziness” debatable (Brandt and Bronstein 2001; Yacovino
and Hain 2013).

To evaluate the contribution of cervical propriocep-
tive contribution for spatial orientation, it is necessary to
exclude/reduce other sensory information. Visual informa-
tion is easily eliminated by closure of the eyes and by the
concurrent use of a blindfold. Mechanoreceptive informa-
tion can partly be reduced while performing a stepping-in-
place test, since during stepping the feet only have a brief
period of contact with the support surface. During experi-
mental conditions cervical disturbances have been shown
to modify gaze direction (Biguer et al. 1988), as well as
body-centered coordination (Bove et al. 2002). The exist-
ence of a short-latency integrative system between cervi-
cal proprioception and the activation of postural muscles
has been suggested for postural control (Magnusson et al.
2006), and cervical proprioception have been shown to
modulate vestibular-dependent motion perception (Pet-
torossi et al. 2015).

The cervical proprioceptive capacity can indirectly
be tested with sensorimotor tests, commonly by testing
the ability to reproduce different predetermined head on
trunk positions (Revel et al. 1991; Loudon et al. 1997;
Dvir and Prushansky 2000; Malmstrom et al. 2013). The
importance of cervical proprioception for postural orien-
tation can be tested by different perturbations of cervical
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muscles (Wierzbicka et al. 1998; Strupp et al. 1999;
Ivanenko et al. 2000; Bove et al. 2002; Karnath et al.
2002; Magnusson et al. 2006; Fransson et al. 2007; Patel
et al. 2010). Perturbations with vibration applied on mus-
cles have been shown to produce a response proportional
to the vibration frequency and the vibration amplitude
(Roll and Vedel 1982; Fransson et al. 2007). Vibration
(at 70-100 Hz frequencies) stimulates the muscle spin-
dle, considered the most important proprioceptor (Roll
and Vedel 1982). Vibration over cervical muscles do not
cause any recorded concomitant stimulation of the vestib-
ular organs, which could have been suspected due to their
close proximity (Magnusson et al. 2006) The effect of
vibratory induced perturbations on cervical muscles dur-
ing a stepping-in-place test could contribute to a deeper
understanding of the plasticity of spatial orientation and
how human postural control over time withstands propri-
oceptive disruptions.

The overall aim of the study was to investigate the
influence of cervical proprioceptive perturbation on pos-
tural control and its importance for the perception of spa-
tial orientation while moving. We wanted to examine the
potential causal relationship between perturbed cervical
proprioception and altered spatial orientation.

Materials and methods
Subjects

Sixteen young healthy subjects participated in the study
(8 men, 8 women, mean age 24 (19-34 years); mean
height 175 cm (160-194 cm); mean weight 73 kg (55—
104 kg). They were recruited through advertisement or
through personal recruitment at the university, at work-
places and at spare time activities. The subjects consid-
ered themselves as healthy and had no ongoing neck
pain, nor a history of neck pain conditions or injuries to
the head or neck, or any symptoms from the vestibular
system such as dizziness or imbalance, or any injuries/
sensory losses in the lower limbs. All subjects were right-
handed. They got uniform information about test setup
and procedures and were informed that they could stop
the participation during the test at any time and for any
reason, without giving any explanation. Informed consent
was obtained from all individuals included in the study.
The study conforms to the standards set by Declaration of
Helsinki, 2004 and was approved by the ethics board at
the Health Sciences, Lund, Sweden and Regional Ethics
Review Board, Lund University, Lund, Sweden (Vard-
vetenskapliga Etikndmnden, §LU189-00, §LU65-1989,
411/2006). All personal confidential data were handled
according to the Personal Data Act (1998:204).
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Experimental design

The spatial position and rotation of the body around its own
longitudinal axis was continuously recorded in real-time
while performing a modified Fukuda stepping-in-place test
(STIP) (Fukuda 1959; Bonanni and Newton 1998; Dvir
and Prushansky 2000; Bove et al. 2002; Weber et al. 2002).
The STIP was conducted either with or without vibration
directed to the dorsal or ventral cervical muscles at either
side of the neck in a randomized order.

The STIP was performed in a quiet room, without any
distracting or external reference cues. Before the tests were
performed, the subjects were allowed to familiarize them-
selves with the equipment and test procedures. The subjects
got identical oral instructions (read out loud from a proto-
col by the examiner), about stepping in place with alternat-
ing leg lifts at similar pace and with foot lifts resembling
the height of stair steps. Lesser steps than the original 100,
introduced by Fukuda himself (Fukuda 1959) has been sug-
gested (Bonanni and Newton 1998; Paquet et al. 2014).
We have adopted the suggestions by Bonanni (Bonanni
and Newton 1998), using 50 steps with the modification
of average time for 50 steps (35 s). In a familiarization
STIP the subjects performed 50 steps (Bonanni and New-
ton 1998), guided by the examiners counting, who also if
necessary corrected the pace or height of the steps. Then
the recording devices and vibrators were attached to the
subjects and they were blindfolded and also asked to close
their eyes. The subjects wore earplugs to minimize external
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Fig. 1 a The stepping-in-place tests (STIP) were performed with the
subjects blindfolded and with vibrators applied on ventral and dorsal
cervical muscles using a flexible neck attachment. b Subjects spatial
drift during STIP, quantified as moved distance and as rotation along

b Transversal plane
displacement

audiological reference cues, but were still able to hear ver-
bal instructions. The subjects were spoken to during the
test only for safety reasons and then directly from the front
and from the same distance throughout the test. The sub-
jects used comfortable shoes and stood upright with feet
together at the start of the tests, with their arms hanging
down alongside the body (Fig. 1a).

Each stepping test was performed during 35 s. This time
was the median time for a 50-stepping-in-place test in a
pre-study, after recommendations by Bonanni (Bonanni
and Newton 1998), to achieve comparable recordings in the
Zebris® system. Of those 35 s, the initial 25 s of the record-
ings were used in the final analysis (Fig. 1b). Twenty-five
seconds were regarded best suitable as the endpoint of dis-
placement quantification, since some of the subjects moved
outside the measuring range or angle of the equipment
during longer performance. After each stepping test the
subjects were helped to sit down on a mobile office chair,
resting their feet on a footrest. Then the chair was moved
back to the initial starting position by the test leader, with
random movements in order not to give any informational
cues about the actual spatial displacement made during the
previous STIP.

The subjects performed, in one uninterrupted sequence,
the STIP 3 times (denoted I, II, III) for each of the five
test conditions assessed (non-vibration; vibration ventral/
dorsal, right/left). The non-vibration condition was always
the initial, defined as baseline, followed by the vibration
conditions, performed in randomized order (Latin square
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the longitudinal body axis at 5-s intervals (see dots). The moved dis-
tance was calculated from the 3D-motion system coordinates for sag-
ittal and frontal displacement in mm and from the 3D-motion system
recordings of longitudinal rotation in the transversal plane in degrees
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design: ventral/dorsal and right/left). To eliminate any
residual vibration effect from previous tests, a “wash-out”
35 s STIP without vibration was performed before a new
vibration condition (Rogers et al. 1985; Ribot-Ciscar et al.
1998).

Disturbance of cervical proprioception by vibration

The vibrators were attached over the sternocleidomastoid
muscle ventrally (denoted ventral muscles) and the paraspi-
nal muscles at C2-3 level dorsally (denoted dorsal mus-
cles) with adhesive tape (K-Active Sweden). No contact
with the head nor the spine was allowed. The attachment
was reinforced with an elastic pad (Tubigrip), securing the
vibrators to stay in place during the test. The vibrators were
attached alongside over the middle of the sternocleidomas-
toid muscle belly and attached horizontally across the uni-
lateral paraspinal musculature at C2—-C3 level. Cylindrical,
high intensity vibrators (60 x 10 mm) producing a vibra-
tion of 1.0 mm amplitude and at a frequency of 85 Hz were
used in the study. During all vibration conditions, the vibra-
tion was continuously on during the entire 35 s STIP, with
the start and ending of the vibration in close connection to
the STIP.

Assessment of spatial body position and longitudinal
rotation

The spatial body position in 3D space and rotation around
the body‘s own longitudinal axis was recorded in real-
time by a 3D motion analysis system, Zebris® (Zebris®
CMS-HS, with software Win-Spine, version 1.78; Zebris
Medizintechnik GmbH, Isny, Germany) (Dvir and Prush-
ansky 2000). The recording equipment consisted of a hel-
met and a shoulder cap, equipped with three ultrasound
microphones that made determination of the absolute posi-
tion in space and body rotation in 3D space possible. The
Zebris® helmet was attached on the subject’s head (body
position in space and rotation), and the Zebris® shoul-
der cap was attached to the wall (reference), just behind
the subjects in their starting position (Fig. 1). The micro-
phones received signals from three transmitters on a frame,
positioned approximately 1.5 m to the right of the sub-
ject. The sampling frequency of position and rotation data
was 50 Hz. The Zebris® measures distances to the micro-
phones according to the principle of the timing of the inter-
vals between the emission and the reception of ultrasound
pulses. The absolute 3D coordinates are then calculated by
triangulation. The 3D motion analysis system records the
subject’s spatial position within a distance of 2.5 m from
the transmitter in all 3 dimensions, with a resolution better
than £1 mm, and records the subject’s angular orientation
with a resolution of about +0.1 degrees in all 3 dimensions
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(Zebris® CMS-HS manual; Zebris Medizintechnik GmbH,
Isny, Germany). The movement trajectory during STIP was
typically within 1.0-1.5 m from the transmitter stand and
deviated never more than 1.8 m from the stand for any sub-
ject and test condition investigated.

Notably, during all tests, the subjects kept their head
position still, relative to the trunk, and thus, the rotation
values always represent body rotation as a whole around
the body’s longitudinal axis.

Data analysis

Displacement emanated during the STIP from a body-
centered perspective and consequently, was regarded as an
expression for the perception of the actual body position in
space.

The body position was quantified at 5-s time interval,
i.e., at the starting point (0 s) and thereafter at five defined
time points (5, 10, 15, 20, 25 s). The exact spatial displace-
ment and the orientation of the body in space at each of
these time points were determined by calculating two
parameters, defined as “Moved distance” and “Rotation”.
“Moved distance” represents the subject’s total displace-
ment in absolute terms, calculated from the frontal and
sagittal positions with reference to the start position at O s.
It was summarized into one value for each time sample,
using Pythagorean Theorem (Fig. 1b). “Rotation” repre-
sents orientation of the body along the longitudinal axis,
assessed and presented by the Zebris® software in degrees.
Positive values represent a rotation towards the right
(clockwise) with reference to the initial O degree position
and negative values represent a rotation towards the left
(counter-clockwise).

A statistical analysis of the three repetitions of STIP dur-
ing each test condition (denoted I-IIT) revealed that repeat-
ing the STIP in sequence produced no significant order
effect when subjected to vibration. Thus, to reduce meas-
urement artifacts, the mean value for the three repeated
STIP during the same test condition were calculated for the
six defined time points (0, 5,...,25 s) for each of the test
conditions, and used in the final analysis. When the first
STIP was performed at baseline, STIP I differed consider-
ably from STIP II and III, which forms the rationale to use
data only from STIP II and III in analyses when calculat-
ing moved distance and rotation and when comparing with
conditions with vibration.

Statistics

The two parameters “Moved distance” and body “Rotation”
were evaluated with multivariate analyses to determine the
role of both main factors and main factor interactions using
two-step procedures: (1) an initial repeated measures GLM
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ANOVA (General Linear Model Analysis of Variance)
followed by (2) post hoc within-individuals evaluations.
Twelve GLM ANOVA + post hoc analyses (six for each
signed parameter “Moved distance” and body ‘“Rotation”)
were done to: (I) determine the applicable baseline perfor-
mance without vibration; (II) determine the performance
and differences between vibration applied at four different
cervical muscle sites, (III) compare the performance when
vibration was applied on each of the different cervical
muscle sites to the recorded baseline performance without
vibration.

For analysis (I), a GLM model including one main fac-
tor “Time”, (0, 5,...,25 s; df 5) evaluated if “Moved dis-
tance” and body “Rotation” systematically changed over
time during STIP.

For analysis (II); a GLM model including three main
factors “Muscle” (ventral, dorsal; df 1); “Side” (left, right;
df 1); and “Time”, (0, 5,...,25 s; df 5) and their interac-
tions evaluated if the kind of muscle submitted to vibration
changed ‘“Moved distance” and body “Rotation” and if the
vibrated muscle site had a weaker or stronger effect over
time.

For analysis (II1), four GLM models including two main
factors “Vibration” (no vibration; vibration, df 1); and
“Time”, (0, 5,...,25 s; df 5) and their interactions evalu-
ated if vibration submitted to any of the four muscle sites
made the performance of “Moved distance” and the body
“Rotation” change compared to the baseline performance
without vibration and if so, if the vibrated muscle site had a
weaker or stronger effect over time.

Moreover, as part of the post hoc evaluation, the best
fitting dynamic patterns and time constants describing the
changes in “Moved distance” and the body “Rotation” over
time were determined using linear or exponential regres-
sion models. The regression analysis provides information
about the robustness of spatial orientation over time. If the
deviations are linear over time, then this suggest that there
is a fairly constant bias in spatial perception, but also that
there is a certain robustness in the performance. However,
if the deviations are exponential, this may indicate that,
e.g., the ability to sense rotation after a certain point in time
may be dramatically reduced. Longitudinal rotation was in
the population fairly equally distributed between right (pos-
itive values, clockwise) and left rotations (negative values,
counter-clockwise). Thus, when analyzing the temporal
properties of the body rotation we found reasons to analyze
both signed and absolute rotation values. Additionally, the
Wilcoxon signed-rank tests (Exact two-tailed) was used for
within-individuals post hoc comparisons. Non-parametric
statistical tests were used as some data sets were not nor-
mally distributed following the Shapiro—Wilk test.

In all GLM ANOVA tests, p < 0.05 was considered
significant. In the Wilcoxon comparisons p < 0.05 was

considered significant when evaluating effect of muscle
and side location, whereas p < 0.0125 was considered sig-
nificant when evaluating individual effects of vibration on
muscle sites vs. baseline performance, following Bonfer-
roni correction principles.

A sample size analysis using G-power™ evidenced a
power value of 0.8 for both parameters “Moved distance”
and “Rotation”.

Results

Moved distance and longitudinal rotations
without vibration

A pre-analysis of the data revealed an initial order effect
when determining the baseline performance. The perfor-
mance during the first stepping sequence (I) differed from
the second (II) and third (IIT) sequence, at which the per-
formance were near identical between repeated tests. When
analyzed, there was a significant effect of repetition on
moved distance for STIP I, II, IIT (p = 0.001, F 15.5), but
not for STIP II, III (p = 0.206, F 1.7). Thus, the applica-
ble baseline performance without vibration was determined
best reflected by averaging the data on sample level from
STIP II and III (Table 1).

The “Moved distance” increased significantly over
“Time” (p < 0.001, F = 99.7) during the baseline record-
ings, resulting in a total displacement of 804.5 mm (SEM
78.3) during the 25 s assessed (Table 1; Fig. 2a). However,
on group level “Rotation” was not significantly systemati-
cally changed over “Time” (p = 0.531, F = 0.4) from the
initial ‘straight ahead orientation’ during baseline record-
ings, but individually rotations were seen in both directions
with an average rotation during STIP by 3.6 degrees (SEM
5.8) to the left (Table 1; Fig. 2c).

Moved distance and longitudinal rotations
with vibration

Moved distance: repeated measures GLM ANOVA

The “Moved distance” was significantly larger (p = 0.003,
“Muscles”) when the vibration was applied on the dorsal
muscles relative to the ventral muscles (Table 2). Moreo-
ver, the “Moved distance” increased significantly over time
(p <0.001, “Time”) when vibration was applied.

The GLM ANOVA interactions revealed that the
“Moved distance” increased significantly faster over time
(p = 0.002, “Muscles x Time”) when the vibration was
applied on the dorsal muscles relative to the ventral mus-
cles. Furthermore, the “Moved distance” increased sig-
nificantly faster over time by (p = 0.025, “Side x Time”)
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Table 1 Effects of muscle category (dorsal, ventral; left, right) and time on the parameters moved distance and longitudinal rotation

Parameters Statistical results: no vibration vs. muscle vibration
Moved distance® Rotation®
Moved distance  Rotation (°)®¢ Vibration  Time Vibration x Vibration Time Vibration x
(mm)® time time
No vibration 628 (63) —13.6(7.0) - - - - - -
(STIP )
No Vibration? 804 (78) —-3.6(5.8) - <0.001 - - 0.531 -
(STIP 11, 1II) (99.7) 0.4)
Dorsal left 911 (82) 132(54) 0.023 <0.001 0.006 0.001 0.201 0.002
(6.4) (123.6) (10.1) (18.9) (1.8) (13.3)
Dorsal right 920 (93) 3.1(59) 0.019 <0.001 0.004 0.274 0.091 0.005
(6.9) (107.4) (11.2) (1.3) (3.3) (10.5)
Ventral left 693 (70) 17.8 (6.8)  0.105 <0.001 0.013 0.005 0.143 0.023
3.0 (113.7) (7.9) (10.5) 2.4) (6.5)
Ventral right 737 (74) 3.0(7.2) 0.350 <0.001 0.065 0.259 0.360 0.097
0.9 (110.8) (4.0) (1.4) 0.9) 3.1

* The analyses evaluated the effects of main factors: Vibration, Time and the interaction effect between main factors Vibration x Time [p values
and (F values)]

® Moved distance and longitudinal rotation [mean and (SEM)]
¢ Positive values represent rotation towards the right (clockwise), negative values represent rotation towards the left (counter-clockwise)
4 STIP I, I1I in the non-vibration condition = baseline

a b Signed values
1100 Rightward &
1000 rotation
— 900 2
E 800
o 700 % s
3 600 «=@== Dorsal Left &0 «=@= Dorsal Left
=
s «=@== Dorsal Right a «=@= Dorsal Right
2 500 = 10
= Ventral Left 2 Ventral Left
o 400 = - )
2 300 «=@= Ventral Right E 5 8= Ventral Right
§ 200 Baseline Baseline
100 , 0 —
0 — Leftward
0.0 50 100150 200 250 rotation 0.0 50 100 150 200 250
Time [s] Time [s]
C Absolute values
30
25
=0
5 20
= «=@== Dorsal Left
=
2 15 «=@== Dorsal Right
-
g Ventral Left
10
& ==@= Ventral Right
5 Baseline
0
0.0 5.0 100 150 200 250
Time [s]
Fig. 2 a Moved distance during each test condition (mean and SEM left sided muscles was the only test condition that produced a system-
values). The moved distance increased during dorsal vibration rela- atic directional rotation while performing STIP. ¢ Absolute longitu-
tive to the baseline condition and diminished during ventral vibra- dinal rotation (mean and SEM values). Vibration on ventral muscles

tion relative to the baseline condition. b Signed longitudinal rotation caused a slightly larger rotation compared to vibration on dorsal mus-
(mean and SEM values). The signed values show that vibration on the cles
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Table 2 Effects of time and vibration applied on dorsal and ventral muscles, left and right side, on the parameters moved distance and longitudi-

nal rotation

Parameters Statistical results: vibration

Muscle Side Time Muscle x Side Muscle x Time Side x Time Muscle x Side x Time
Moved distance®  0.003 0.424 <0.001 0.388 0.002 0.025 0.173

(12.5) 0.7) (119.2) (0.8) (13.2) (6.2) 2.0)
Rotation® 0.597 0.005 0.061 0.713 0.019 0.012 0.009

0.3) (10.8) 4.1 0.1 (6.9) 8.1) 9.0)

* The analyses evaluated the effects of main factors: Muscle (dorsal, ventral), Side (left, right), Time, and all combinations of interactions

between main factors [p values and (F values)]

when the vibration was applied on the right muscles rela-
tive to the left muscles.

Moved distance: post hoc evaluations

The post hoc evaluation revealed that the “Moved dis-
tance” was significantly longer during STIP with dorsal
vibration than during ventral vibration (p < 0.001). More-
over, vibration applied on the right side produced a sig-
nificantly longer “Moved distance” than vibration applied
on the left side (p = 0.014).

Rotation: repeated measures GLM ANOVA

The “Rotation” was significantly larger to the right
(p = 0.005, “Side”) when the vibration was applied on
the left side muscles relative to the right side muscles.

The GLM ANOVA interactions revealed that the
“Rotation” increased significantly faster to the right over
time (p = 0.019, “Muscles x Time”) when the vibra-
tion was applied on the ventral muscles relative to the
dorsal muscles. Furthermore, the “Rotation” increased
significantly faster to the right over time (p = 0.012,
“Side x Time”) when the vibration was applied on the
left muscles relative to the right muscles. Finally, the
“Rotation” increased significantly faster to the right
over time (p = 0.009, “Muscle x Side x Time”) when
the vibration was applied on the left ventral muscle rela-
tive to the average values found when the vibration was
applied on the other muscle sites.

Rotation: post hoc evaluations

The post hoc evaluation revealed that the “Rotation” was not
significantly different between dorsal and ventral vibration
(p = 0.651). However, vibration applied on the left side pro-
duced a significantly larger “Rotation” to the right than vibra-
tion applied on the muscles on the right side (p < 0.001).

Moved distance and longitudinal rotations comparing
with and without vibration

Moved distance: repeated measures GLM ANOVA

The “Moved distance” was significantly larger (p = 0.023,
“Vibration) when the vibration was applied on the dorsal
left muscles relative to the baseline (Table 1). Similarly,
the “Moved distance” was significantly larger (p = 0.019,
“Vibration””) when the vibration was applied on the dorsal
right muscles relative to the baseline.

The “Moved distance” increased significantly over
time (p < 0.001, “Time”) for all vibration test conditions
when analyzed together with the test baseline data in the
GLM model (Fig. 2a).

The GLM ANOVA interactions revealed that the
“Moved distance” increased significantly faster over time
when vibration was applied on dorsal muscles relative to
the baseline (p = 0.006, vibration left side; p = 0.004,
vibration right side) (“Vibration x Time”). The “Moved
distance” increased significantly slower over time when a
vibration was applied on the ventral left muscles relative
to the baseline (p = 0.013, vibration left side) (“Vibra-
tion x Time”) (Fig. 2a).

Moved distance: post hoc evaluations

The post hoc evaluation revealed that the “Moved distance”
was significantly longer during STIP with dorsal left side
vibration (p < 0.001) and dorsal right side vibration (p < 0.001)
relative to the baseline condition. Moreover, the “Moved dis-
tance” was significantly shorter during STIP with ventral left
side vibration (p = 0.005), but not during ventral right side
vibration (p = 0.387) compared with the baseline test.

Rotation: repeated measures GLM ANOVA

The “Rotation” was significantly larger to the right
(p < 0.001, “Vibration”) when the vibration was directed
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to the dorsal left muscles relative to the baseline. Simi-
larly, the “Rotation” was significantly larger to the right
(p = 0.005, “Vibration”) when the vibration was directed to
the ventral left muscles relative to the baseline. The “Rota-
tion” did not change significantly over time (p > 0.091,
“Time”) for any cervical vibration test conditions relative to
the baseline data in the GLM model (Table 1).

The GLM ANOVA interactions revealed that “Rota-
tion” increased significantly faster over time to the right
when vibration was applied on the dorsal left muscles
(p = 0.002, “Vibration x Time”) and to the ventral
left muscles (p = 0.023, “Vibration x Time”) relative
to the baseline. However, the “Rotation” was signifi-
cantly slower over time to the right (p = 0.005, “Vibra-
tion x Time”) when vibration was applied on the dorsal
right muscles relative to the baseline condition. Of note,
without vibration the predominant rotation during STIP
was to the left, although not significantly so (Table 1).

Rotation: post hoc evaluations

The post hoc evaluation revealed that the “Rotation” was
significantly larger to the right during STIP with dor-
sal left side vibration (p < 0.001), but not during dorsal
right side vibration (p = 0.143) compared to the baseline

condition. Moreover, the “Rotation” was significantly
larger to the right during STIP with ventral left side
vibration (p < 0.001), but not during ventral right side
vibration (p = 0.182) compared to baseline test.

Resilience and dynamic component of spatial
orientation

Moved distance

We found that a linear regression model best described the
changes over time when analyzing the temporal properties
of moved distance in detail (Table 3). The moved distance
during the baseline (time constant 32.3 mm/s, p < 0.001)
increased by dorsal vibration to 36.5 mm/s (right and left
vibration, p < 0.001), and decreased by ventral left vibra-
tion to 28.0 mm/s (p < 0.001), and by ventral right vibra-
tion to 29.5 mm/s (p < 0.001).

Longitudinal rotation

The absolute rotation values were found to change over
time following an exponential regression model, almost
identical for all the different test conditions (Table 3). In
the baseline condition the rotation had a time constant

Table 3 Regression analysis of changes in moved distance and longitudinal rotation over time

Regression model Vibration site/state p value® Time constant (mm/s)
Linear
Moved distance—signed values® Dorsal left <0.001 (236.6) 36.5
Dorsal right <0.001 (193.1) 36.5
Ventral left <0.001 (206.0) 28.0
Ventral right <0.001 (196.9) 29.5
Baseline <0.001 (214.5) 323
Linear (°/s)
Rotation—signed values® Dorsal left 0.002 (10.4) 0.51
Dorsal right 0.779 (0.1) 0.16
Ventral left <0.001 (14.8) 0.74
Ventral right 0.996 (0.0) 0.14
Baseline 0.114 (2.5) —0.15
Exponential (°/s)
Rotation—absolute values Dorsal left <0.001 (62.9) 0.036
Dorsal right <0.001 (70.8) 0.036
Ventral left <0.001 (70.6) 0.043
Ventral right <0.001 (70.0) 0.039
Baseline <0.001 (147.3) 0.041

# p values and (F values) are reported

® Data sets with “Moved distance” included no negative values, thus, regression analyses were made only on signed values

¢ Positive values represent longitudinal rotation towards the right (clockwise), negative values represent rotation towards the left (counter-clock-

wise)
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of 0.041°/s (p < 0.001). Dorsal vibration induced some-
what slower rotation than baseline with a time constant of
0.036°/s (right and left vibration, p < 0.001). Ventral left-
sided vibration induced somewhat faster longitudinal rota-
tion compared to baseline, 0.043°/s (left p < 0.001) and
ventral right-sided vibration induced somewhat slower
rotation compared to baseline, 0.039°/s (right p < 0.001).
At further review, a rotation change of about 0.5°/s was
observed for the first 10 s, thereafter this displacement
increased to 1°/s during baseline, and during dorsal vibra-
tion and ventral left vibration, whereas ventral right vibra-
tion produced a 1°/s rotation already from the start of vibra-
tion (Fig. 2b).

The signed rotation values were found to change over
time following linear regression model. A systematic rota-
tion was not found for the baseline condition (p = 0.330),
but the subjects rotated often equally and with the same
velocity in both left and right direction. Similarly, during
vibration on right side muscles, there were no systematic
preference for the direction of rotation (dorsal, p = 0.317,
ventral, p = 0.496). However, for left-sided vibration there
was a systematic side preference for rotation direction to
the right (dorsal, time constant 0.51°/s, p = 0.002 and ven-
tral, time constant 0.74°/s, p < 0.001) (Table 3; Fig. 2c).

Discussion

Spatial orientation has in this study been confirmed to be a
highly adaptable system with regards to the interpretation
of available sensory information. We were able to deter-
mine a causal relationship between a disturbed information
from cervical muscles and an altered spatial orientation
with muscular-specific displacement during the stepping
test.

Forward displacement was the normal behavior during
STIP in the absence of visual information. This displace-
ment increased when vibration was applied on the dorsal
muscles and decreased during ventral vibration. Vibration
on the ventral muscles caused a faster longitudinal rota-
tion than dorsal vibration. The vibratory perturbation thus
caused illusions of movements, shown by muscular-spe-
cific displacement during STIP. The dynamic component,
by means of the duration effect during different conditions,
showed both altered moved distances and larger values for
longitudinal rotation in the vibration conditions relative to
the baseline.

Moved distance
The dynamic component of STIP was most obvious for

moved distance, both with and without vibratory pertur-
bation. Regression analyses revealed a linear, constant

forward movement for the moved distance. Notably, propri-
oceptive disturbances by vibration on dorsal cervical mus-
cles increased the “natural” linear forward displacement of
moved distance, whilst vibration ventrally decreased this
“natural” forward displacement. The results corroborate
previous studies of an increased forward displacement dur-
ing dorsal cervical vibration (Ivanenko et al. 2000) with the
additional finding of a slower forward displacement when
vibrating ventral muscles (Table 3; Fig. 2a).

Since proprioception supply information about the head
on trunk position, the effect of vibration on cervical mus-
cles could be assumed to impact the spatial orientation
according to the muscle’s function. Vibration is thought to
affect the muscle spindles and simulate elongation. Vibra-
tion towards the dorsal muscles will consequently be inter-
preted as a dorsal movement of the torso relative to the
head, and vice versa. Probably, during the STIP, the percep-
tion of this simulated muscle elongation is actively being
compensated for, i.e., efforts are made to counter the simu-
lated movement. Accordingly, our results suggest that dor-
sal vibration resulted in more forward displacement, whilst
ventral stimulation resulted in a diminished effect.

Longitudinal rotation

Vibration-induced-rotation appeared to be side specific
(Tables 1, 2). For left side vibration there was a systematic
side preference to the right (Table 3; Fig. 2b). Moreover, in
absolute values the rotational effect was obvious during all
test conditions (Table 3; Fig. 2c). However, vibration on the
ventral muscles resulted in faster rotation than dorsal vibra-
tion (Table 3). The vibratory stimulation seemed to induce
the rotational displacement in an exponential fashion, i.e.,
for each of the first 10 s with a time constant of about
0.5°/s and thereafter with 1°/s (Fig. 2¢) in corroboration
with findings by Bove and coworkers (Bove et al. 2002).
Hence, these findings indicate that the ability to sense rota-
tion after a certain point of time might dramatically be
reduced. Thus, the perception of current position was main-
tained during the initial period during STIP to gradually
deteriorate over time, especially during vibration on the
ventral sternocleidomastoid muscle—a powerful rotator of
the neck. The late onset of the vibratory effect could pos-
sibly be explained by retained spatial information for the
first 10 s, after which the proprioceptive sensory illusions
became too powerful. It could be speculated that the rota-
tional displacement occurred due to an increased reliance
on proprioceptive information and a less reliance on ves-
tibular information in the actual setting with no visual and
auditory cues.

Recently, side preferences has also been reported by
Paquet and coworkers during rotation, linked to preferred
foot in the Fukudas stepping test (Paquet et al. 2017). Our
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subjects were all right-handed, and handedness can pos-
sibly be linked to preferred leg/foot. We could, therefore,
assume that side predominance could underlie a side pref-
erence for our group as well. We have earlier found some
asymmetry in movement detection in head on trunk repo-
sitioning, favoring a left side dominance (Malmstrom et al.
2009). For the non-vibrated condition, direction of rotation
was found to be leftwards (Fig. 2b), a side preference also
described by Bonanni (1998).

However, during vibration we found a systematic muscle
specific influence and we, therefore, postulate that the find-
ings during these conditions were related to the actual pro-
prioceptive perturbation. In summary, we found larger rota-
tion when the left side was stimulated, and a larger moved
distance when the right side was stimulated. Whether these
side differences have anything to do with hemispherical
dominance would be interesting to elucidate in the future.

When the direction of rotation was normalized into
absolute values, the effect of vibration was more consistent
(Fig. 2¢). Supported by functional anatomy, one would expect
perturbations to the ventral sternocleidomastoid muscle to
alter spatial orientation along the longitudinal axis more than
dorsal paraspinal perturbations, and so was the case (Fig. 2c).

The cervical proprioceptive influence on spatial dis-
placement has earlier been investigated during stepping
and walking by Bove and coworkers (Bove et al. 2001,
2002). They found muscle specific displacement, explained
by modification of the body-centered coordinates in an
internal model. Our results favor a muscle specific dis-
placement, but not from a “spatial neutral position”, but
rather with individual variations in the baseline condition
(Table 3; Fig. 2). Natural individual variations have earlier
been reported between subjects (Paquet et al. 2017).

Method

We controlled that no external cues during the STIP
assisted spatial orientation perception; the instructions
came throughout the test from the same distance and
directly from front, the helmet (150 g) was mounted cen-
tered, all vibrators were attached during the whole test and
cables were lifted during the test not to tighten (Fig. 1 a).

Except for the baseline condition, where the first step-
ping test excelled, there was no significant repetition effect
within the rest of the test conditions. The significant repeti-
tion effect in the baseline condition disappeared when STIP
I was omitted. For the vibration conditions with each three
STIP performances, no repetition effect was found.

The distance of displacement during moved distance
could possibly be shorter if the subjects held their arms in
90° elevation as Fukuda (1959) and Bonanni (1998). How-
ever, we adopted arms alongside in accordance with Paquet
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(2014) since we wanted to minimize the risk of fatigue in
the neck and shoulder muscles which were perturbed. We
also wanted to reduce the need for control of a retained arm
position during performance and thereby to change focus
from stepping in place. The arm position was consistently
alongside the body for all STIP and would, therefore, not
have an impact on the results.

We considered all subjects healthy, as stated by them-
selves and confirmed with an anamnestic checkup. We did
not check for vestibular asymmetry, a possible confounder
(Kristinsdottir et al. 2001). Our subjects; however, were at
an age where vestibular asymmetry due to age-related dys-
function is less common and thus conclude the results to
originate from the perturbation of cervical proprioception.

Since all STIP was performed at the same cadence, we
assume the displacement, expressed as forward displace-
ments and rotation around the longitudinal axis, to be a
spatial, compensatory mechanism to correct for perceived
movements, triggered by disturbances of vibration on the
cervical muscles.

Clinical implications

Postural control disturbances, investigated in the standing
position, have been found in several cervical pain condi-
tions (Karlberg et al. 1995; Giacomini et al. 2004; Stapley
et al. 2006). Howeyver, postural disturbances prevail when in
motion. The results from this study suggest the stepping-in-
place test to be able to detect changes related to spatial orien-
tation during motion. Since visual and auditory information
was omitted and mechanoreceptive information reduced dur-
ing the stepping in place, we suggest this test setup to reflect
how internal reference frames are used for spatial orienta-
tion. The importance of somatosensory information for the
control of postural stability, expressed in more explorative
patterns during locomotion has lately been reported by Chien
and coworkers (Chien et al. 2016) and favor examinations
during motion as a complement to quite stance.

The first STIP (I) in the baseline condition, i.e., the first
test condition in the test setup, differed from the rest of
the tests. During this first STIP the subjects were probably
influenced by available reference frames before the test
started, i.e., having a visual (external) memory of the test
area. After the first STIP the performance changed which
could reflect a diminished memory (external guidance)
with a shift towards more reliance on internal reference
frames (Ruotolo et al. 2016). A possible shift into greater
reliance on proprioception suggest a reweighting of avail-
able sensory information. This reweighting has earlier been
proposed by Tjernstrom and coworkers, and might explain
the order effect (Tjernstrom et al. 2010).

Our results support a causal relationship between dis-
rupted cervical proprioceptive information and altered
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perception of spatial orientation. In its extension, this
expression of disorientation might have clinical impli-
cations also when dealing with cervical pain conditions,
i.e., disrupted cervical proprioception could cause imbal-
ance and even dizziness due to sensory mismatch (Rea-
son 1978; Brandt and Bronstein 2001). Since the results
suggest that cervical proprioceptive disturbances impact
spatial orientation, the present study indirectly supports
disturbed cervical proprioception as a possible cause
for dizziness of cervicogenic origin (Bove et al. 2001);
(Wrisley et al. 2000; Brandt and Bronstein 2001). Cer-
vical muscle fatigue, commonly present in cervical pain
conditions, has also been demonstrated to effect spatial
orientation during locomotion (Schmid 2005) and head
on trunk orientation (Malmstrom et al. 2010).

The actual findings support the importance of pro-
prioception on dynamic properties of egocentric/inter-
nal spatial reference frames during locomotion and also
favor sensory reweighting in spatial orientation. The find-
ings might increase the understanding about how cervical
pain and disability interact with imbalance and dizziness.
Since disturbed proprioception impair spatial orientation
it can consequently affect the postural control system. As
cervical muscle disturbances affects spatial orientation it
could, therefore, cause imbalance or dizziness due to the
sensory mismatch theory (Reason 1978).

Conclusion

The results reveal a causal relationship between cervi-
cal proprioception and spatial orientation, supported by
muscle specific displacement during perturbation. The
moved distance was significantly larger when the vibra-
tion was applied on the dorsal paraspinal muscles relative
to on the ventral sternocleidomastoid muscles and the
rate of displacement was significantly larger during dor-
sal paraspinal muscle vibration. Rotation to the right was
induced during left-sided vibration and the rate of rota-
tion was significantly larger for ventral than dorsal vibra-
tion. Hence, disturbed cervical proprioception affects
the dynamic properties of spatial orientation and initiate
reweighting based on available sensory information.

Acknowledgements This research was supported by ALF, Depart-
ment of Otorhinolaryngology, Lund University Hospital, Lund, Swe-
den; The Swedish Medical Research Council, Stockholm, Sweden
and The Crafoord Foundation, Lund, Sweden.

Compliance with ethical standards

Conflict of interest No benefits in any form have been received by
any commercial party related to the subject of this manuscript.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Biguer B, Donaldson IM, Hein A, Jeannerod M (1988) Neck mus-
cle vibration modifies the representation of visual motion and
direction in man. Brain 111(Pt 6):1405-1424

Bonanni M, Newton R (1998) Test-retest reliability of the Fukuda
Stepping Test. Physiother Res Int 3:58-68

Bove M, Diverio M, Pozzo T, Schieppati M (2001) Neck mus-
cle vibration disrupts steering of locomotion. J Appl Physiol
91:581-588

Bove M, Courtine G, Schieppati M (2002) Neck muscle vibration
and spatial orientation during stepping in place in humans. J
Neurophysiol 88:2232-2241

Boyd-Clark LC, Briggs CA, Galea MP (2002) Muscle spindle dis-
tribution, morphology, and density in longus colli and multifi-
dus muscles of the cervical spine. Spine 27:694-701

Brandt T, Bronstein AM (2001) Cervical vertigo. J Neurol Neuro-
surg Psychiatry 71:8-12

Chien JH, Mukherjee M, Siu KC, Stergiou N (2016) Locomotor
sensory organization test: how sensory conflict affects the tem-
poral structure of sway variability during gait. Ann Biomed
Eng 44(5):1625-1635

Cullen KE, Brooks JX, Jamali M, Carriot J, Massot C (2011) Inter-
nal models of self-motion: computations that suppress vestibu-
lar reafference in early vestibular processing. Exp Brain Res
210:377-388

Dvir Z, Prushansky T (2000) Reproducibility and instrument validity
of a new ultrasonography-based system for measuring cervical
spine kinematics. Clin Biomech (Bristol, Avon) 15:658-664

Fortier S, Basset FA (2012) The effects of exercise on limb proprio-
ceptive signals. J Electromyogr Kinesiol 22:795-802

Fransson PA, Hjerpe M, Johansson R (2007) Adaptation of multi-
segmented body movements during vibratory proprioceptive
and galvanic vestibular stimulation. J Vestib Res 17:47-62

Fukuda T (1959) The stepping test: two phases of the labyrinthine
reflex. Acta Otolaryngol 50:95-108

Giacomini PG, Alessandrini M, Evangelista M, Napolitano B, Lan-
ciani R, Camaioni D (2004) Impaired postural control in patients
affected by tension-type headache. Eur J Pain 8:579-583

Heikkila H, Astrom PG (1996) Cervicocephalic kinesthetic sensi-
bility in patients with whiplash injury. Scand J Rehabil Med
28:133-138

Ivanenko YP, Grasso R, Lacquaniti F (2000) Neck muscle vibration
makes walking humans accelerate in the direction of gaze. J
Physiol 525(Pt 3):803-814

Karlberg M, Persson L, Magnusson M (1995) Impaired postural
control in patients with cervico-brachial pain. Acta Otolaryn-
gol Suppl 520(Pt 2):440-442

Karlberg M, Magnusson M, Malmstrom EM, Melander A, Moritz
U (1996) Postural and symptomatic improvement after physio-
therapy in patients with dizziness of suspected cervical origin.
Arch Phys Med Rehabil 77:874-882

Karnath HO, Reich E, Rorden C, Fetter M, Driver J (2002) The
perception of body orientation after neck-proprioceptive stim-
ulation. Effects of time and of visual cueing. Exp Brain Res
143:350-358

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

2766

Exp Brain Res (2017) 235:2755-2766

Kristinsdottir EK, Nordell E, Jarnlo GB, Tjader A, Thorngren KG,
Magnusson M (2001) Observation of vestibular asymmetry in
a majority of patients over 50 years with fall-related wrist frac-
tures. Acta Otolaryngol 121:481-485

Kulkarni V, Chandy MJ, Babu KS (2001) Quantitative study of
muscle spindles in suboccipital muscles of human foetuses.
Neurol India 49:355-359

Lackner JR (1988) Some proprioceptive influences on the perceptual
representation of body shape and orientation. Brain 111:281-297

Lee HY, Wang JD, Yao G, Wang SF (2008) Association between cer-
vicocephalic kinesthetic sensibility and frequency of subclinical
neck pain. Man Ther 13:419-425

Loudon JK, Ruhl M, Field E (1997) Ability to reproduce head posi-
tion after whiplash injury. Spine 22:865-868

Lystad RP, Bell G, Bonnevie-Svendsen M, Carter CV (2011) Manual
therapy with and without vestibular rehabilitation for cervico-
genic dizziness: a systematic review. Chiropr Man Therap 19:21

Magnusson M, Andersson G, Gomez S, Johansson R, Martensson A,
Karlberg M, Fransson PA (2006) Cervical muscle afferents play
a dominant role over vestibular afferents during bilateral vibra-
tion of neck muscles. J Vestib Res 16:127-136

Malmstrom EM, Karlberg M, Melander A, Magnusson M, Moritz U
(2007) Cervicogenic dizziness—musculoskeletal findings before
and after treatment and long-term outcome. Disabil Rehabil
29:1193-1205

Malmstrom EM, Karlberg M, Fransson PA, Lindbladh J, Magnusson
M (2009) Cervical proprioception is sufficient for head orienta-
tion after bilateral vestibular loss. Eur J Appl Physiol 107:73-81

Malmstrom EM, Karlberg M, Holmstrom E, Fransson PA, Hansson
GA, Magnusson M (2010) Influence of prolonged unilateral
cervical muscle contraction on head repositioning—decreased
overshoot after a 5-min static muscle contraction task. Man Ther
15:229-234

Malmstrom EM, Westergren H, Fransson PA, Karlberg M, Mag-
nusson M (2013) Experimentally induced deep cervical mus-
cle pain distorts head on trunk orientation. Eur J Appl Physiol
113:2487-2499

McLain RF (1994) Mechanoreceptor endings in human cervical facet
joints. Spine 19:495-501

Mergner T, Rosemeier T (1998) Interaction of vestibular, somatosen-
sory and visual signals for postural control and motion percep-
tion under terrestrial and microgravity conditions—a conceptual
model. Brain Res Brain Res Rev 28:118-135

Mergner T, Nasios G, Maurer C, Becker W (2001) Visual object local-
isation in space. Interaction of retinal, eye position, vestibular
and neck proprioceptive information. Exp Brain Res 141:33-51

Paquet N, Taillon-Hobson A, Lajoie Y (2014) Fukuda and Babinski-
Weil tests: within-subject variability and test-retest reliability in
nondisabled adults. J Rehabil Res Dev 51:1013-1022

Paquet N, Jehu DA, Lajoie Y (2017) Age-related differences in
Fukuda stepping and Babinski-Weil tests, within-day variability
and test-retest reliability. Aging Clin Exp Res 29(2):223-230

Patel M, Fransson PA, Karlberg M, Malmstrom EM, Magnusson M
(2010) Change of body movement coordination during cervical

@ Springer

proprioceptive disturbances with increased age. Gerontology
56:284-290

Paulus I, Brumagne S (2008) Altered interpretation of neck proprio-
ceptive signals in persons with subclinical recurrent neck pain. J
Rehabil Med 40:426-432

Pettorossi VE, Panichi R, Botti FM, Biscarini A, Filippi GM, Schiep-
pati M (2015) Long-lasting effects of neck muscle vibration and
contraction on self-motion perception of vestibular origin. Clin
Neurophysiol 126:1886—-1900

Reason JT (1978) Motion sickness adaptation: a neural mismatch
model. J R Soc Med 71:819-829

Reid SA, Rivett DA (2005) Manual therapy treatment of cervicogenic
dizziness: a systematic review. Man Ther 10:4-13

Revel M, Andre-Deshays C, Minguet M (1991) Cervicocephalic kin-
esthetic sensibility in patients with cervical pain. Arch Phys Med
Rehabil 72:288-291

Ribot-Ciscar E, Rossi-Durand C, Roll JP (1998) Muscle spindle activ-
ity following muscle tendon vibration in man. Neurosci Lett
258:147-150

Rix GD, Bagust J (2001) Cervicocephalic kinesthetic sensibility in
patients with chronic, nontraumatic cervical spine pain. Arch
Phys Med Rehabil 82:911-919

Rogers DK, Bendrups AP, Lewis MM (1985) Disturbed propriocep-
tion following a period of muscle vibration in humans. Neurosci
Lett 57:147-152

Roll JP, Vedel JP (1982) Kinaesthetic role of muscle afferents in man,
studied by tendon vibration and microneurography. Exp Brain
Res 47:177-190

Ruotolo F, Iachini T, Ruggiero G, van der Ham 1J, Postma A (2016)
Frames of reference and categorical/coordinate spatial relations
in a “what was where” task. Exp Brain Res 234(9):2687-2696

Schmid M, Schieppati M (2005) Neck muscle fatigue and spatial
orientation during stepping in place in humans. J Appl Physiol
99(1):141-153

Stapley PJ, Beretta MV, Dalla Toffola E, Schieppati M (2006) Neck
muscle fatigue and postural control in patients with whiplash
injury. Clin Neurophysiol 117:610-622

Strupp M, Arbusow V, Borges Pereira C, Dieterich M, Brandt T
(1999) Subjective straight-ahead during neck muscle vibration:
effects of ageing. NeuroReport 10:3191-3194

Tjernstrom F, Fransson PA, Patel M, Magnusson M (2010) Postural
control and adaptation are influenced by preceding postural chal-
lenges. Exp Brain Res 202:613-621

Weber KD, Fletcher WA, Melvill Jones G, Block EW (2002) Podoki-
netic after-rotation in patients with compensated unilateral ves-
tibular ablation. Exp Brain Res 147:554-557

Wierzbicka MM, Gilhodes JC, Roll JP (1998) Vibration-induced pos-
tural posteffects. J Neurophysiol 79:143—150

Wrisley DM, Sparto PJ, Whitney SL, Furman JM (2000) Cervico-
genic dizziness: a review of diagnosis and treatment. J Orthop
Sports Phys Ther 30:755-766

Yacovino DA, Hain TC (2013) Clinical characteristics of cervico-
genic-related dizziness and vertigo. Semin Neurol 33:244-255



	Disturbed cervical proprioception affects perception of spatial orientation while in motion
	Abstract 
	Introduction
	Materials and methods
	Subjects
	Experimental design
	Disturbance of cervical proprioception by vibration
	Assessment of spatial body position and longitudinal rotation
	Data analysis
	Statistics

	Results
	Moved distance and longitudinal rotations without vibration
	Moved distance and longitudinal rotations with vibration
	Moved distance: repeated measures GLM ANOVA
	Moved distance: post hoc evaluations
	Rotation: repeated measures GLM ANOVA
	Rotation: post hoc evaluations

	Moved distance and longitudinal rotations comparing with and without vibration
	Moved distance: repeated measures GLM ANOVA
	Moved distance: post hoc evaluations
	Rotation: repeated measures GLM ANOVA
	Rotation: post hoc evaluations

	Resilience and dynamic component of spatial orientation
	Moved distance
	Longitudinal rotation


	Discussion
	Moved distance
	Longitudinal rotation

	Method
	Clinical implications

	Conclusion
	Acknowledgements 
	References




