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Abstract. Rotation axes were calculated during active head movements using a motion analysis system. The mean rotation axis
for 1 Hz head pitch when seated was posterior (6 mm) and inferior (21 mm) to the interaural axis, shifting 16 mm downwards
when standing. During seated 2 Hz head pitch the rotation axis was close to the interaural axis, shifting downwards 15 mm when
standing. This downward shift suggests that cervical vertebrae were recruited during head pitch with the trunk unsupported.
The proximity of the pitch axis to the otoliths implies minimal otolith activation during small-amplitude, high-frequency pitch
rotations, such as those encountered during locomotion. The mean rotation axis for 1 Hz yaw rotation was located slightly
posterior (10 mm) to the interaural axis at the midpoint between the vestibular labyrinths when both seated and standing. In
addition, the orientation of the plane of yaw rotation relative to the stereotaxic horizontal plane (pitched 5◦ nose-down) was
essentially fixed in head coordinates, regardless of the pitch orientation of the head, suggesting that yaw movements occur about
an axis restricted by the mechanical structure of the atlanto-axial joint. The results demonstrate that the instantaneous rotation
axes technique overcomes the inherent instability of the helical-axis representation for small head movements.
Keywords: Rotation axis, head rotation, locomotion, VOR, otoliths

1. Introduction
During natural activities, such as active gaze shifts
and walking, there are small rotations of the head on the
trunk [3,4,6]. These head rotations involve up to seven
cervical vertebrae, and the location of the axis of head
rotation is not obvious. This information is necessary,
however, for a full understanding of the activation of the
vestibular labyrinths during natural head movements.
The location of the head rotation axis relative to the
eyes is a factor in determining the required gain of the
angular vestibulo-ocular reflex (VOR), particularly for
near visual targets. In addition, during high-frequency
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head rotation, the otoliths are subject to both a tangential and centripetal linear acceleration proportional to
the radial distance from the otoliths to the axis of head
rotation.
Axes of head rotation have been estimated using a helical axis representation of the head/neck complex [8–
12], most recently by Medendorp et al. [5]. The latter
study calculated head rotation axes utilizing a helical
axis representation of head position in space, which
modeled head movement as a rotation about and a translation along a unique space-fixed axis. The axis of head
rotation for a given head movement was determined as
the axis where the translational component was minimized. Rotation axes were determined for low frequency (estimated to be 0.2 Hz), large amplitude (up
to 40◦ ) head movements with the trunk fixed. For yaw
head movements these axes were clustered around the
midpoint between the two vestibular labyrinths, and for
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pitch head movements the axes were located below the
interaural axis on a circle within the sagittal plane of
approximately 20–40 mm diameter [5].
The helical axis technique [5,8–12] is unstable when
the angle of head movement is small, and in practice
is only reliable for head rotation greater than 6 ◦ [5].
Furthermore, rotation axes calculated from head movements with the trunk fixed may not be representative of
natural head-on-body movements. The purpose of this
study was to develop a technique for calculation of instantaneous rotation axes during trunk-free, small amplitude, high-frequency head movements, such as those
encountered during locomotion [3,4,6]. In this paper
we provide data on the location of the rotation axes of
the head during active high-frequency pitch (1–2 Hz)
and yaw (1 Hz) head rotations when sitting and standing. In addition, an analysis of the relative orientation
of the stereotaxic horizontal plane and the plane of yaw
rotation during head yaw with the neck statically flexed
or extended is presented.

2.1. Measurement apparatus
Head and trunk movements were recorded using a
video motion analysis system (Optotrak 3020,Northern
Digital, Ontario Canada) at a sampling rate of 150 Hz.
The sensor tracked the three-dimensional (3D) position of 10 active infra-red (IR) markers attached to a
lightweight (120 g) headband, and 5 IR markers attached to a small plate (30 g) taped securely to the skin
of the subject’s back between the scapulae at the level
of the 3rd thoracic vertebra (T3). The raw position data
of these markers were used to form rigid body models
of the head and trunk. A marker was also placed on
the back of the neck at the level of the seventh cervical vertebra (C7). The 3D coordinates of the left and
right orbitale, 1 and the left and right tragion, 2 relative
to the head-rigid-body were determined using a digitizing probe (Northern Digital, Ontario Canada). For a
complete description of the motion analysis techniques
used in this study see [3,4,6].
2.2. Measurement coordinate system

2. Methods
Five subjects (three males and two females) with
normal vestibular and head/neck function participated
in this experiment. The study was performed in accordance with the ethical standards of the 1964 Declaration
of Helsinki and informed consent was obtained from
all subjects. Subject age ranged from 26 to 32 years
(mean 29.2), and height from 1.55 to 1.8 m (mean 1.69).
Subjects were asked to perform active head pitch and
yaw rotations in time with a digital metronome at a frequency of 1 Hz. Four subjects (two male, two female)
also performed head pitch at 2 Hz (one subject was
unable to perform this task). Subjects were positioned
2 m from a blank wall and adopted a natural posture.
Subjects were instructed to perform ‘small’ and ‘large’
head rotations for 10 s, with 3 trials being performed for
each condition. The actual amplitudes of these movements were self-determined, but were consistent across
the five subjects (see Results). Head movements were
performed when seated (with the trunk supported) and
while standing. In addition, two subjects were asked
to perform yaw head rotations at 1 Hz with the head
held in three different pitch orientations: 1) upright
(normal standing posture), 2) head pitched downward
(nose-down) and 3) pitched upwards (nose-up).

A right-handed space-fixed coordinate frame {X S ,
YS , ZS } was defined with the positive X S (‘Earth horizontal’) axis parallel to the forward-facing direction of
the subject and normal to gravitational vertical. The
YS -axis was positive to the subject’s left and the positive ZS -axis upward vertical. A head-fixed coordinate
frame {XH , YH , ZH } was defined using the four head
landmarks (left and right orbitale and tragion), which
lay in the stereotaxic horizontal (X H − YH ) plane, with
the interaural (Y H ) axis passing through the left and
right tragion (positive to the subject’s left). The nasooccipital (XH ) axis was positive forward, and the Z H
axis was normal to the X H − YH plane (positive upwards). The origin of the head-fixed frame was located on the interaural axis at a point midway between
the left and right tragion. A trunk-fixed coordinate
frame {XT , YT , ZT } was defined as XT parallel to the
dorsoventral axis (positive forward), Y T parallel to the
transverse axis (positive to the subject’s left), and Z T
normal to the X T − YT plane (positive upwards). The
center IR marker of the trunk-rigid-body was defined
as the origin of the trunk-fixed frame. Calibration data
was acquired with the subject seated and assuming a
natural posture while looking straight ahead, which was
1 The
2A

inferior point of the lower margin of the orbit.
point in the depth of the notch just above the tragus of the ear.
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defined as the reference position. Similarly, calibration was performed when standing in a natural posture
and looking straight ahead. Rotation of the head-rigidbody in space was represented as Euler angles relative
to the orientation of the head-fixed coordinate frame
when in the reference position, using a Fick sequence
(see [6] – yaw left and pitch down positive). Translation
of the origin of the head-rigid-body in space was also
measured relative to the reference position of the head.
Trunk rotation and translation in space were measured
relative to the trunk reference position in an analogous
manner. Head movement was also calculated in the
trunk-fixed coordinate frame from the head and trunk
movement in space.
2.3. Data processing
Translation and rotation of the head-rigid-body were
calculated in both 3D space- and trunk-fixed coordinates, and filtered with a 3-point median filter followed
by a 5-point moving average filter with a bandwidth of
10 Hz [3,6]. The head rotation data were converted to
axis-angle form (Φn̂) in trunk coordinates, where Φ is
the angle of rotation about an axis aligned with the unit
vector n̂ = (n1 , n2 , n3 ), and n1 , n2 , n3 are the direction cosines along the X T , YT , ZT axes, respectively.
In this study the assumption was made that head rotation was confined to a plane [5], with the axis of rotation normal to the plane of rotation. Head movements
were largely confined to the sagittal (X T − ZT ) trunk
plane during active head pitch (Fig. 1 A,B), and the axis
of rotation was n 2 . For head yaw, the plane of rotation
was typically pitched up or down relative to the trunk
horizontal (X T − YT ) plane by up to 10 ◦ . The normal
to this plane, n̂ = [αn1 + βn3 ], was calculated from
a planar least mean squares error fit to the 3D coordinates of the left and right tragion in trunk coordinates
from a 10 s data trial. The pitch (γ) of the plane of
yaw rotation relative to trunk horizontal was given by
arctan(α/β). Although n̂ represents the orientation of
the head rotation axis, the unique spatial location of n̂ at
a given point in time, which we term the instantaneous
rotation axis, is not known and must be calculated from
the head position data in trunk coordinates as follows.
Head position was represented as a homogeneous
transformation [7] in the form of a displacement matrix
D. D contains information on both the rotation (Φ)
about, and translation of, the origin of the head-rigidbody in the plane of rotation. For pitch rotation, D is
given as,

⎡
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⎤

cos Φ sin Φ x
D = ⎣ − sin Φ cos Φ z ⎦
0
0 1

(1)

where n̂ = n2 , and (x, z) is the location of the origin
of the head-rigid-body in the sagittal trunk (X T − ZT )
plane. (For yaw rotation, the translation components
are replaced by (x  , y  ), which are the coordinates of
the origin of the head-rigid-body in the plane defined
by n̂ = [αn1 + βn3 ]). The incremental movement of
the head (D∆t ) from time t to t + ∆t (where ∆t is
1/150 s) is related to the displacement of the head at
time t (Dt ) and t + ∆t (Dt+∆t ) by
Dt+∆t = Dt · D∆t ,

(2)

and can be calculated from the head position at time t
and t + ∆t as follows.
D∆t = D−1
t · Dt+∆t

(3)

If ∆t is small, the movement of the head is close
to a pure rotation about an instantaneous rotation axis
parallel to n̂, which passes through a fixed point in
space. The intersection of this axis with the plane of
rotation in trunk coordinates, denoted (x r , zr ) for head
pitch ((xr , yr ) for yaw rotation), is determined from the
eigenvector of D ∆t .
⎡
⎤ ⎡ ⎤
⎡ ⎤
d11 d12 d13
xr
xr
⎣ d21 d22 d23 ⎦ · ⎣ zr ⎦ = λ ⎣ zr ⎦
(4)
0
0 1
1
1
where dij is the element of D∆t in the ith row and jth
column. Note that the eigenvector is an augmented
vector, with the third component defined to be 1 [7].
The component d 33 represents a scaling factor that we
have set to 1, and therefore the eigenvalue λ must equal
1. It is now possible to derive an analytical solution
to the intersection of the instantaneous rotation axis
(xr , zr ) with the trunk sagittal (X T − ZT ) plane.

  
−d23 −zr (d22 −1)
xr
d21
(5)
=
d21 d13 −d23 (d11 −1)
zr
d11 (d22 −1)−d22 −d21 d12 +1

It is not possible to calculate instantaneous rotation
axes when the angular velocity of the head is zero.
Thus, axes were not calculated 33 ms either side of a
peak or valley in the head angular position (Fig. 1C).
The mean rotation axis was defined as the mean and
standard deviation (SD) of the instantaneous rotation
axis components for a 10 s trial. The SD provided a
measure of the spatial spread of the axes. For yaw rotations the computed values of (x r , yr ) were projected
onto the trunk horizontal plane (X T − YT ) by dividing

76

S.T. Moore et al. / Rotation axes during active head movements

A

B

Head Movement
8

Head Landmarks (Trunk Coordinates)
300

6
250
4
200
LO

Z (mm)

0

T

(deg)

2

LT

150

-2
100
-4

Yaw
Pitch
Roll

-6

50

-8
0

2

4

6

8

0
300

10

C7

250

200

Time (s)

100

100

50

50
X

LT

0
LO

H

Z

-50

0

D 150Rotation Axes (Head Coordinates)

Instantaneous Rotation Axes

0

50

T

Z (mm)

(mm)

C 150

150 100
X (mm)

-50
C7

-100

-100

-150
0

2

4

6

8

Time (s)

10

-150
150

100

50

0
-50
X (mm)

-100

-150

H

Fig. 1. Typical subject data for a small (3.1◦ peak) pitch head rotation at 2 Hz while standing. (A) Fick angles representing rotation of the
head-rigid-body in trunk coordinates. (B) Translation of the head landmarks in trunk coordinates (LO – Left Orbitale; LT – Left Tragion; C7 –
7th cervical vertebra). (C) Coordinates of the intersection of the instantaneous rotation axes with the sagittal head (XH − ZH ) plane plotted as
a function of time, and (D) relative to the head-fixed coordinate frame.

xr by the cosine of the pitch of the plane of yaw rotation relative to trunk horizontal (cosine(γ)). Finally,
the rotation axes for both pitch and yaw rotations were
represented in the head coordinate frame with the head
in the reference position (Fig. 1D). The location of the
mean rotation axis was compared using repeated measures ANOVA for the six sitting and six standing trials
during 1 and 2 Hz pitch, and 1 Hz yaw, head rotation.
Shifts were considered significant for P < 0.01.

3. Results
Data from a standing subject during active pitch head
rotation at 2 Hz (Fig. 1) illustrates the process for determination of the instantaneous rotation axes. The unfiltered head-on-trunk rotation data was close to a pure
pitch rotation (mean peak amplitude 3.1 ◦ ), with peak

yaw and roll components less than 5% of the head pitch
(Fig. 1A). The movement of the head landmarks in the
trunk sagittal plane (Fig. 1B) demonstrated that the axis
of rotation was above C7, which exhibited virtually
no movement. The instantaneous rotation axes, calculated from the head movement data using Eq. (5) and
represented in head coordinates (Fig. 1C), were tightly
clustered about a point slightly posterior and approximately 30 mm inferior to the interaural axis (Fig. 1D:
xr = −3.8± 2.2 mm; zr = −29.1 ± 4.6 mm)
For pitch head movements at 1 Hz the trials were
divided into two bins: small amplitude rotations (less
than 6◦ peak) and large amplitude (greater than 6 ◦
peak). The mean peak pitch amplitude for all subjects
was 4.4 ± 0.8◦ for small and 10.3 ± 4.0 ◦ for large rotations while seated, and 4.4 ± 1.2 ◦ and 10.1 ± 4.1 ◦ for
small and large rotations while standing. There was no
significant difference (P > 0.01) in the location of the
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Fig. 2. Mean rotation axes during active pitch head movements were located slightly posterior and inferior to the interaural axis (mean and SD
of all subject data). (A) 1 Hz pitch while sitting and standing. (B) 2 Hz pitch while sitting and standing. The asterisk (*) indicates the significant
downward shift in the mean rotation axis when standing.

50 mm

Mean Rotation Axes During 1 Hz Yaw Rotation
Fig. 3. Mean rotation axes during 1 Hz yaw rotation while both
sitting and standing were situated slightly posterior to the interaural
axis at the midpoint between the two labyrinths (mean and SD of all
subject data).

mean rotation axis between small and large amplitude
pitch movements. Consequently, the mean rotation axis
was determined from the instantaneous rotation axis
data from all small and large amplitude trials. When
sitting (Fig. 2A), the mean rotation axis during sinusoidal head pitch rotation at 1 Hz was located slightly
posterior and approximately 20 mm inferior to the interaural axis (xr = −5.6 ± 2.5 mm; z r = −21.3 ±
8.5 mm). There was a significant downward shift in the
mean rotation axis of approximately 16 mm (P < 0.01)
when the subject was standing (Fig. 2A: x r = −7.1 ±
2.9 mm; zr = −36.4 ± 8.9 mm).
When performing active head pitch at 2 Hz only
small amplitude head movements were possible, with
peak amplitude of 2.1 ± 0.3 ◦ when both sitting and

standing (mean and SD of all trials). The mean rotation
axis during 2 Hz head pitch was located close to the interaural axis when sitting (Fig. 2B: x r = −4 ± 2.6 mm;
zr = −10.5 ± 7.6 mm), and shifted downwards (P <
0.01) approximately 15 mm when standing (Fig. 2B:
xr = −6.5 ± 3.3 mm; z r = −25.3 ± 9.1 mm), in a
similar manner as for 1 Hz head pitch.
Yaw head rotations were performed at 1 Hz, and were
of larger amplitude than for pitch head movements.
Trials were divided into small (less than 12 ◦ peak) and
large (greater than 12 ◦ peak) amplitude bins, with a
mean amplitude of 8.4 ± 1.9 ◦ and 18.0 ± 5.6 ◦ for
small and large yaw movements while sitting, and 9.7
± 1.9◦ and 19.1 ± 5.3 ◦ when standing. Neither the
amplitude of yaw rotation nor whether the subject was
sitting or standing influenced the location of the mean
rotation axis (P > 0.01), which was situated slightly
posterior to the interaural axis at the midpoint between
the two vestibular labyrinths (Fig. 3), when both seated
(xr = −8.0 ± 6.3 mm; y r = 0.5 ± 3.5 mm) and
standing (xr = −10.1 ± 5.0 mm; y r = 1.2 ± 3.9 mm).
For each yaw rotation trial the mean position of the
head landmarks (the tragion and orbitale) were calculated in spatial coordinates from the average of their
3D position data over a 10 s trial. The orientation of
the stereotaxic horizontal (X H − YH ) plane in space
was obtained from a planar least squares fit to these
averaged landmark positions (Fig. 4A). The orientation of the plane of yaw rotation in space was obtained
from a planar least squares fit of the entire 3D position
data of the left and right tragion during each 10 s trial
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(Fig. 4A). Data from a typical 1 Hz yaw rotation trial
while standing is shown in Fig. 4A. The stereotaxic
horizontal plane was pitched up slightly from the spatial horizontal (X S ) by 0.5 ◦, and the plane of yaw rotation was pitched down relative to X S by 8◦ . This was
consistent across all five subjects, with the stereotaxic
horizontal plane slightly pitched up from the spatial
horizontal during yaw rotation when both seated (−2.3
± 1.7◦) and standing (−0.4 ± 1.6 ◦ ). The plane of
yaw rotation was pitched downwards relative to Earth
horizontal in both the seated (3.1 ± 1.3 ◦ ) and standing
(4.7 ± 0.9 ◦) conditions. It is interesting to note that the
relative pitch angle between the stereotaxic horizontal
plane and the plane of yaw rotation was maintained
when both sitting and standing. The yaw rotation plane
was pitched an average of 5.4 ◦ (2.3◦ plus 3.1◦ ) down
from the stereotaxic horizontal when sitting, and 5.1 ◦
(0.4◦ plus 4.7◦ ) when standing.
To determine whether the orientation of the plane
of yaw rotation relative to the stereotaxic horizontal
plane was fixed in head coordinates, yaw head movements were executed with the neck statically flexed or
extended. Two standing subjects performed 1 Hz yaw
head rotation after placing the head in a maintained
nose-down position (3 trials of 10 s), and with the head
held in a maintained nose-up position (3 trials of 10 s).
Data from a typical subject trial is shown in Fig. 4. With
the head upright the yaw rotation plane was pitched
8.2 ± 0.2◦ (mean of 3 trials) down from the stereotaxic horizontal plane (Fig. 4A). When the head was
pitched 34 ◦ nose-down the plane of yaw rotation was
pitched down 10.6 ± 1.2 ◦ relative to the stereotaxic
horizontal (Fig. 4B). During yaw rotation with the head
pitched 29 ◦ nose-up (Fig. 4C) the yaw rotation plane
was pitched down 7.0 ± 2.1 ◦ relative to the stereotaxic
horizontal. Similar results were obtained for the second subject. The yaw rotation plane was pitched down
4.8 ± 0.5◦ , 5.4 ± 0.7 ◦ and 7.9 ± 1.1 ◦ relative to the
stereotaxic horizontal during 1 Hz yaw rotation with the
head upright, pitched 34 ◦ nose-down and 53 ◦ nose-up,
respectively. Thus, the orientation of the plane of yaw
rotation relative to the stereotaxic horizontal plane was
maintained to within a few degrees over a large range
of neck flexion and extension.

4. Discussion
The results of this study demonstrate that the mean
rotation axis for high frequency (1–2 Hz) pitch head
movements is located slightly posterior and inferior to
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XS

XH
yaw rotation plane

C

Head Pitched Nose-Up
XH
yaw rotation plane

XS

Orientation of the Stereotaxic Horizontal Plane
and the Plane of Yaw Rotation in Space
Fig. 4. Orientation of the stereotaxic horizontal (XH − YH ) plane
and of the plane of yaw rotation in space during 1 Hz yaw rotation
(while standing) with the head held in different pitch positions (data
from a typical subject trial). Black dots represent the position of
the right tragion and right orbitale in space during a 10s trial. (A)
With the head upright, the yaw rotation plane was pitched 8.5◦ down
from the stereotaxic horizontal plane. (B) With the head statically
pitched 34◦ nose-down, the yaw rotation plane was pitched 10.2◦
down from the stereotaxic horizontal. C. During 29◦ nose-up head
pitch, the plane of yaw rotation was pitched 8◦ down from stereotaxic
horizontal. The orientation of the plane of yaw rotation relative to
the stereotaxic horizontal was essentially fixed in head coordinates.

the interaural axis. There was considerable spread in
the vertical component of the instantaneous rotation
axes over a 10 s trial, however, which suggests that pitch
rotations do not occur about a single fixed axis. Head
pitch rotation is performed as sequence of incremental
rotations about axes that tend to oscillate vertically in
space with the flexion and extension of the neck over
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a range of approximately ± 10 mm. Head pitch axes
were unaffected by the amplitude of the head movement, but were closer to the interaural axis for higher
frequency (2 Hz) rotations, which were of similar amplitude and frequency to those generated during locomotion [3,4,6]. The data suggest that there is little activation of the linear VOR by tangential and centripetal
linear accelerations during small, high frequency, active head pitch rotations due to the small radial distance
from the mean rotation axis to the otoliths [1,6].
These findings are consistent with previous results
for low frequency, large amplitude head pitch [5], with
one exception. The Medendorp study [5] demonstrated
a posterior shift of approximately 30 mm in the helical axis during 40 ◦ nose-up head tilt relative to 40 ◦
nose-down. This was likely due to the fact that such
large head movements recruited most of the cervical
vertebrae, resulting in a significant bending of the cervical column and a subsequent posterior shift in the
rotation axis during neck extension, and an anterior
shift when flexing the neck. In contrast, these large
anterior-posterior shifts in the rotation axis were not
observed in the current study, where head pitch movements were sinusoidal oscillations at high frequencies
(1 or 2 Hz) with relatively small amplitudes. When
sitting, the proximity of the rotation axis to the interaural axis suggests that the condyles of the occipital
bone of the skull were essential rocking back and forth
on the superior facets of the first cervical vertebra (the
atlas) [2]. When standing with the trunk unsupported,
the downward shift (16 mm) in the pitch axis suggests
recruitment of the atlas, and possibly of the second
cervical vertebrae (the axis). In either case, there was
likely to have been minimal flexing of the cervical column during small pitch oscillations, and consequently
no anterior-posterior shift in the rotation axis.
The mean rotation axis for yaw rotation is located
slightly posterior to the interaural axis at the midpoint
between the vestibular labyrinths. Rotation axes during
horizontal rotations were more tightly clustered, and
were unaffected by the amplitude of the head movement, whether the subject was seated or standing, or
the pitch orientation of the head. These results are consistent with the hypothesis that yaw head movements
occur about an axis restricted by the mechanical structure of the compound atlanto-axial joint. That is, the
atlas, which supports the skull, is essentially limited to
yaw rotation about the odontoid process ‘pivot’ (dens)
of the axis [2].
An interesting result was that the orientation of the
plane of yaw rotation relative to the stereotaxic horizon-
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tal plane (pitched down 5 ◦ on average) was essentially
fixed in head coordinates. This suggests that the semicircular canals would receive the same stimulus during
yaw head rotation, regardless of the pitch orientation of
the head. The plane of the lateral canals is pitched up
approximately 20 ◦ with respect to the stereotaxic horizontal [1]. Thus, during active head yaw the pitch orientation of the lateral canals would be approximately
25◦ out of the plane of rotation. This would ensure
that all three semi-circular canal pairs are substantially
stimulated during natural yaw head movements. This
is consistent with previous results indicating maximal
gain of the horizontal angular VOR in monkeys occurs
for rotations in the stereotaxic horizontal plane [13].
Placing the lateral semi-circular canals in the plane of
rotation during vestibular testing may not be a representative stimulus for natural yaw head movements.
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