
fnhum-13-00216 June 26, 2019 Time: 8:28 # 1

ORIGINAL RESEARCH
published: 26 June 2019

doi: 10.3389/fnhum.2019.00216

Edited by:
Praveen Pilly,

HRL Laboratories, LLC, United States

Reviewed by:
Dai Yanagihara,

The University of Tokyo, Japan
Leanne Chukoskie,

University of California, San Diego,
United States

*Correspondence:
Shinji Kakei

kakei-sj@igakuken.or.jp

Received: 29 November 2018
Accepted: 12 June 2019
Published: 26 June 2019

Citation:
Kakei S, Lee J, Mitoma H,

Tanaka H, Manto M and Hampe CS
(2019) Contribution of the Cerebellum

to Predictive Motor Control and Its
Evaluation in Ataxic Patients.

Front. Hum. Neurosci. 13:216.
doi: 10.3389/fnhum.2019.00216

Contribution of the Cerebellum to
Predictive Motor Control and Its
Evaluation in Ataxic Patients
Shinji Kakei1* , Jongho Lee2, Hiroshi Mitoma3, Hirokazu Tanaka4, Mario Manto5,6 and
Christiane S. Hampe7

1 Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan, 2 Komatsu University, Komatsu, Japan, 3 Medical Education
Promotion Center, Tokyo Medical University, Tokyo, Japan, 4 Japan Advanced Institute of Science and Technology, Nomi,
Japan, 5 Centre Hospitalier Universitaire de Charleroi, Charleroi, Belgium, 6 Department of Neurosciences, University
of Mons, Mons, Belgium, 7 School of Medicine, University of Washington, Seattle, WA, United States

Goal-directed movements are predictive and multimodal in nature, especially for moving
targets. For instance, during a reaching movement for a moving target, humans need
to predict both motion of the target and movement of the limb. Recent computational
studies show that the cerebellum predicts current and future states of the body and its
environment using internal forward models. Sensory feedback signals from the periphery
have delays in reaching the central nervous system, ranging between tens to hundreds
of milliseconds. It is well known in engineering that feedback control based on time-
delayed inputs can result in oscillatory and often unstable movements. In contrast,
the brain predicts a current state from a previous state using forward models. This
predictive mechanism most likely underpins stable and dexterous control of reaching
movements. Although the cerebro-cerebellum has long been suggested as loci of
various forward models, few methods are available to evaluate accuracy of the forward
models in patients with cerebellar ataxia. Recently, we developed a non-invasive method
to analyze receipt of motor commands in terms of movement kinematics for the wrist
joint (Br/Kr ratio). In the present study, we have identified two components (F1 and F2)
of the smooth pursuit movement. We found that the two components were in different
control modes with different Br/Kr ratios. The major F1 component in a lower frequency
range encodes both velocity and position of the moving target (higher Br/Kr ratio) to
synchronize movement of the wrist joint with motion of the target in a predictive manner.
The minor F2 component in a higher frequency range is biased to position control
in order to generate intermittent small step-wise movements. In cerebellar patients,
the F1 component shows a selective decrease in the Br/Kr ratio, which is correlated
with decrease in accuracy of the pursuit movement. We conclude that the Br/Kr

ratio of the F1 component provides a unique parameter to evaluate accuracy of the
predictive control. We also discuss the pathophysiological and clinical implications for
clinical ataxiology.

Keywords: cerebrocerebellar loop, electromyography (EMG), movement kinematics, cerebellar ataxia,
viscosity, elasticity
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INTRODUCTION

Goal-directed movements are predictive in nature, especially for
moving targets in the environment of daily life. The prediction
is in essence multimodal. For instance, during a reaching task
for a moving target, humans need to predict both motion of
the target and movement of the limb to match them optimally.
Making predictions and validating the predictions against actual
sensory information is a fundamental function of the nervous
system. Prediction errors and assessment of the discrepancy
between predicted and actual information are critical parameters
(Popa and Ebner, 2019).

Recent computational studies posit a mechanism that predicts
current and future states of the body and its environments by
integrating an estimate of previous state and efference copies of
motor signals, the computation known as an internal forward
model (Wolpert et al., 1995; Miall and Wolpert, 1996; Davidson
and Wolpert, 2005). Sensory feedback signals through sensory
organs have inevitable delays to reach the central nervous system,
between tens to hundreds of milliseconds. It is well known in
engineering that feedback control based on time-delayed inputs
can result in oscillatory and often unstable movements (Miall
et al., 1993b; Kawato, 1999). It is most likely that the brain
predicts a current state from a previous state with forward
models (Wolpert et al., 1995; Miall and Wolpert, 1996). The
cerebellum has been suggested as the locus of the forward-
model computation of state prediction from psychophysical
(Nowak et al., 2007; Tseng et al., 2007; Synofzik et al., 2008),
neuroimaging (Blakemore et al., 2001; Kawato et al., 2003; Schlerf
et al., 2012), and non-invasive stimulation (Miall et al., 2007;
Lesage et al., 2012) studies in humans and electrophysiological
studies (Pasalar et al., 2006; Ebner and Pasalar, 2008) in monkeys
(for review, see Shadmehr et al., 2010; Ishikawa et al., 2016).
Recently, our group demonstrated that current outputs from the
cerebellum (firing rates of dentate cells) contained predictive
information about future inputs to the cerebellum (firing rates
of mossy fibers), thereby providing a strong support to the
forward-model hypothesis of the cerebellum (Tanaka et al., 2019).
The computation of a forward model contributes to predictive
control in the presence of considerable delays in sensory feedback
(Desmurget and Grafton, 2000).

The predictive control (also known as internal feedback)
and corrective control (known as sensory feedback) (Lacquaniti
et al., 1982; Soechting and Lacquaniti, 1988) together play an
integral role in the optimal feedback control (OFC) model
(Todorov and Jordan, 2002). The OFC model predicts that the
gain in sensory feedback is not prefixed but rather adaptive as
reported in psychophysical experiments in response to direction-
dependent visual perturbations (Franklin et al., 2014), difference
in feedback delays across multiple modalities (Crevecoeur et al.,
2016), or imposed external force fields (Franklin et al., 2017;
see Crevecoeur and Kurtzer, 2018 for review). The task-
dependent modulation of feedback gain is likely processed within
transcortical feedback loops between cortical sensorimotor areas,
particularly the primary motor cortex, and spinal motor circuits
(Pruszynski et al., 2011, 2014; for review, see Scott et al.,
2015). In summary, the existing studies indicate a dissociation

between the two computational elements in the OFC model: the
forward-model computation in the cerebellum, and the sensory-
feedback computation in cortical sensorimotor areas (Shadmehr
and Krakauer, 2008). We therefore hypothesize that cerebellar
patients maintain corrective control based on sensory feedback
but suffer from impaired predictive control based on forward-
model prediction (Popa and Ebner, 2019).

Although the cerebellum, especially its hemispheric part,
has long been suggested as containing loci of various forward
models (Wolpert et al., 1998; Bastian, 2006; Miall et al., 2007),
there is no reliable method to evaluate accuracy of the forward
models in patients with cerebellar ataxia to the best of our
knowledge. Our previous studies developed a novel method to
analyze relationship between muscle activities and movement
kinematics of the wrist joint (Lee et al., 2012, 2013, 2015;
Mitoma et al., 2016). We found that the muscle activities for
a smooth pursuit movement of the normal control subjects
encode both velocity and position of the target, resulting in a
precise tracking movement. In contrast, the muscle activities of
patients with cerebellar ataxia were characterized by a marked
decrease in encoding of velocity and a compensatory increase in
encoding of position, resulting in a series of irregular stepwise
movements with poor accuracy. In these analyses (Lee et al.,
2015), we treated the smooth pursuit movement as a whole
(i.e., the entire frequency range) assuming a single controller.
In the present study, however, we reanalyzed the same data to
find that the smooth pursuit movement actually contained two
distinct components, corresponding to separate frequency bands.
We further identified that the two components were in different
control modes that corresponded to predictive and corrective
control reviewed above, respectively. The major component in
a lower frequency range (referred to as F1) encodes velocity
and position of the moving target in a predictive manner,
whereas the minor component in a higher frequency range (F2)
generates intermittent small step-wise movements to correct
positional errors. In cerebellar patients, however, the predictive
component is associated with a selective decrease in the velocity
component, which results in poorer accuracy of the pursuit
movement. The impairment in cerebellar patients was succinctly
characterized by a ratio of viscosity to elasticity coefficients (Br/Kr
ratio defined below) in the F1 component, thereby providing
a reliable metric to assess the performance of forward-model
prediction. We propose that our new method provides a unique
tool to evaluate accuracy of the predictive control in patients with
cerebellar ataxia.

MATERIALS AND METHODS

Subjects
Thirteen healthy control subjects with no history of
neurological disorders (6 women and 7 men, 44–71 years
old, mean = 56.0 years old, all right-handed; see Table 1) and
age-matched 19 patients with cerebellar ataxia (12 women and
7 men, 29–77 years old, mean = 60.5 years old, all right-handed;
see Table 1) took part in the study. For the patients’ clinical data
including Modified Rankin Scale (MRS), see Table 2. All of the
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subjects were informed of the purpose and procedures of this
study in advance and provided written informed consents prior
to their participation. The protocol was approved by the ethics
committees of the Tokyo Metropolitan Institute of Medical
Science and the Tokyo Metropolitan Neurological Hospital. It
was conducted in accordance with the ethical standards of the
Declaration of Helsinki.

TABLE 1 | Characteristics of the control subjects.

Case #ID Age

1 Se1 46–50

2 Se2 46–50

3 Se4 61–65

4 Se5 41–45

5 Se6 51–55

6 Se8 51–55

7 Se11 51–55

8 Se12 61–65

9 Se15 56–60

10 Se16 41–45

11 Se19 66–70

12 Se22 66–70

13 Se23 71–75

TABLE 2 | Characteristics of the patients with cerebellar ataxia.

Case #ID Age Disease MRS

1 Ce2 61–65 MSA-C 2

2 Ce3 76–80 CCA 2

3 Ce4 61–65 SCA6 2

4 Ce6 71–75 MSA-C 2

5 Ce8 66–70 CCA 2

6 Ce12 61–65 MSA-C 2

7 Ce16 56–60 SCD 2

8 Ce22 31–35 SCA3 2

9 Ce25 66–70 SCA6 2

10 Ce35 66–70 SCA31 2

11 Ce37 36–40 SCA3 2

12 Ce10 61–65 MSA-C 3

13 Ce11 26–30 SCA3 3

14 Ce15 76–80 CCA 3

15 Ce19 56–60 CCA 3

16 Ce20 56–60 MSA-C 3

17 Ce28 56–60 MSA-C 4

18 Ce1 71–75 MSA-C 4

19 Ce7 56–60 MSA-C 4

MSA-C, multiple system atrophy (MSA) with cerebellar features; SCD,
spinocerebellar degeneration; MRS, Modified Rankin Scale. MRS score – 0: No
symptoms at all; 1: No significant disability despite symptoms; able to carry out
all usual duties and activities, 2: Slight disability; unable to carry out all previous
activities, but able to look after own affairs without assistance, 3: Moderate
disability; requiring some help, but able to walk without assistance, 4: Moderately
severe disability; unable to walk without assistance and unable to attend to own
bodily needs without assistance, 5: Severe disability; bedridden, incontinent and
requiring constant nursing care and attention.

Experimental Setup and Movement Task
The apparatus and experimental setup were the same as those
described in our previous study (see Lee et al., 2008, 2015 in
detail). Briefly, the subject sat on a chair approximately 60 cm
in front of a monitor that displayed a cursor and a target, and
grasped a Strick–Hoffman type manipulandum (Hoffman and
Strick, 1999; Lee et al., 2015, Hoyo Elemec Co., Ltd., Sendai,
Japan) with his/her right hand. The forearm was supported with
an armrest. The cursor was a black dot that moved in proportion
to movement of the subject’s wrist. The central position of the
manipulandum corresponded to the center of the monitor, and
the cursor moved left for flexion, right for extension, up for radial
deviation, and down for ulnar deviation. The target was displayed
as an open circle whose inside diameter corresponded to 4.5◦
of wrist movement.

The subjects were asked to perform the smooth pursuit task
of the wrist joint (Figure 1A) employed in our previous study
(Lee et al., 2012, 2015). Each subject was asked to perform a
smooth pursuit movement of the wrist joint for a target moving
at a constant speed (Figure 1A). To start a trial, the subject
placed the cursor within the target, which was stationary at the
upper left (X = −10◦, Y = 8◦) of the monitor. After a fixed hold
period (4 s), the target started moving along the path of the
Figure 2 at a constant speed (6.2◦/s). The subject was requested
to maintain the position of the cursor inside of the moving target
as much as possible. After repeating practice three times, each
subject performed the task five times. The path of the target was
not visible to the subject during the task, however, he/she had
some knowledge about the movement of the target thanks to the
practice trials.

Data Acquisition
During the task, we recorded the wrist position (X and Y) and
muscle activities [electromyography (EMG) signals] from four
wrist prime movers [flexor carpi radialis (FCR), flexor carpi

FIGURE 1 | Experimental design. (A) Arrangement of the target (circle) and
required movement (red arrows) of the cursor (black dot) for the smooth
pursuit tasks. The diameter of the targets was equivalent to 4.5 degrees of
wrist movement. For the smooth pursuit task, the subjects were required to
maintain the cursor within the target. (B) The four wrist prime movers from
which EMG activity was recorded. ECR, extensor carpi radialis; ECU, extensor
carpi ulnaris; FCU, flexor carpi ulnaris; FCR, flexor carpi radialis. We recorded
the activity of the extensor carpi radialis longus (ECRL) and extensor carpi
radialis brevis (ECRB) together as ECR because these two muscles are
indistinguishable with surface electrodes.
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FIGURE 2 | Identification of the relationship between muscle tension and movement kinematics modeled in equation (1). The left panel represents the middle of
equation (1). EMG activities of the four muscles (ECR, ECU, FCU, FCR) converted into muscle tension (red lines) are linearly summed (6) after multiplying parameter
a1–a4, respectively to obtain muscle torque in the center (red line) (see section “Materials and Methods”). The right panel represents the right side of equation (1).
Acceleration (Ax), velocity (Vx), and position (X) of the wrist joint (blue lines) are summed (6) after multiplying the inertia parameter (M), the viscous coefficient (Br ) and
the elastic coefficient (Kr ), respectively to obtain kinematic torque in the center (blue line) (see section “Materials and Methods”). We used a canonical correlation
analysis (CCA) to obtain values of these parameters. The two canonical variates, muscle torque and kinematic torque, were calculated by substituting the values for
the fitting parameters in equation (1). Note the high canonical correlation (CC = 0.94) between the two canonical variates (in Estimated torque). This figure explains
calculation of torque around the x-axis, but the same method applies to calculation of torque around the y-axis. Modified from Lee et al. (2015).

ulnaris (FCU), extensor carpi ulnaris (ECU), and extensor carpi
radialis (ECR)] (Figure 1B).

We recorded the EMG signals with Ag-AgCl electrode pairs
spaced 10 mm apart. EMG signals were amplified (×100,000) and
band-pass filtered (150–30,000 Hz) using an amplifier (AB-611J,
Nihon Kohden, Tokyo, Japan), and sampled at 2 kHz. The typical
locations of the recording electrodes are shown in Figure 1B.
The position of each electrode pair was adjusted to maximize
the activities of the wrist movements and to minimize those of
the finger muscles.

The EMG signals were rectified and filtered with a second-
order low-pass filter (cut-off frequency, 3.0 Hz; Mannard and
Stein, 1973; Koike and Kawato, 1995) to estimate the muscle
tensions from the surface EMG signals (Mannard and Stein,
1973; Koike and Kawato, 1995; Shin et al., 2009; Standenmann
et al., 2010). Muscle tension was normalized using a simple
normalization technique that sets the amplitude of the muscle
tension for 0.78 Nm of isometric wrist joint torque as one (Shin
et al., 2009). Finally, we subtracted the normalized muscle tension
at the center from the normalized tension to set the tension at the
central position to zero. We used the processed muscle tension of
the four muscles to estimate wrist joint torque.

Wrist Joint Model and Identification of
the Relationship Between Muscle
Activities and Movement Kinematics
We assumed that, if the activity of the wrist muscles determines
movement of the wrist joint, it is possible to estimate the wrist
joint torque that is calculated from the equation of motion with
the activities of the four muscles [equation (1)].

τ(t) =
4∑

i=1

aiTi(t) = Mθ̈(t)+ Bθ̇(t)+ Kθ(t) (1)

where τ(t) represents the wrist joint torque. Ti represents muscle
tension processed as explained above (see Figure 2: muscle
tension: ECR, ECU, FCU, and FCR) and ai represents the
coefficients that convert muscle tension into wrist joint torque
(see left side of Figure 2). ai’s are the moment arm with plus
or minus sign according to the pulling direction (i.e., direction
of the mechanical action) of each muscle (Lee et al., 2015). The
variables θ(t), θ̇(t), and θ̈(t) represent the angle, angular velocity,
and angular acceleration of the wrist joint, respectively. M, B,
and K are the inertia parameter (kgm2), the viscous coefficient
(Nms/rad) and the elastic coefficient (Nm/rad).

Equation (1) is justified if there is a high correlation
between the wrist joint torque that is calculated from the
movement kinematics [kinematic torque: right-hand side of
equation (1)] and the wrist joint torque that is calculated from
the muscle activities [muscle torque: middle of equation (1)].
To identify the relationships between the muscle activities and
the movement kinematics for the pursuit task, it is necessary
to find the two sets of parameters a1, a2, a3, a4, and M,
B, K that optimize the match between the kinematic torque
and the muscle torque. We used canonical correlation analysis
(CCA) (Härdle and Simar, 2003) for the muscle activities, i.e.,
[T1(t), T2(t), T3(t), T4(t)], and the movement kinematics, i.e.,
[θ̈(t), θ̇(t), θ(t)] in each subject with SAS (University Edition,
Release: 3.1, SAS Institute Inc., Cary, NC, United States). The
program yielded two parameter vectors (a1, a2, a3, a4), and
(M, B, K) such that the pair of canonical variates (a1, a2, a3,
a4) [T1(t), T2(t), T3(t), T4(t)]T

[=
∑4

i=1 aiTi(t)] and (M, B,
K) [θ̈(t), θ̇(t), θ(t)]T

[= Mθ̈(t)+ Bθ(t)+ Kθ(t)] maximize their
correlation [i.e., canonical correlation (CC)] (see Figure 2). In
the analysis, we used the “NOINT” option that omits subtraction
of means from the data, because the muscle activities are always
positive or zero. It should be noted that, using CCA, it is not
possible to determine absolute values of M, B, or K. Instead, we
can obtain their ratios. Therefore, in the following part of this
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FIGURE 3 | Two components of the smooth pursuit movement. The color convention is the same as in Figure 2. (A) Identification of the relationship between
muscle activities and movement kinematics in a control subject for the pursuit task. The blue line and the green line in the top inset indicate the wrist movement and
the target motion in a single trial, respectively. Muscle tension traces [the top four traces (red lines)] show the normalized muscle tension of the four wrist prime
movers: ECR, ECU, FCU, and FCR. Kinematics traces [the middle three traces (blue lines)] show the horizontal (i.e., x-axis) components of the movement
kinematics: angle (X), angular velocity (Vx), and angular acceleration (Ax), respectively. The green lines indicate the kinematics of the target motion. Canonical var.
traces (the bottom traces) depict the two canonical variates [i.e., muscle torque (red line)] and kinematic torque (blue line). The high canonical correlation CC’s for the
two canonical variates indicate the similarities of the two estimates. The Br /Kr ratio for the CCA was 1.35. The same color convention applies to Figures 4, 6. This
panel used the same data as Figure 4B in Lee et al. (2015). (B) X component of the angular velocity (Vx) of the smooth pursuit wrist movement (blue line) and the
target (green line). (C) Frequency analysis of angular velocity. Note that the target motion (green line) has little power above 0.5 Hz (red vertical dotted line), while the
wrist movement (blue line) has components below and above 0.5 Hz. Wrist movement was, therefore, separated into two frequency ranges: F1 (0–0.5 Hz) (top) and
F2 (0.5–3 Hz) (bottom). (D) Separation of the angular velocity of the smooth pursuit wrist movement into the two frequency domains, F1 and F2 (blue lines). The
green line indicates the motion of the target. Note that the F1 domain of the wrist movement nearly matches the target motion.

paper, we use Mr , Br , Kr instead of M, B, and K to emphasize that
we focus only on their ratios (see Lee et al., 2015 for discussion).

Furthermore, in our previous study (Lee et al., 2015), we
demonstrated a negligible contribution of the acceleration term
in equation (1). Therefore, we can simplify the wrist joint
model of equation (1) to get equation (2) by removing the
acceleration term, at least for the present experimental setup,
without sacrificing accuracy of analysis.

4∑
i=1

aiTi(t) ≈ Br θ̇(t)+ Krθ(t) (2)

Data Analysis
Calculation of Br/Kr Ratio
In the pursuit task in which the subjects tracked a smooth
motion of the target, the joint torque was characterized by the

velocity-dependent term and the position-dependent term in
Eq. (2). Therefore, we introduce a metric to characterize the
contributions of velocity and position as a ratio of the viscous
coefficient (Br) to the elastic (Kr) coefficient: Br/Kr . To obtain Br
and Kr , we used the equation (2) and CCA as mentioned above,
and calculated Br/Kr ratio. See section “Different B/K Ratios for
the Two Components of the Pursuit Movements” in the results
for more detail.

Frequency Analysis of the Wrist Movement
To analyze components of the wrist movement (see section “Two
Components of Motor Commands for the Pursuit Movements”
and “Different B/K Ratios for the Two Components of the Pursuit
Movements” in the results for more detail), we performed a
frequency analysis (Fast Fourier Transformation, FFT) for the
velocity of the movement. The wrist movement was decomposed
into a low-frequency (≤0.5 Hz) component and a high-frequency
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FIGURE 4 | Identification of the relationship between muscle activities and movement kinematics for F1 component (A) and F2 component (B) of the movement of
the control subject shown in Figure 3A. The same convention as in Figure 3A. The high canonical correlation CC’s for the two estimated torques in both (A,B)
indicate the similarities of the two estimates.

(>0.5 Hz) component, referred to as the F1 and F2 components,
respectively. The Br/Kr ratio, defined above, was computed for
the F1 and F2 components separately.

Calculation of Delay of the Wrist Movement From the
Target Motion
To determine the delay of the wrist movement from the target
motion, we searched for the optimal delay that provided the
best match between the target motion and the wrist movement.
The best match was identified when a delay provided the
highest R2-value for the cross-correlation analysis. See section
“Functional Characterization of the F1 Component of the Pursuit
Movements” in the results for more detail.

Calculation of Errors in Pursuit of the Target
We evaluated the accuracy of the pursuit movement (i.e., motor
error) as a sum of instantaneous difference (i.e., distance in
degree) between target position and cursor position of the F1
component throughout the trial. We name it an F1 error.

Statistical Tests
Statistical tests were made using two-sample t-test [t-test2
function in the statistics toolbox of Matlab, Ver. 7.11.0.584
(R2010b), Mathworks, Natick, MA, United States] or Mann–
Whitney U test [ranksum function in the statistics toolbox
of Matlab, Ver. 7.11.0.584 (R2010b), Mathworks, Natick,
MA, United States].

RESULTS

Identification of the Relationship
Between Movement Kinematics and
Muscle Activity With CCA
We used CCA to analyze the causality relationship between the
muscle activities and the movement kinematics of the wrist joint
in 13 control subjects using the wrist joint model (2). With CCA
(Figure 2), we obtain the two sets of parameters a1, a2, a3, a4, and
Br , Kr that maximize the CC between the two canonical variates
(i.e., muscle torque and kinematic torque) (Figure 2 middle).
Figure 3A shows a typical example of the relationships during the
task, for a control subject. We obtained a precise match between
muscle torque {i.e., (Br , Kr) [θ̇(t), θ(t)]T} (Figure 3A, red lines in
canonical variate) and kinematic torque {i.e., (Br , Kr) [θ̇(t), θ(t)]T}
(Figure 3A, blue lines in canonical variate) with high values of
canonical correlation (CCs) (CC = 0.94). For all control subjects,
the average CC was 0.93 ± 0.01 (range: 0.91–0.95, n = 13) for
the pursuit task.

Two Components of Motor Commands
for the Pursuit Movements
When we examined the kinematics of the pursuit movement
more closely, we noticed that the velocity profile of the wrist
(Figure 3B, blue line) was largely correlated with the smooth
velocity profile of the target (Figure 3B, green line), with
additional smaller and somewhat vibratory movement of the
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wrist. This dual pattern was common for all control subjects.
To analyze the components of the wrist movement in more
detail, we performed a frequency analysis for the velocity of the
movement (Figure 3C). The velocity of the pursuit movement
was clearly separated into two components: a major component
with lower frequency (≤0.5 Hz) and a minor component with
higher frequency (>0.5 Hz). The lower frequency component
was apparently related to the target motion per se (Figure 3D,
F1) [i.e., most of the power for the target motion (green solid
line) was left of the red dotted line (0.5 Hz) in Figure 3C].
Indeed, the wrist movement in the lower frequency range (F1
domain, 0–0.5 Hz; blue line in Figure 3D, F1) almost perfectly
matched with the target motion (green line in Figure 3D, F1).
In contrast, the higher frequency component (F2 domain, 0.5–
3 Hz, blue line in Figure 3D, F2) corresponded to the vibratory
wrist movement, which was not correlated with the target motion
(green line in Figure 3D).

Different B/K Ratios for the Two
Components of the Pursuit Movements
Next, we separated the movement kinematics and activity of each
of the four muscles into F1 and F2 components (Figures 4A,B).
We then identified the relationship between the muscle activities
and movement kinematics for the F1 and F2 components
separately with CCA. Figures 4A,B provide examples of the
relationship for F1 and F2 of the same trial shown in Figure 3A.
Movement kinematics and muscle activity were fairly well
correlated for F1 and F2, respectively (CC for F1 = 0.98, CC
for F2 = 0.70). Surprisingly, the Br/Kr ratios were different for
the two components. In this example, the muscle activity for
the lower frequency range (F1) demonstrated a higher Br/Kr

ratio (1.75), while the muscle activity for the higher frequency
range (F2) demonstrated a much lower Br/Kr ratio (0.15). The
clear dissociation of Br/Kr ratios for F1 and F2 components
were common for the other trials and for the other control
subjects. As illustrated in Figure 5A, muscle activity of the F1
domain (0–0.5 Hz) demonstrated higher Br/Kr ratios (1.4–2.5,
mean ± SD = 1.84 ± 0.28, n = 13) than the pursuit wrist
movement as a whole [see Figure 9, in Lee et al. (2015), 0.86–1.91,
mean± SD = 1.30± 0.27, n = 10]. Thus, the major muscle activity
in the F1 domain encoded both velocity and position of the wrist
to reproduce the motion of the target. In contrast, muscle activity
of the F2 domain (0.5–3 Hz) demonstrated low Br/Kr ratios (0.1–
1.0, mean ± SD = 0.51 ± 0.32, n = 130) (Figure 5A, F2), like
muscle activity for the step-tracking movement [see Figure 9, in
Lee et al. (2015), 0.03–0.28, mean ± SD = 0.17 ± 0.06, n = 10].
In other words, the minor muscle activity of the F2 domain
appeared to be concerned with frequent small adjustments
of wrist position.

Functional Characterization of the F1
Component of the Pursuit Movements
Muscle activity for the pursuit wrist movement consisted of two
components with different Br/Kr ratios, and the two components
appeared to play distinct roles in the pursuit movement. The
F1 component appeared to play the primary role to synchronize
the movements of the wrist and the motion of the target. To
test this hypothesis, we calculated the cross-correlation of the
target motion and the F1 component of the wrist movement.
As demonstrated by one control subject (Figure 6A), the target
position led the wrist movement, but the lead time was very
short (56 ms). The average lead time was 47.5 ms for 13

FIGURE 5 | Comparison of the Br /Kr ratios for the F1 and F2 components between the controls (A) and the cerebellar patients (B). (A) Br /Kr ratios of the control
subjects for the F1 component (top) and the F2 component (bottom) (n = 13). Note the highly significant difference for the two components. (B) Br /Kr ratios of the
patients (Table 2, n = 19) for the F1 (top) and the F2 (bottom) components (n = 19). Note the selective decrease of Br /Kr ratios for the F1 component in the patients.
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FIGURE 6 | Similarity of the target motion and the F1 domain of the wrist
movement. Cross-correlation was calculated by changing delay δ of the target
motion relative to the wrist movement. (A) Relationship between δ and R2 for
the cross-correlation. The optimal δ (59 ms) was determined as the δ for the
highest R2. (B) Controls: Histogram of the optimal delay δ for the control
subjects (n = 13). Cerebellar patients: Histogram of the optimal delay δ for the
cerebellar patients (n = 19).

control subjects (mean ± SD = 66.3 ± 29.4 ms, n = 13)
(Figure 6B, Controls). This short lead time means that the F1
component of the wrist movement cannot be generated with a
visuomotor feedback control of the target motion, because the
conduction time of the peripheral motor nerve (∼10 ms) and
electromechanical delay (∼50 ms) alone would take that long.
Thus, the delay was too short to be a visuomotor feedback delay.
Rather, generation of the motor command in the CNS must
have preceded the corresponding motion of the target, if we take
the average lead time of neuron activity in the motor cortex of
the monkey for the wrist movement (∼100 ms) into account
(Kakei et al., 1999, 2003).

Decrease in Br/Kr Ratio of the F1
Component in Cerebellar Patients
Next, we determined the Br/Kr ratios separately for F1 and F2
components for the cerebellar patients. Figure 7 demonstrates
the relationship between movement kinematics and activity of
the four muscles for the whole wrist movement (A) and F1
(B) and F2 (C) components in a cerebellar patient. Movement
kinematics and muscle activities demonstrated considerably
strong canonical correlation for both F1 and F2 components (CC
for F1 = 0.98, CC for F2 = 0.82). Nevertheless, the dissociation
of Br/Kr ratios for the two components observed in the control
subject (Figure 4) was significantly different due to the selective
decrease in Br/Kr ratios for the F1 component (Figure 7B).
The Br/Kr ratio for F1 (Figure 7B) was no more than 0.35
and therefore much lower than that observed in the control
subject (Figure 4A, Br/Kr = 1.75), while the Br/Kr ratio for F2
(Figure 7C, Br/Kr = 0.15) was the same as that of the control
subject (Figure 4B, Br/Kr = 0.15).

The marked decrease in Br/Kr ratios for the F1 component
and relative preservation of low Br/Kr ratios for the F2
component were shared by all cerebellar patients (Figure 5B).
Br/Kr ratios of the F1 component for the cerebellar patients
(0.3–1.9, mean ± SD = 0.99 ± 0.42) (Figure 5B, F1) were
significantly lower than those of the control subjects (1.4–2.5,
mean ± SD = 1.84 ± 0.28) (Figure 5A, F1) (p < 0.001). In
contrast, Br/Kr ratios of the F2 component were comparable
for both groups (compare Figure 5B, F2 and Figure 5A, F2).
To summarize, the poor performance of target tracking in the
cerebellar patients was attributed to the selective decrease in
Br/Kr ratios for the F1 component (Figure 5B).

It should be noted that the decrease in Br/Kr ratios is not the
only anomaly of the F1 component in the cerebellar patients.
When we calculated the delay of the F1 component relative
to the target motion for the cerebellar patients (Figure 6B,
Cerebellar patients), we found that the F1 component of the
patients was delayed on average by about 100 ms (79.5–322.4 ms,
mean ± SD = 172.1 ± 82.0 ms) than that of the controls (15.0–
107.4 ms, mean± SD = 66.3± 29.4 ms) (p < 0.0001).

Relationship Between Br/Kr Ratio of the
F1 Component and Accuracy of
Predictive Control
Next we examined the relationship between Br/Kr ratios of
the F1 component and performance of pursuit movement in
the cerebellar patients and the control subjects (Figure 8). As
shown in Figures 4, 6, 7, the F1 component of the pursuit
movement is closely related to the predictive component of
the movement. Therefore, the characteristic decrease in Br/Kr
ratio of the F1 component in the cerebellar patients may be
an outcome of deterioration of predictive motor control. To
test this hypothesis, we examined the relationship between the
Br/Kr ratio of the F1 component and accuracy of the pursuit
movement (i.e., F1 error, see section “Data Analysis”). As shown
in Figure 8A, Br/Kr ratio of the F1 component and the F1
error demonstrated a clear negative correlation, although the F1
error showed little decrease for higher Br/Kr ratio (>1.5). In
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FIGURE 7 | Analysis of the F1 and the F2 components in a cerebellar patient. (A) Identification of the relationship between muscle activities and movement
kinematics for the whole wrist movement. Note a highly ataxic wrist movement shown in the top inset. The same convention as in Figure 3A. This panel used the
same data as Figure 5B in Lee et al. (2015). (B,C) Identification of the relationship between muscle activities and movement kinematics for the F1 component (B)
and the F2 component (C) of the movement shown in (A). The same convention as in Figure 4. The high canonical correlation CC’s for the two estimated torques in
both (B,C) indicate the similarities of the two estimates.

other words, relative decrease of muscle activity proportional to
velocity resulted in poorer accuracy of tracking. However, there
remains a possibility that an increase in F1 error (i.e., prediction
error) may be compensated by a feedback control and does not
affect the overall performance of the pursuit movement. In order
to test this possibility, we examined the relationship between
the Br/Kr ratio of the F1 component and the tracking score.
The tracking score is defined as a percentage of time when the
cursor was kept within the target in a single trial (Figure 8B).
The Br/Kr ratio of the F1 component and the tracking score
demonstrated a clear positive correlation, although the tracking
score showed little increase for higher Br/Kr ratios (>1.5).
Furthermore, the F1 error and the tracking score demonstrated a
strikingly linear (negative) correlation (Figure 8C). In summary,
the F1 error is the primary determinant of the overall accuracy
of the pursuit movement and a parameter to measure accuracy
of the F1 component alone. Overall, Br/Kr ratio of the F1
component is a parameter that represent overall accuracy of the
pursuit movement.

Finally, we have examined a possibility that the F2 component
could be related to an error-correction mechanism. The power
(i.e., amount) of F2 component (see Figure 3C, F2) and the
F1 error demonstrated a clear positive correlation (Figure 8D,
R2 = 0.53), suggesting that the F2 component is recruited to
compensate for increase in F1 error.

DISCUSSION

We demonstrate that the smooth pursuit movement of the wrist
joint consists of two components with distinct Br/Kr ratios in

control subjects. The major F1 component with higher Br/Kr
ratio appears to play the primary role to reproduce both velocity
and position of the target motion in a predictive manner. In
contrast, the minor F2 component with lower Br/Kr ratio encodes
mostly position of small step-wise movements. Therefore, the two
control modes, predictive control based on the forward-model
prediction and corrective control based on sensory feedback,
were identified as the F1 and F2 components, respectively. In
cerebellar patients, the predictive F1 component demonstrates a
selective decrease in the Br/Kr ratio. Notably, the Br/Kr ratios of
the F1 component has a strong correlation with accuracy of the
pursuit movement. In contrast, there was no significant difference
between the Br/Kr ratios of the F2 component for control and
patient groups. Taken together, our results support the hypothesis
that cerebellar patients have an impairment in the forward-model
prediction while maintaining corrective control in response to
sensory feedback. In the following sections, we will focus on five
points: (1) dissociation of two components of pursuit movement;
(2) functional interpretation of the Br/Kr ratio; (3) the Br/Kr
ratios for F1 and F2 components in patients with cerebellar
ataxia and the role of the cerebellum in predictive control;
(4) the F1 (predictive) component of the pursuit movement
and precision of motor control; (5) quantitative evaluation of
motor function of patients with cerebellar ataxia based on
the Br/Kr ratio.

Dissociation of Two Components of
Pursuit Movement
The basic design of this study owes to Beppu et al. (1987)
and Miall et al. (1993a). They have examined a specific
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FIGURE 8 | Importance of F1 component of the pursuit movement to determine accuracy of control. (A) Relationship between the Br /Kr ratios for F1 component
and Cursor-Target error for F1 (F1 error, in short). The Cursor-Target error for F1 (F1 error) is defined as an average error between the target motion and the F1
component of the movement during a trial. Note the negative correlation. (B) Relationship between the Br /Kr ratios for F1 component and Tracking Score. Tracking
Score is defined as percentage of time when the cursor is kept within the target during a trial. Note the positive correlation. (C) Relationship between Cursor-Target
Error for F1 (F1 error) and Tracking Score. Note the linear relationship. Overall, Br /Kr ratio for F1 component has a strong positive correlation with accuracy of pursuit
movement. In other words, poor performance of the cerebellar patients is ascribed to their lower Br /Kr ratio for F1 component. (D) Relationship between
Cursor-Target Error for F1 (F1 error) and power of F2 component. Note the positive correlation.

type of tracking movement in which a visual target moves
slowly and smoothly in a predictive manner. They recognized
two components of movement during the smooth-tracking
movement. The primary component is in lower frequency
and the secondary component is in higher frequency and
intermittent. They concluded that the lower frequency
component reproduces the smooth target motion and the
higher frequency/intermittent component represents feedback
control. We reasoned that the outputs from the two controllers
could be separated with a Fourier transformation due to the
differences in the frequency ranges of the two components.
In the present study, we established a new method to separate
the outputs from the two controllers and to evaluate the
accuracy of the predictive controller (Figures 3, 4). We further
applied the method to evaluate the predictive controllers
in patients with cerebellar ataxia (Figures 7, 8). Our novel
finding was that the F1 component was predictive of the
target motion and was selectively impaired in the cerebellar
patients (Figures 5B, 6B).

Functional Interpretation of the Br/Kr
Ratio
In our previous study (Lee et al., 2015), we established a simple
linear model for the wrist joint to analyze the causal relationship
between muscle activities and movement kinematics. With this
model, we compared the characteristics of muscle activities for
two movement tasks, a step-tracking task and a smooth pursuit
task. In control subjects, the CNS adjusted two components of
motor command (i.e., muscle activities) to meet the requirements
of the tasks. For example, for the step-tracking task to stationary
targets without any reference velocity, patterns of the muscle
activities were correlated primarily with the position, with very
low correlation with velocity (low Br/Kr ratio). In contrast,
for the smooth pursuit task in which the target moves with
known velocity and position, the muscle activities were correlated
comparably with the velocity and position of the target motion
(higher Br/Kr ratio). In contrast, the ability of cerebellar patients
to select a proper Br/Kr ratio depending on the task requirement
was markedly deteriorated (Lee et al., 2015). Overall, Br/Kr ratio
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provides a novel parameter to characterize the motor function of
cerebellar patients.

When we analyzed the smooth pursuit movement in the
previous study, we treated the movement of all frequencies as a
whole, based on an assumption that there is a single controller
operating at all frequencies. In the present study, however, we
reanalyzed the same data to find that it actually contained two
distinct components in different frequency ranges, i.e., F1 and
F2 (Figures 3C,D). Therefore, we further employed the same
method to evaluate each component separately, with the Br/Kr
ratio. The major F1 component belonged to the same lower
frequency range as the target motion (Figure 3C, <0.5 Hz,
F1 component) and encoded both velocity and position (i.e.,
higher Br/Kr ratio) of the smooth target motion (Figure 4A).
This composition of the F1 component appeared suitable to
synchronize the wrist movement with the target motion in
a predictive manner (Figure 6). In contrast, the minor F2
component belonged to a higher frequency range (Figure 3C,
0.5 Hz<, F2 component) and mostly encoded position (i.e.,
low Br/Kr ratio) of small step-wise movements (Figure 4B).
So far, we do not fully understand the functional roles of the
F2 component. Nevertheless, the low Br/Kr ratio of the F2
component suggests that the F2 component may provide small
and intermittent positional corrections (i.e., feedback) during
the pursuit movement. Indeed, the F2 component appeared
to provide quick corrective (i.e., feedback) mechanism (Beppu
et al., 1987; Miall et al., 1993a) and is recruited more when
the precision of the F1 component is deteriorated (Figure 8D).
In other words, the F1 and the F2 components appear to
function cooperatively. We will focus on the nature of the F2
component and its cooperation with the F1 component in a
separate paper. Overall, the Br/Kr ratio again provides a unique
tool to characterize functional significance of motor commands
for goal directed movements.

The Br/Kr Ratios for F1 and F2
Components in Patients With Cerebellar
Ataxia and the Role of the Cerebellum in
Predictive Control
In contrast to the distinct Br/Kr ratios for F1 and F2 components
in control subjects mentioned above, the component-specific
differences in the Br/Kr ratio were much smaller in the
cerebellar patients (Figure 5B). Indeed, the patients relied
on position-dominant control even for the predictive F1
component (Figures 5B, 7B). In other words, they were not
able to recruit the velocity-dominant control. These findings
suggest that the cerebellum makes an important contribution
to the predictive control of the pursuit movement, which is
impaired in cerebellar ataxia. Our observations also explain why
movements in cerebellar ataxia are characterized by a lack of
smoothness. In contrast to control subjects, who achieve smooth
movement with continuous velocity control (Figure 3A, top
inset), cerebellar patients must rely on position-dominant step-
wise movements (Figure 7A, top inset), which are probably
manageable only with position control. The step-wise position-
dominant movement appears to be a default mode of motor

control that utilized by patients with cerebellar ataxia as a
compensation method. Indeed, the low Br/Kr ratio for the
F2 component in cerebellar patients was similar to that in
control subjects (Figure 5B, F2). On the other hand, velocity
control is continuous and predictive in nature. Therefore, the
impaired velocity control and decrease in tracking accuracy
(Figure 8C) in these patients may suggest a deficit in prediction
in cerebellar ataxia. It should be noted that the poor precision
is not the only problem with the predictive control of the
cerebellar patients. The prediction is delayed significantly more
(∼100 ms) than in controls (Figure 6B). The delay itself may
be simply explained as poor recruitment of output from the
cerebellar nuclei due to decrease in disinhibition of output
neurons (Ishikawa et al., 2014, 2015, 2016). The prediction
that is delayed by this amount is no longer a prediction and
may force the patients to depend on the pure feedback control
further destabilizing the wrist movement ataxic as typically
seen in Figure 7A.

The Predictive (F1) Component of the
Pursuit Movement and Precision of
Motor Control
The Br/Kr ratio reflects the composition of the motor command
from the controller in the CNS. Considering the redundancy
between muscle activities and movement kinematics, it is
possible that different patterns of muscle activities could generate
exactly the same movement kinematics. In other words, it is
possible, at least theoretically, that accurate pursuit movement
observed in the control subjects (Figure 3A, top inset) could
be generated with muscle activities with even lower Br/Kr
ratios compared to those observed in cerebellar patients.
Nevertheless, the Br/Kr ratio of the F1 (predictive) component
demonstrated a strong negative correlation with the error of
the predictive movement (Figure 8A) and a strong positive
correlation with the accuracy of the overall pursuit movement
(Figure 8B). Therefore, the Br/Kr ratio of the predictive
(F1) component provides a unique parameter that represents
accuracy of the predictive control for the pursuit movement in
patients with ataxia.

Quantitative Evaluations of the Motor
Functions of Patients With Cerebellar
Ataxia Based on the Br/Kr Ratio
Precise evaluations of motor functions of patients with
neurological disorders are essential for both monitoring the
progress of disease and evaluation of effects of treatment.
Although several groups have tried to perform quantitative
evaluations of cerebellar ataxia with arm movements (Nakanishi
et al., 1992; Sanguineti et al., 2003; Menegoni et al., 2009), their
evaluations are mostly limited to movement kinematics. The
authors have reported some features of movement kinematics,
such as more curved and irregular hand paths, with a
more asymmetric speed profile, in ataxic patients. However,
movement kinematics cannot tell much about causal muscle
activities or motor commands due to the redundancy of the
musculoskeletal system. In other words, muscle activities provide
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more information than movement kinematics. Therefore, it is
desirable to find anomalies of the motor commands directly
(Diener and Dichgans, 1992; Manto, 1996) rather than the
resultant movement anomalies. In this study, we evaluated the
motor functions of patients with cerebellar ataxia based on the
level of muscle activities (i.e., EMG signals). In particular, the
decreased Br/Kr ratio for the F1 component strongly reflected the
pathophysiological changes in these patients (Figures 5B, 6B, 8).
We will test this hypothesis by monitoring the Br/Kr ratios
for the F1 component of the pursuit task in ataxic patients
for a long period.

CONCLUSION

In conclusion, the Br/Kr ratio of the F1 component provides
a unique parameter to characterize the accuracy in terms
of predictive control of voluntary goal-directed motion. This
method can be applied in the numerous forms of cerebellar
ataxias encountered in daily practice.
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