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Bone regeneration of OCP/Col with different
temperature of DHT

We previously reported that DHT during the fabrication
of OCP/Col influences bone regeneration by OCP/Col.*°
New bone formation by OCP/Col with DHT was signifi-
cantly higher than that without DHT,*’ although it is unclear
whether the temperature of the DHT is optimized with re-
gard to the osteoconductive characteristics of OCP/Col.
Bone regeneration by the implantation of OCP (300-500 pm)/
Col with different DHT (120°C, 150°C, and 180°C) was
compared. The results of the radiographic examination are
shown in Figure 2 (A-C). At week 12, there was moderate
radiopacity in the defect implanted with OCP/Col with
120°C DHT (Fig. 2A). In OCP/Col with 180°C DHT (Fig. 2C),
the radiopacity was higher than that in OCP/Col with 120°C
DHT, but the area of radiopacity was smaller than the defect.
In OCP/Col with 150°C DHT (Fig. 2B), a larger area of thorn-
like radiopacity amalgamated and condensed.

An overview of histological sections at week 12 is shown
in Figure 2D-F. New bone formation of OCP/Col with 120°C
DHT was limited to the defect margin and around the im-
planted OCP (Fig. 2D). In OCP/Col with 180°C DHT (Fig.
2F), newly formed bone was observed sporadically in the
defect. The area of newly formed bone was larger than that
with OCP/Col with 120°C DHT. In OCP/Col with 150°C
DHT (Fig. 2E), newly formed bone was observed throughout
the defect and surrounding the remaining OCP. The area of
newly formed bone of OCP/Col with 150°C DHT was larger
than that in other samples.

Radliographic examination of OCP/Col
with different granule size of OCP

As described above, the OCP/Col with 150°C DHT en-
hanced bone regeneration more than that with 120°C or
180°C DHT. Therefore, OCP/Col with 150°C DHT was
evaluated further. The size effect of OCP granules (53-
300 um, 300-500 um, or 500-1,000 um) in Col was examined.
The results of the radiographic examination are shown in
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FIG. 2. Radiographic exam-
ination and histological
overview of the implants in
week 12. (A, D) OCP/Col
with 120°C DHT, (B, E)
OCP/Col with 150°C DHT,
and (C, F) OCP/Col with
180°C DHT. Vv, defect mar-
gin. Bars=4mm (A-C), 2mm
(D-F). Color images available
online at www liebertonline
.com/tea

Figure 3. In OCP/Col, thorn-like radiopaque masses were
scattered throughout the defect in week 4 and condensed in
weeks 8 and 12, and newly formed bone was observed in a
large area of the defect. In particular, in 53- to 300-um OCP/
Col, the amalgamated radiopacity was more condensed and
became larger than that of other samples. In Col, isolated
pudgy radiopacities were scattered throughout the defect. In
untreated defects, radiopacity was observed along the defect

margins.

Histological examination of OCP/Col with different
granule size of OCP

An overview of the histological sections (Fig. 4) showed
that bone regeneration in the Col-treated group and the
untreated control was limited to the margin of the defect,
and most of the defect was filled with fibrous connective
tissue. In OCP/Col, newly formed bone in the defect became
abundant in week 12. The area of newly formed bone of
53- to 300-um OCP/Col was the largest of the samples.

Histomorphometric examination

Histomorphometric findings regarding n-Bone% are
shown in Figure 5. By week 4, mean n-Bone%+5SD in the
500- to 1,000-um OCP/Col-treated, 300- to 500-um OCP/Col-
treated, 53- to 300-um OCP/Col-treated, Col-treated, and
untreated groups was 16.3+£3.9,17.9£3.3,23.0£3.2,6.4£1.6,
and 6.0+1.6, respectively. A significant difference was ob-
served between the 53- to 300-um OCP/Col-treated and
other groups. By week 8, the mean n-Bone%*SD in 500-
to 1000-um OCP/Col-treated, 300- to 500-um OCP/Col-
treated, 53- to 300-um OCP/Col-treated, Col-treated,
and untreated groups was 37.3+2.2, 38.0+£2.0, 53.2+2.7,
15.3%3.6, and 9.8+3.3, respectively. A significant difference
was observed between the 53- to 300-um OCP/Col-treated
and other groups. By week 12, the mean n-Bone%*SD in
the 500- to 1,000-um OCP/Col-treated, 300- to 500-um OCP/
Col-treated, 53- to 300-um OCP/Col-treated, Col-treated,
and untreated groups was 56.1+£2.8, 53.7+3.1, 65.5+3.1,
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FIG. 3. Radiographs of rat calvarial

defects with implantation of (A) 500~

to 1,000-um OCP/Col, (B) 300- to 500-

pm OCP/Col, (C) 53- to 300-um OCP/  C QCP (53 -
Col, and (D) Col; (E) untreated control.

Dehydrothermal treatment was 150°C. 300 pm)/Col
Bars=4mm.

D Collagen

4 weeks 8 weeks 12 weeks

FIG. 4. Overview of the sections stained with hematoxylin and eosin: (A) 500- to 1,000-um OCP/Col, (B) 300- to 500-um
OCP/Col, (C) 53- to 300 um OCP/Col, (D) Col, and (E) untreated control. The implantation terms were 4, 8, and 12 weeks
long. Dehydrothermal treatment was 150°C. V¥, defect margin. Bars=2mm. Color images available online at www
Jliebertonline.com/tea
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FIG. 5. Quantitative analysis of percentage of new bone in the defect (n-Bone%) and remaining implant (r-Imp%). (A) 500-
to 1,000-um OCP/Col, (B) 300- to 500-um OCP/Col, (C) 53- to 300-um OCP)/Col, (D) Col, and (E) untreated control. Data are

means + standard deviations. *p <0.01.

26.413.6, and 20.2+3.8, respectively. A significant difference
was observed between the 53- to 300-um OCP/Col-treated
and other groups.

Histomorphometric findings regarding r-Imp% are shown
in Figure 5. By week 4, the mean r-Imp%®SD in the 500-
to 1,000-um OCP/Col-treated, 300- to 500-um OCP/Col-
treated, and 53- to 300-um OCP/Col-treated groups was
38.0£3.1, 30.3+3.6, and 26.5+1.7, respectively. A significant
difference was seen between OCP/Col composites. By week
8, the mean r-Imp%=5SD in the 500- to 1,000-um OCP/Col-
treated, 300- to 500-pm OCP/Col-treated, and 53- to 300-um
OCP/Col-treated groups was 26.9%3.0, 247+3.1, and
16.0+1.4, respectively. A significant difference was seen
between OCP/Col composites. By week 12, the mean
r-Imp%+SD in the 500- to 1,000-um OCP/Col-treated, 300-
to 500-um OCP/Col-treated, and 53- to 300-um OCP/
Col-treated groups was 19.6+1.9, 16.1£1.9, and 11.4£1.9,

OCP (500 - 1000 pm)/Col
A

OCP (300 - 500 um)/Col

.respectively. A significant difference was seen between
1% Yy

OCP/Col composites.

TRAP staining

Representative TRAP staining at 4 weeks is shown in
Figure 6. TRAP-positive multinucleated giant cells (MNGCs)
were observed in close association with OCP granules,
indicating that TRAP-positive osteoclast-like cells directly
resorb OCP granules within the Col matrix. Sparse TRAP-
positive cells were seen within the implant, in particular
around 53- to 300-pm OCP granules (Fig. 6c, F).

Structural changes of OCP in vivo

Figure 7 shows the XRD patterns of the OCP/Col before
(Fig. 7C, E, G) and after (Fig. 7B, D, F) implantation in rat
calvarial defects. The structure of OCP tended to convert to

OCP (53 - 300 ym)/Col
C

FIG. 6. Detection of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated giant cells (MNGCs) around OCP
granules. TRAP staining at 4 weeks: (A, D) 500- to 1,000-pm OCP/Col, (B, E) 300- to 500-um OCP/Col, and (C, F) 53- to 300-
pm OCP/Col. Bars=500 um (A,B,C), 200 um (D,E,F). Color images available online at www liebertonline.com/tea
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before implantation

D OCP (300 - 500 um)/Col
implanted for 12 weeks

E OCP (300 - 500 um)/Col
before implantation
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implanted for 12 weeks

G OCP (53 - 300 ym)/Col
before implantation
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FIG. 7. X-ray diffraction patterns of (A) rat bone and (B)
500- to 1,000-um OCP/Col implanted into rat calvarial
defects at 12 weeks, (C) 500~ to 1,000-um OCP/Col before
implantation, (D) 300- to 500-um OCP/Col implanted, (E)
300- to 500-um OCP)/Col before implantation, (F) 53- to 300-
pm OCP/Col implanted, and (G) 53- to 300-um OCP/Col
before implantation.

that of HA with a reduction in (100) reflection intensity. The
results confirmed that OCP in a Col matrix tended to convert
to an apatite structure by implantation into rat bone; these
changes were identical to the structural changes observed by
implantation into rat calvaria,’ mouse calvaria,?? and sub-
cutaneous tissue.>

Characterization of OCP/Col disks

Figure 8 shows scanning electron micrographs of the
OCP/Col disks. The granules in the Col matrix showed an
irregular morphology consisting of an aggregate form of
OCP crystals (Fig. 8a-C). The pore size distributions from the
mercury porosimetry data are shown in Figure 9. All disks
were porous and had pore size distributions with almost the
same median pore sizes (~30um). The scanning electron
micrograph figures have structures that coincide with the
mercury porosimetry pore size distribution (Fig. 8d-F).

Dissolution of OCP granules in media

Figure 10 shows the results of chemical analyses of the
supernatants of the OCP/Col after 3 days of incubation with
oMEM at 37°C. The Ca®* concentration of the supernatant of
the OCP/Col was less than that of Col and control (Fig. 10A).
Conversely, the Pi concentration of the supernatant of the
OCP/Col was greater than those of Col and control and was
greater with smaller size of the OCP granules (Fig. 10B).
Table 1 shows the DS of the media before and after the im-
mersion of OCP/Col composites. The results showed that DS
in all media examined were supersaturated with respect to
HA and slightly supersaturated with respect to OCP but
undersaturated with respect to DCPD. DS of Col was com-
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patible with that of the control (medium without immersing
the materials) and higher than those of OCP/Col composites
with respect to HA and OCP. DS of OCP/Col (53-300 um)
was somewhat smaller than those of 300- to 500-um and 500-
to 1,000-um OCP/Col with respect to HA and OCP, indi-
cating that 53- to 300-um OCP granules in Col matrix had a
higher potential to dissolve and tended to form HA and
possibly OCP.

Discussion

The present study provides evidence that the granule size
of OCP dispersed in a Col matrix greatly affects the capabil-
ity of bone regeneration of OCP/Col and the degree of re-
sorption of this composite material. The OCP/Col with the
smallest OCP granules (53-300pm) enhanced the bone re-
generation rate in a rat critical-sized calvaria defect more than
those with OCP granules with larger ranges (300-500 and 500-
1,000 pm). The resorption of OCP/Col was also more en-
hanced in the composite including the smallest OCP granules
(53-300 im) than in other OCP/Col composites with larger
OCP granules. The thermal dehydration of OCP/Col under
vacuum conditions, a measure to cross-link atelo-Col fibrils,*!
reconfirmed that the bone regeneration is supported most
efficiently if the treatment is performed under certain condi-
tions.*” The present study focused on an OCP/Col composite
treated at 150°C, which revealed higher bone regenerative
capability. The amount of cross-linking was greater with
higher dehydrothermal temperature.*! The extent of the cross-
linking in Col may affect the material characteristics*? and
regulate the capacity of bone regeneration by the present
composite materials. The OCP/Col materials were well
characterized to interpret the biological response in a rat
critical-sized calvaria defect. The OCP structure ’3§radually
collapses if heated in air from 150°C to 200°C,*** but the
present DHT, which was heated to 180°C under vacuum
conditions, did not induce full decomposition of the OCP
structure, at least by the estimation in XRD. The X-ray pattern
of OCP in the Col matrix became somewhat broader with
smaller granule size, which could be due to the decrease in
the crystal orientation within the Col matrix. The mercury
intrusion porosimetry of the OCP/Col showed that the pore
distribution was relatively homogenous (~30 um) regardless
of the granule size of OCP. The material characterization in-
dicated that the biological responses of OCP/Col can be
evaluated as a function of the granule size of OCP under
which other parameters of the material are relatively constant.

A radiograph of the OCP/Col implantation showed that
radiopacity progressively increases sporadically and the
calcified matter fuses throughout the defect time depen-
dently. Our previous studies indicated that bone formation is
initiated from OCP granule surface,”**** although bone
formation is also observed from the margin of the defect.'**®
Bone formation is not induced if OCP is implanted in mouse
abdominal subcutaneous tissue near fascia.®® The present
histological findings supported the observation that OCP
granules work as a nucleation site for bone regeneration. The
OCP granules in Col matrix were detected as hematox-
ylinophilic substances, which have been confirmed to stem
from the accumulation of matrix proteins,? including cir-
culating serum proteins,*® within the space formed by
each OCP crystal. Previous studies suggested that bone
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regeneration starts from the surface of the structure com-
posed of OCP crystals and matrix proteins,®® which is
formed by implanting the OCP granules into bone tissue.
Although Col is a cell-attaching biological molecule,* the
present Col disks did not result in greater bone formation
than OCP/Col. The results suggest that the major contribu-
tion in enhancing bone formation may stem from the ca-
pacity of OCP crystals to stimulate host osteoblastic cells to
differentiate.”* The fact that the capacity of bone regener-
ation differs depending on granule size suggests the fol-
lowing mechanisms; a reduction in the granule size within
the unit volume of the Col matrix increases the nucleation
site for new bone and some physicochemical change in re-
lation to the granule size could enhance bone regeneration.
The advancement of bone formation by 53- to 300-um OCP/
Col resulted in fusion of new bone that could be nucleated
from the OCP granules within Col matrix.

XRD analysis of the retrieved tissue with OCP/Col im-
plants indicated that OCP tends to convert to HA until 12
weeks after implantation, although XRD showed the rem-

553

X 300

FIG. 8. Scanning electron
micrographs of OCP/Col
disks. (A, D) 500- to 1,000-
um OCP/Col, (B, E) 300- to
500-pum OCP/Col, and (C,
F) 53- to 300-um OCP/Col.
Bars=500 um (A,B,Q),

50 um (D,E,F).

nant OCP unresorbed and the newly formed bone.”® The
conversion from OCP to HA induces physicochemical
changes with advancement of the conversion™'** and en-
hances osteoblastic differentiation of mouse bone marrow
stromal cells together with an increase in differentiation
markers, such as alkaline phosphatase (ALP) and osterix
messenger RNA, in in vitro a:r1alyses.17'19’46 Therefore, the
granules of OCP in OCP/Col in the present study may affect
bone regeneration to some extent regardless of granule size.
The dissolution test of OCP/Col in a medium indicated that
calcium ions tended to decrease, whereas inorganic phos-
phate ions tended to increase with smaller granule size.
The conversion from OCP to HA in vitro accompanied these
changes in ion concentration.>*”*> On the other hand, the
surface area of OCP granules in Col matrix should be greater
with smaller granule size because the same weight of OCP
granules is included in the unit volume of the Col. The de-
crease in DS with respect to HA and OCP in the medium
with 53- to 300-um OCP/Col suggests that the smallest OCP
granules in Col tend to convert to HA more readily than the
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FIG. 9. Mercury porosimetry pore size distribution of 500-
to 1,000-um OCP/Col, 300 to 500-um OCP/Col, and 53- to
300-um OCP/Col.

larger granules. If the enhancement of the conversion from
OCP to HA detected in vitro is reflected at the implantation
site, then the stimulatory effect by the conversion from OCP
to HA might be involved in bone regeneration.

The resorption rate of OCP/Col was greater with smaller
OCP granule size. As discussed above, one of reasons for
earlier resorption could be the physicochemical factor that
smaller granules of OCP are expected to have a higher spe-
cific surface area®® in the unit volume in OCP/Col and,
therefore, tend to dissolve faster than larger granules of OCP.
Histochemical analysis revealed that TRAP staining was
qualitatively higher in OCP/Col with smaller OCP granules
than in that with larger granules. It has been proved that
osteoclast formation can be induced on OCP coating from
in vitro co-culturing in osteoblasts and bone marrow cells
even in the absence of vitamin Dj3, a factor to increase oste-

A
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oclast-inducing factor RANKL in osteoblasts,'® and that
TRAP-positive osteoclast-like cells resorb OCP granules.**3
The present results reconfirmed that osteoclast-like cells can
resorb OCP granules and suggest that decreasing the granule
size of OCP enhances the osteoclastic cellular activity to
resorb. ,

The effect of granule size in HA, B-TCP, and glass ce-
ramics on bone formation has been seen in rabbit bone
marrow.* It is becoming clear that the type of materials and
granule size should be factors in the control of reactive bone
formation.”!® HA is the most-thermodynamic stable basic
salt in the physiological environment.” HA particles from 1
to 3um* or nano-HA deposited Col'? have biodegradable
properties if implanted in bone defects. The size of HA
particles, ranging from submicron size to approximately
800 um in diameter, affects the biological response to fibro-
blasts and myoblasts.”® The size between the nano- and mi-
crometer ranges also has an influence on osteoblast
differentiation.”® A previous histomorphometric analysis of
mouse critical-sized calvaria defects revealed that OCP
granules with the same granule size as those in the present
study but not including the Col matrix enhanced bone for-
mation and the appearance of TRAP-positive cells around
OCP granules with larger OCP granule size; this is in con-
trast to the present results. In this previous study, it was
easier for osteoblasts to invade, proliferate, and differentiate
within the space formed by OCP granules by increasing
granule size.”® Although the effect of the granule size was
opposite between the present (in the gresence of Col) and
previous (in the absence of Col) results, 8 the enhancement of
bone regeneration was coupled with the increase in TRAP
activity of osteoclast-like cells in these two observations. A
similar coupling-like response to OCP granules has been
found in rabbit bone marrow implantation” and mouse
calvaria onlay graft>® suggesting that the enhancement of
bone regeneration by OCP granules includes the activation
of osteoclast-like cells around the granules during bone for-
mation by osteoblasts. Furthermore, bone formation-related
genes, such as osteocalcin, Col 1, osteopontin, and ALP, have
been detected together with osteoclast-related genes, such as
TRAP and Cathepsin-K in rat tibia bone marrow tissue with
OCP implantation.”!

B

* * *
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FIG. 10. Changes in the
Ca®* (A) and Pi (B) concen-
trations of alpha minimum
essential medium at 37°C af-
ter 3 days of incubation of
OCP/Col.
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TABLE 1. SoLuTiON COMPOSITION AND ITS SATURATION LEVELS AFTER INCUBATION IN aMEM.
Degree of Supersaturation
Calcium Phosphate gree of Sup
Materials (mM) (mM) HA OCP DCPD
OCP (500-1000 ym)/Col 1.76+0.02 1.07+0.03 3.11x10" 1.04x10° 5.51x107%
OCP (300-500 pm)/Col 1.78+0.04 1.12+0.01 3.85x 10 1.27x10% 5.87x107
OCP (53-300 pm)/Col 1.58+0.02 1.15+£0.01 2.34x 101 8.69x 107 5.38x107
Collagen 2.21+0.04 2.22+0.02 5.27x10 1.39x10° 5.62x107
Control (Medium) 2.2210.02 0.83+0.01 4.70x10% 1.24%10% 5.39x 107

Concentration of calcium and phosphate was expressed as average+SD by three determinations.
oMEM, o minimal essential medium; HA, hydroxyapatite; OCP, octacalcium phosphate; DCPD, dicalcium phosphate dihydrate; col, collagen.

The present study using rat critical-sized calvaria showed
that OCP/Col composite can be optimized for use in the
repair of defects if a smaller OCP granule size (53-300 pm) is
used in the composite. From the viewpoint of the quality of
regenerated bone, complete resorption of OCP granules
concomitantly with replacement with new bone may be de-
sirable.? OCP granules in the present study were not re-
sorbed fully and remained even when OCP/Col with the
smallest granules was used and the implantation was con-
ducted over prolonged periods. HA is the thermodynami-
cally most-stable salt in various calcium phosphates,” so the
converted HA from OCP should have lower solubility than
the original OCP, as revealed in a previous in vitro study
under physiological conditions.** Converted HA from an
OCP onlay implanted in rat calvaria is carbonate-containing
HA.5® Carbonate-containing HA is thought to be an ana-
logue to biological apatite crystals in bone 456 and, therefore,
exhibits higher osteoclastic cellular resorbability.'*"® The
osteoclastic resorption of OCP/Col composite is remarkably
accelerated under mechanical conditions in vivo™> and
in vitro.>® Alleviation of the mechanical stress reduces this
marked osteoclastic activity, resulting in restoring the bone-
regenerative property.” The use of a OCP/Col composite in
a load-bearing site is therefore challenging. The acquisition of
the ability to be fully resorbed and replaced with new bone
in various implantation sites is a problem to be solved from
the materials science and chemistry viewpoints and would
lead to the development of an OCP-based bone substitute
material that is compatible with autologous bone.

Conclusion

The present study showed that the granule size of OCP
can modify the bone regenerative property of a bone substi-
tute material consisting of OCP granules and a Col matrix.
Decreasing the OCP granule size to 53 to 300 pm in a OCP/
Col composite enhanced its capability to regenerate new bone
relative to the larger sizes of OCP. The physicochemical
property induced by the difference of the granule size may be
a determinant of the bone regenerative property of OCP/Col.
It appears that bone regeneration is coupled with enhanced
osteoclastic resorption of OCP granules in OCP/Col. Recent
studies clarified that OCP exhibits a variety of biological re-
sponses depending on the crystal chemistry.**® The present
study provides a clue to increase the osteoconductivity of
OCP/Col by stimulating host osteoblastic cells, leading to the
development of a highly osteoconductive bone substitute
material and a scaffold for a tissue construct with exogenous
cells approaching the performance of autologous bone.
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ABSTRACT

The different response characteristics of the different auditory cortical responses under conventional central
masking conditions were examined by comparing the effects of contralateral white noise on the cortical com-
ponent of 40-Hz auditory steady state fields (ASSFs) and the N100m component in auditory evoked fields
(AEFs) for tone bursts using a helmet-shaped magnetoencephalography system in 8 healthy volunteers (7
males, mean age 32.6 years). The ASSFs were elicited by monaural 1000 Hz amplitude modulation tones at
80 dB SPL, with the amplitude modulated at 39 Hz. The AEFs were elicited by monaural 1000 Hz tone bursts
of 60 ms duration (rise and fall times of 10 ms, plateau time of 40 ms) at 80 dB SPL. The results indicated that
continuous white noise at 70 dB SPL presented to the contralateral ear did not suppress the N100m response
in either hemisphere, but significantly reduced the amplitude of the 40-Hz ASSF in both hemispheres with
asymmetry in that suppression of the 40-Hz ASSF was greater in the right hemisphere. Different effects of
contralateral white noise on these two responses may reflect different functional auditory processes in the

cortices.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Auditory masking is a phenomenon in which the audibility of
one sound (signal) is decreased by the presence of another sound
(masker). Under such masking conditions, the sensation thresholds
for the signal sound are elevated and the amplitudes of the auditory
evoked responses to the signal sound are usually reduced (Burkard
and Sims, 2001; Dallos and Cheatham, 1976; Delgutte, 1996; Okamoto
et al,, 2005; Zwislocki, 1972, 1978). Understanding of the masking
characteristics is important, since the signal is usually perceived in
the presence of sounds other than signals in daily life. “Masking” is
known to occur at any level of the auditory pathway from the cochlea
to the cortex (Burkard and Sims, 2001; Dallos and Cheatham, 1976;
Delgutte, 1996; Okamoto et al., 2005; Zwislocki, 1972, 1978), and is
caused not only by sound presented to the ipsilateral ear but also

* Corresponding author at: Laboratory of Rehabilitative Auditory Science, Tohoku
University Graduate School of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai 980-8574,
Japan. Fax: 481 22 717 7307.

E-mail address: kawase@orl.med.tohoku.ac.jp (T. Kawase).

1053-8119/$ ~ see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2011.08.108

by sound presented to the contralateral ear (Delgutte, 1996; Zwislocki,
1978). The major difference between ipsilateral and contralateral
masking is the presence and absence, respectively, of direct interac-
tion between signal stimuli and masking at the cochlear level. The
effects of ipsilateral masking are usually much larger than those of
contralateral masking, so the effects of peripheral masking, which oc-
curs in the cochlea or cochlear nerve, are believed to be important in
the ipsilateral masking phenomenon (Zwislocki, 1972, 1978). On the
other hand, the contralateral masking phenomenon is often referred
to as central masking, because the effect occurs between the ears; i.e.,
the brain is involved in the contralateral masking (Zwislocki, 1972,
1978).

One possible method to investigate central masking is to examine
the contralateral masking phenomenon observed in auditory cortical
evoked responses such as the N100 and 40-Hz auditory steady state
responses (ASSRs), but the masking effects observed in evoked responses
appear to be very different depending on the combinations of signal and
masker properties (Bertoli et al.,, 2005; Galambos and Makeig 1992a,
1992b; Hari and Mikeld, 1988; Maki et al,, 2009; Okamoto et al., 2007)
and possibly different between the right and left hemispheres (Okamoto
et al,, 2007).
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The N100 response, which is a prominent cortical response to
transient auditory stimuli such as tone burst, is not significantly af-
fected by contralateral continuous white noise (Hari and Makeld,
1988) or speech babble noise (Bertoli et al., 2005), but is significantly
suppressed by speech sound, music sound, intermittent noise, and
comb-filtered noise (Hari and Makeld, 1988; Okamoto et al., 2007).
In contrast, any type of contralateral stimuli can suppress the 40-Hz
ASSR, which is an oscillatory activity of the brain phase locked to
the rhythm of the auditory stimulus such as repetition click, ampli-
tude modulated (AM), and frequency modulated tones (Fujiki et al.,
2002; Galambos and Makeig, 1992a, 1992b; Kaneko et al., 2003;
Maki et al., 2009; Okamoto et al., 2007; Ross et al., 2005a). Consider-
ing the possible different effects of contralateral noise among the
different types of contralateral sound, and the possible different
effects depending on the observed condition such as stimulation
ear and observed hemisphere, direct comparison between the dif-
ferent cortical evoked responses using the same contralateral sound
is important. However, such a study has been conducted only for
relatively complex noise (comb-filtered noise) (Okamoto et al,, 2007),
not for white noise, a basic type of contralateral noise. Moreover,
the effects of contralateral white noise on the 40-Hz ASSR have not
received detailed analysis including the hemispheric differences
using magnetoencephalography (MEG), although several studies
used electroencephalography (EEG) (Galambos and Makeig, 1992a,
1992b; Maki et al., 2009).

The present study compared the effects of contralateral white
noise on the 40-Hz ASSR with the effects on the N100m using MEG,
which can separate the activation of the auditory cortices in the
right and left hemispheres (Hari et al., 1980; Kanno et al., 1996,
2000; Naitinen and Picton, 1987; Nakasato et al., 1995, 1997 Pantev
et al., 1986, 1990; Reite et al., 1994), to examine whether the same
contralateral white noise has different masking effects on the 40-Hz
ASSR and N100m, and the possible different effects of contralateral
white noise according to the simulation ear and/or observed hemi-
sphere. Clarification of differences in the contralateral sound effects
between the different evoked responses will help to elucidate the
mechanisms of central masking and the generation mechanism of
each evoked response.

Materials and methods
Subjects

This study included 8 normal volunteers (7 males and 1 female,
mean +/— SD age of 32.6 +/— 8.63 years) without histories of auditory
diseases or neurological disorders. All subjects were right-handed with
scores above +90 on the Edinburgh Handedness Inventory (Oldfield,
1971). The present study was approved by the ethical committee of
the Tohoku University Graduate School of Medicine and Kohnan
Hospital. All parts of the present study were performed in accor-
dance with the guidelines of the Declaration of Helsinki.

Stimuli

_ The stimulus to elicit the 40-Hz ASSR was a 1000-Hz continuous
tone 100% AM at 39 Hz with an exponential modulation envelope
(John et al., 2002), generated by a digital signal processing platform
(TDT System III; Tucker-Davis Technologies, Gainesville, FL) under
the control of an IBM PC/AT computer. The modulation of 39 Hz was
chosen based on the preliminary measurement of two subjects in
whom ASSRs in response to 39 Hz tended to be larger than those to
40 Hz, and the previous finding that the largest amplitude of ASSR is
obtained at a frequency just below 40 Hz (Pastor et al., 2002). The
sound pressure level of the AM tone was 80 dB SPL and presented
monaurally.

The stimulus to elicit the N100m response was a tone burst of
60 ms duration (rise and fall times of 10 ms, plateau time of 40 ms)
at a frequency of 1 kHz and presented monaurally. The sound pres-
sure level of the tone burst was 80 dB SPL. The mean interstimulus
interval was 3.33 s (0.3 Hz) with 50% interstimulus variance.

Continuous white noise at 70 dB SPL, which was almost the same
noise level as our previous study (Maki et al., 2009), was applied as
contralateral noise. Schematic drawings of the test protocols are pre-
sented in Fig. 1. The signals (AM tone and tone bursts) and noise were
presented to the subject through a tube earphone (ER-3A; Etymotic
Research, Elk Grove Village, IL; tube length, 1.5 m).

Recording

Auditory evoked fields (AEFs) were recorded in a magnetically
shielded room using a 160-channel whole-head type axial gradi-
ometer system (MEGvision PQ1160C; Yokogawa Electric, Musashino,
Tokyo, Japan). Sensors are configured as first-order axial gradiometers
with a baseline of 50 mm,; each coil of the gradiometers measures
15.5 mm in diameter. The sensors are arranged in a uniform array on
a helmet-shaped surface at the bottom of the dewar vessel, and the
mean distance between the centers of two adjacent coils is 25 mm.
The field sensitivities of the sensors (noise of the system) were 3 fT/Hz
within the frequency range.

The AEFs were recorded only in the wake state as confirmed by
real time monitoring of the occipital alpha rhythm by MEG. Subjects
were instructed to keep awake during recording. If the subjects
appeared to be sleepy, a break was taken to ameliorate the drowsi-
ness of the subjects by conversation and/or by a short nap.

To obtain ASSRs, MEG signal was band-pass filtered between
0.03 Hz and 500 Hz and sampled at 2000 Hz. MEG signals during
the presentation of continuous AM tone were recorded serially for
240, and the responses were analyzed afterward (offline). Data
epochs of 4-s duration, starting at the onset of the trigger signal syn-
chronized with a certain phase of the amplitude modulation, were cut
off from the serial recorded data after filtering with digital band-pass
filter (35-45 Hz) and averaged in the time domain.

To obtain the N100m response to tone bursts, the data from
100 ms before to 500 ms after the stimulus onset were averaged for
300 s (about 100 times). In the following off-line analysis, the aver-
aged data were digitally band-pass filtered from 3.0 to 40.0 Hz. The
N100m response was visually identified as the first prominent peak
at 80-100 ms after the onset, with the isofield map confirming down-
ward current orientation.

For both auditory steady state field (ASSF) and N100m responses,
the location of each signal source was estimated using an equivalent
current dipole model with the best fit sphere for each subject's
head. The estimated source was superimposed on the three-dimen-
sional magnetic resonance (MR) image of the individual subject
using a MEG-MR image coordination integration system, to verify
that the measured responses originated from the auditory cortex,

Measurement and analysis

ASSFs (or N100ms) in response to the AM tone without contralat-
eral noise and with contralateral noise were measured alternately 3
times (Fig. 1). All data obtained from the measurements were used
for the subsequent analysis. The starting condition (noise (+) or
noise (—)) was randomized. Usually each participant started with
the measurements of ASSFs in response to right ear stimulation
with and without contralateral noise, then with the left ear, followed
by N100m measurements in the right and left ears. ASSFs in response
to stimulation of the right and left ears were always conducted
in the same day, but N100m measurements in the right and left
ears were examined on another day, considering the fatigue of the
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A) Measurement of ASSFs (AM tone)

without contralateral noise
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Fig. 1. Schematic drawing of the experimental protocols. (A) To elicit the ASSF, 39-Hz AM tone at 1000 Hz (80 dB SPL) was continuously presented monaurally for 240 s, with or
without contralateral continuous white noise (70 dB SPL). (B) To elicit the N100m response, tone bursts of 60 ms duration (rise and fall times of 10 ms, plateau time of 40 ms) ata
frequency of 1000 Hz (80 dB SPL) was presented monaurally for 300 s (mean interstimulus interval was 3.33 s with 50% interstimulus variance), with or without contralateral
continuous white noise (70 dB SPL). ASSFs (or N100m) in response to AM tone (or tone bursts) without contralateral noise and those with contralateral noise were measured

alternately 3 times. (See text for further details.).

subjects. Basically, all subjects were expected to participate in all
four measurements.

In the present study, the effects of contralateral noise on the
amplitudes of ASSFs and N100m were analyzed by focusing on
the channels with the maximum signals measured over each hemi-
sphere. The amplitude of the ASSF at the channels with the maxi-
mum signal of each hemisphere was assessed by fast Fourier
transform at 1000 ms after the onset of the AM tone. On the other
hand, the amplitude of the N100m at the channels with the maxi-
mum signal of each hemisphere was determined as a peak ampli-
tude (baseline to peak) of the averaged response.

The measured amplitudes obtained under the same conditions of
signal and contralateral noise (actually three values for each sound
condition) were averaged, and the effects of contralateral noise on
the ASSFs or N100m were analyzed in the right and left hemispheres.

Results

ASSFs were observed in the bilateral hemispheres of all subjects,
under all four stimulus conditions; i.e., right and left ear stimulations
with/without contralateral noise. On the other hand, the N100ms in
response to tone bursts were recorded in 15 ears of 8 subjects (N100m
was not measured accidentally in the left ear of one subject). However,
no apparent N100m was obtained in two subjects in either or both
hemispheres in response to stimulation of one or both ears by recurrent
measurements, despite normal hearing thresholds and positive ASSFs.
As a result, the effects of contralateral noise on the N100m in response
to right ear stimulation were assessed in 7 right and 7 left hemispheres,
and in response to left ear stimulation in 7 right and 5 left hemispheres.
This data set for N100m was inappropriate for statistical analysis using
analysis of variance (ANOVA), because not all of the seven or five sub-
jects were the same in each measurement condition, so this dataset
could be paired up only with and without contralateral noise in every
measurement condition. Consequently, the paired t-test was used for
analysis of the N100m data. On the other hand, repeated measures
ANOVA was applied for the statistical analysis of the ASSR data.

Figs. 2A and 3A show examples of the effects of contralateral noise
on the ASSFs and N100m waveform, respectively, arranged in a flat-
tened projection of the sensor position. Figs. 2B, C, 3B, and C illustrate

the waveforms at the sensors with the largest amplitude in each
hemisphere. In both cases, the stimulus and masker were presented
to the right and left ears, respectively. Suppression of the ASSFs
caused by the contralateral noise was observed in the bilateral hemi-
spheres, but the magnitude of suppression appeared to be larger in
the right hemisphere than in the left hemisphere, whereas no appar-
ent suppression of N100m was observed.

without contralateral noise ~ «--weeee with contralateral noise

N T
T
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_sfT

20 ms
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Fig. 2. Example of effects of contralateral noise on the waveform of ASSF {Case KH, right
ear stimulation of AM signal). (A) Waveforms of ASSF with contralateral noise are
superimposed on waveforms without contralateral noise, arranged in a flattened pro-
jection of the sensor position. (B and C) ASSF waveforms at the sensors with the largest
amplitude of ASSF in each hemisphere.
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100 ms

Fig. 3. Example of effects of contralateral noise on the waveform of N100m (Case YH,
right ear stimulation of tone bursts). (A) Waveforms of N100m with contralateral
noise are superimposed on waveforms without contralateral noise, arranged in a flat-
tened projection of the sensor position. (B and C) N100m waveforms at the sensors
with the largest amplitude of N100m in each hemisphere.

Figs. 4A and B show the averaged effects of contralateral noise
on the amplitudes of ASSFs and N100m in the channels of the max-
imum signals measured over each hemisphere for all measurement
conditions. Statistical analyses of the ASSF data were performed using
three-way repeated measures ANOVA, with the within-subject factors
of stimulated side of the ear (stimulation; right/left), measured
side of the hemisphere (hemisphere; right/left), and the presence
of contralateral noise (noise; off/on). For the maximum amplitude
of the ASSF, the main effects of hemisphere (F(1,7) =12.75, p=0.0091)
and noise (F(1,7)=21.79, p=0.0023) were significant, but the main
effect of stimulation was not significant (F(1,7)=0.18, p=0.68).
There were significant first-order interactions between stimulation

T. Kawase et al. / Neurolmage 59 (2012) 1037-1042

and noise (F(1,7)=7.21, p=0.031), between hemisphere and noise
(F(1,7)=9.36, p=0.0183), and between hemisphere and stimulation
(F(1,7) =748, p=10.029). The second-order interaction was not signif-
icant (F(1,7) =2.21, p=0.18). The simple main effect of noise was
significant for both stimulations (F(1,7) =34.23, p=0.0006 for the
right ear stimulation and F(1,7) =8.20, p = 0.024 for the left), and
both hemispheres (F(1,7)=28.02, p=0.0011 for the right hemi-
sphere and F(1,7) = 6.42, p=10.039 for the left), indicating that con-
tralateral noise significantly suppressed the ASSRs of both hemispheres
regardless of the side of stimulation. The simple main effect of hemi-
sphere was also significant for both noise conditions (F(1,7) = 14.69,
p=0.0064 without contralateral noise and F(1,7)=9.31, p=0.019
with contralateral noise), indicating that the maximum ASSR amplitude
was significantly higher in the right hemisphere than in the left regard-
less of the presence of contralateral noise. The simple main effect of
stimulation of the left hemisphere (F(1,7) =8.09, p=0.025) and the
simple main effect of hemisphere for left ear stimulation (F(1,7)=
11.22, p=0.012) were both significant. In contrast, the same contralat-
eral noise had no significant effects on the amplitude of N100m for all
measurement conditions (Fig. 4B, paired t-test).

Fig. 5 shows the suppression magnitude expressed as the ratio of
ASSF amplitudes observed with and without contralateral noise. The
data was analyzed by two-way repeated measures ANOVA, with the
within-subject factors of stimulated side of the ear (stimulation;
right/left), and measured side of the hemisphere (hemisphere;
right/left). The main effect of the hemisphere was significant
(F(1,7=28.00, p=0.0026), indicating the suppression magnitude
induced by the contralateral noise was significantly greater in
the right hemisphere than in the left. The main effect of stimu-
lation (F(1,7)=3.21, p=0.12) and the interaction (F(1,7) =1.85,
p=0.22) were not significant.

Discussion

The present study compared the contralateral noise effect between
the cortical component of the 40-Hz ASSF and the N100m component
of the AEFs for tone bursts. The results clearly showed that continuous
white noise at 70 dB SPL presented to the contralateral ear did not
suppress the N100m response in either hemisphere, but significantly
reduced the amplitude of the 40-Hz ASSF in both hemispheres, with
the hemispheric asymmetry that suppression of the 40-Hz ASSF was
significantly greater in the right hemisphere. This possible differen-
tial masking effect of contralateral sound between the N100m and
40-Hz ASSF may be an important observation reflecting the different
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functional roles of these two cortical responses in auditory proces-
sing of the cortices.

Differential contralateral effects on different auditory evoked responses

Direct comparison between the effects of contralateral continuous
broadband noise on the 40-Hz ASSR and the findings of other audito-
1y tests, such as psychophysical measurements and evoked responses
like auditory brainstem response (ABR) and 80-Hz ASSR, has sug-
gested that the 40-Hz ASSR is suppressed by contralateral noise with-
out significant change in the psychophysical threshold, ABR, and 80-
Hz ASSR (Galambos and Makeig, 1992a, 1992b; Maki et al., 2009).
Since the ABR and the major part of the 80-Hz ASSR recorded by
EEG are thought to originate from the brainstem (Aoyagi et al,
1999; Herdman et al., 2002; Kuwada et al., 1986; Picton et al., 2003;
Ross et al., 2000; Wong and Stapells, 2004), the upper auditory path-
way as the auditory cortex may be mainly responsible for suppression
of the 40-Hz ASSR by contralateral noise (Galambos and Makeig,
19923, 1992b; Maki et al., 2009).

On the other hand, the present study showed that the 40-Hz ASSR
is suppressed by contralateral continuous white noise without signif-
icant change of the N100m response; i.e., although both 40-Hz ASSR
and N100m are auditory cortical responses, there was a difference
in the binaural phenomenon. N100m is an onset response to transient
stimuli delivered as tone bursts, whereas the ASSR is an oscillatory
activity of the brain, which is phase locked to the rhythm of the audi-
tory stimulus. Moreover, source localization of the 40-Hz ASSR and
N100m has shown that the 40-Hz ASSR sources are significantly
separated from the N100m source in the auditory cortex (Engelien
et al,, 2000; Mikeld and Hari, 1987; Okamoto et al., 2007; Pantev
et al., 1996; Ross et al., 2005b). Therefore, the N100m and cortical
ASSR probably reflect different functional processes in different
locations in the auditory cortex. The different contralateral effects
observed for the 40-Hz ASSR and N100m may be one aspect of
such different functional processes.

On the other hand, our results were somewhat different from the
previous study directly comparing contralateral noise effects between
N100m and ASSR using the different complex stimuli such as pass-
band or stop-band stimulus consisting of five spectral components
and comb-filter noise as the contralateral noise; i.e., in their study,
the addition of contralateral noise significantly suppressed not only
the 40-Hz ASSR but also the N100m (Okamoto et al.,, 2007). So far,
any type of contralateral sound appears to suppress the 40-Hz ASSR
(Fujiki et al., 2002; Galambos and Makeig, 1992a, 1992b; Kaneko et
al,, 2003; Maki et al., 2009; Okamoto et al., 2007; Ross et al.,, 2005a).
On the other hand, suppression of the N100m by contralateral noise
appears to be very dependent on the type of contralateral noise
(Bertoli et al., 2005; Hari and Mikeld, 1988; Okamoto et al., 2007).
Thus, the different results in our present study and Okamoto's

study may simply reflect the latter factor concerning N100m. How-
ever, direct investigation of the phenomenon seems important to
establish the differential effects of contralateral masking among
the different types of responses originating from the auditory cortex.

The effects of contralateral white noise on N100m amplitude were
not significant, but the average amplitudes of N100m were slightly
larger with contralateral white noise than without contralateral
noise under all measurement conditions, as shown in Fig. 4B. Interest-
ingly, this finding was quite similar to those obtained in a study based
on limited observing conditions using signal tone bursts and contra-
lateral noise applied from the right and left ears, respectively, and
N100m observed from the right hemisphere using 7 channel MEG
(Hari and Mikeld, 1988). Further study would be necessary to exam-
ine the possible existence of small enhancement effects of contralat-
eral white noise on N100m.

Hemispheric asymmetry of contralateral suppression

The effects of contralateral white noise on the 40-Hz ASSR have
been mainly examined by conventional EEG methods (Galambos
and Makeig, 1992a, 1992b; Maki et al,, 2009). The present results
obtained by MEG showed evoked ASSRs can separate activation of
the auditory cortex in the right and left hemispheres, and showed
significant right hemispheric predominance in the suppression of
the 40-Hz ASSF. The contralateral sound effects on 40-Hz ASSFs
have been examined using several types of contralateral sound
(Fujiki et al., 2002; Kaneko et al., 2003; Okamoto et al., 2007; Ross
et al.,, 2005a), and the hemispheric differences in contralateral sup-
pression appear to be somewhat different depending on the contra-
lateral sound. No apparent hemispheric differences were observed
using comb-filter noise as the contralateral noise (Okamoto et al.,
2007). On the other hand, ASSFs evoked by the AM tones applied
binaurally were more suppressed in the hemisphere ipsilateral to
the stimulation ear (Kaneko et al.,, 2003). The apparent right hemi-
spheric predominance in contralateral sound effects on 40-Hz ASSFs
was only identified in the present study using white noise as the contra-
lateral sound. The different hemispheric asymmetry according to the
type of contralateral suppressor indicates that the suppression mecha-
nism may not be exactly the same for various contralateral suppressors,
although the ASSR is suppressed by any type of contralateral sound.

Hemispheric asymmetry observed in contralateral noise suppres-
sion may be explained by the right hemispheric predominance of
ASSR (Ross et al.,, 2005b) and contralateral hemispheric predomi-
nance for simple noise stimuli (Schénwiesner et al., 2007). The right
hemispheric predominance of ASSR, also found in the present study,
possibly indicates the special role of the right auditory cortex in
the generation of ASSR. The largest contralateral noise effect may
be observed for this special process in the right hemisphere with
noise presented to the left ear, or may simply reflect the left hemi-
spheric predominance in signal processing under masking condi-
tions as indicated by the observation of N100m (Okamoto et al.,
2007).

Functional relevance of different contralateral noise effects

The functional significance of the 40-Hz ASSR, i.e. what kind of
auditory processing or function is mediated by the 40-Hz ASSR,
has not yet been fully clarified. However, the ASSRs appear to repre-
sent the temporal structure and/or periodicity of the sound, so the
possible function of the ASSR has been assumed to involve pitch
processing (Ross et al., 2005b). The right hemisphere dominance
seen for the cortical ASSR (Ross et al., 2005b), as well as the possible
important role of the right hemisphere for the perception of missing
fundamentals (Zatorre, 1988), pitch discrimination for complex sound
(Johnsrude et al., 2000), discrimination of the temporal structure of
the sound (Samson and Zatorre, 1994), and other observations, is
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thought to support this idea (Ross et al., 2005b). On the other hand, the
relationship between the 40-Hz ASSR and the simple perception of the
sound appears to be relatively poor, i.e., the change in ASSR is not close-
ly related to the change in psychophysical threshold (Galambos and
Makeig, 1992a, 1992b; Maki et al,, 2009). A similar level of noise to
that used in the present study caused no significant psychophysical
threshold elevation, significant threshold elevation of the 40-Hz ASSR
(average 10-15 dB), and no significant threshold elevation of the
80-Hz ASSR (Maki et al., 2009). Moreover, the change in the psycho-
physical threshold observed in the masking level difference phe-
nomenon could not be observed in the 40-Hz ASSR (Ishida and
Stapells, 2009), but was seen in the N100m (Sasaki et al., 2005).
These discrepancies between psychophysical threshold change and
40-Hz ASSR may indicate that the 40-Hz ASSR does not directly
reflect the neural process to detect psychophysical threshold sen-
sation, whereas the N100m appears to be more related to the sim-
ple psychophysical perception of the sound. Therefore, the types
of psychophysical percepts related to the 40-Hz ASSR have not
been clarified, so the type of perceptual aspect of 40-Hz AM tone
that is affected without threshold change by the contralateral noise
requires investigation.
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increased under the somatosensory-restricted condition. Our findings suggested that control of COM
velocity was enhanced in the major moving directions (anterior and upward directions) around the lift-
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1. Introduction

Perception of postural orientation, which integrates and
assesses afferent information from peripheral sensors, is essential
for executing motor tasks [1]. With this perception, healthy
individuals can perform daily activities unfailingly in different
body and environmental situations despite an inherently unstable
body structure [2]. Particularly, perception-action coupling is well
coordinated during daily routine movements such as stepping to
walk and grasping, which are well-practised and skilfully
performed [3,4]. In contrast, patients with motor disorders
frequently demonstrate inappropriate coordination between
perception and action, which results in an inability to perform
motor tasks even with minimal disturbance or minimally changing
environmental situations [5-7]. Therefore, understanding percep-
tion—-action coupling under conditions of perceptual constraints is
important to improve performance of motor tasks and to treat
patients with motor disorders.
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Previous authors have investigated the relationship between
static posture control and perception [8,9]. In addition, most
previous studies on the relationship between perception and
action have focused on focal movements of the restrained upper
extremities in stable sitting positions [10,11], and not on whole-
body movements performed during daily living activities. Whole-
body dynamics have often been studied via a mechanical approach,
such as analyses of joint motion at a physical level [12,13].
However, using the uncontrolled manifold (UCM) hypothesis,
Reisman et al. analysed a dynamic whole-body movement under
varying support surface conditions which influenced the mechan-
ical and perceptual situation [14]. In the Bernstein problem [15],
motor variability is organised such that important task-related
variables are preferentially controlled by the nervous system.
However, they focused on the mechanics of motor coordination to
achieve the task goal rather than on the relationship between
perception and action.

The close relationship between perception and action, particu-
larly for postural orientation, is believed to transform the unstable
structure into a controllable system [1]. Multiple modalities
including visual, somatosensory, and vestibular systems are
redundantly involved to perceive postural orientation [16]. For
example, the visual system provides information on the positionand
motion of the body with respect to surrounding objects, and the
somatosensory system provides position and motion information
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about the body with respect to the supporting surfaces [2,16]. For
this reason, utilising this type of information is important for motor
regulation. Among whole-body tasks, the sit-to-stand (STS) motion
is one of the most mechanically demanding daily activities [7].
Centre of mass (COM) control is assumed to be a goal of postural
responses [17]. Scholz et al. [18] suggested that the body COM is a
control variable for the postural system quantitatively. COM control
is important during STS, the period when the body mass is raised
from relatively stable support to a position of lower mechanical
stability [19].

This study aims to investigate the influence of visual and
somatosensory constraints on COM control during STS. The concept
of stability in the control-theoretical sense suggested by Scholz [20]
was applied to evaluate COM control in this study. Using this
concept, stability can be assessed experimentally by using the
variability of the corresponding variable in time such as the
fluctuation of a fixed point for postural states [21,22] or by using the
reproducibility of that variable from trial to trial such as kinematics
at matching points in time during movement [23]. Those are
assumed to assess nervous system control. The lesser the value of the
measured variable, the more the central nervous system controls
thatvariable [20]. It was hypothesised that the variability in position
and velocity of COM in the anterior-posterior and upward-
downward directions, which are the major moving directions
during STS, should be reduced when both visual and somatic senses
are constrained during a critical controlling period.

2. Materials and methods
2.1. Participants

Twelve healthy adults aged 30.7 + 6.4 years (six females and six males) participated
in this study. Weight and height of the participants were 61.0+11.4kg and
167.7 + 6.8 cm, respectively. None of the participants had a neurological disease or
visual problems. All participants gave written consent, which was approved by the
institutional ethics committee, before participating in the experiments.

2.2. Equipment and set-up

A MAC 3D System {(Motion Analysis, Santa Rosa, CA, USA) motion measurement
device and four force plates (ANIMA, Tokyo, Japan) were used to collect the
experimental data. The system comprised eight infrared video cameras suspended
from the ceiling. The error in the measurement volume was <2 mm for all cameras
(length, 4 m; width, 4 m; height, 2 m). The x, y, and z axis represented the right-left,
anterior-posterior, and upward-downward directions, respectively. The right,
anterior, and upward directions were defined as positive directions.

Spherical markers with a diameter of 19 mm and covered with retro-reflective
tape were attached to the following anatomical landmarks: (1) base of the fifth
metatarsal in both feet, (2) both lateral malleoli, (3) both lateral femoral condyles,
(4) both hip joints (1/3 distance from the greater trochanter to the anterior superior
iliac spine), (5) anterior superior iliac supine, (6) posterior superior iliac supine, (7)
both acromion processes, (8) right scapula (dummy was placed for distinguishing
right from left), (9) spinous process of the second thoracic vertebra, (10) point
anterior to the external auditory meatuses on both sides, and (11) glabbela.

A stool was placed on both the back plates so that the participant’s feet could be
placed separately on both the front plates. The force plate signals were sampled
with an analogue-digital converter. Data from the video cameras and force plates
were sampled at 120 Hz and were synchronised.

2.3. Experimental procedure

Participants performed STS 10 times under each of four different perceptual
conditions; namely, normal (NO), vision restricted (VR), somatosensory restricted
(SR) and vision and somatosensory restricted (VSR) conditions. The VR and SR
conditions were set by instructing the participants to close their eyes and by placing
an unstable wooden board on the participants’ stool, respectively. The size of the
unstable wooden board was 300mm in length and 500 mm in width. A
hemispherical rocker, 165 mm in diameter and 40 mm in height, was attached
to the centre of the undersurface of the board. Although somatic sense was
restricted only until the buttocks lifted off from the seating surface, this condition
was assumed to affect the total movement according to the importance of the initial
position in motor planning [24]. The measurement order of the four conditions was
randomised among participants.

For all conditions, the height of the seating surface was matched to the fibular
head. The distance maintained between the heels of the participants was equivalent

to two-thirds the length of the participant's foot. Approximately half the thigh was
in contact with the stool, and the knees were flexed at approximately 100°. The
participants were instructed to loosely hang their arms at their sides without
allowing them to contact the stool or their body throughout STS.

Before the measurement, the participants were instructed to move naturally
from a sitting to a standing position at their preferred speed of movement.
Immediately after the participants had assumed a seated posture in which they felt
comfortable and steady, a buzzer was sounded and the measurements were
initiated. After keeping the sitting position for 10 s to establish the perception of
initial orientation [17], the second buzzer was sounded as a start sign of the
movement. The participants were asked to maintain their posture after standing up
until the third buzzer sounded, which was approximately 3 s later as a previous
study [14]. After all the experimental trials, the participants were asked to describe
differences in difficulties encountered or anxiety experienced during STS under the
four conditions.

2.4. Data reduction and analysis

The coordinate of each reflective marker measured by the MAC 3D System was
low-pass filtered using measurement software (EVaRT 5.0.4, Motion Analysis) with
a 6 Hz cut-off frequency (bi-directional second-order, Butterworth digital filter).
The location of the total COM was calculated based on body segment length [25]
with adjustment for Japanese body proportion [26]. The position and velocity of
COM and the force plate signals were low-pass filtered at 8 Hz using a finite impulse
response filter. We used analysis software to reduce data (KineAnalyzer, KISSEI
COMTEC, Nagano, Japan).

Onset of movement was defined as the first upward deviation from baseline in the
COM acceleration traces in the y direction. This timing corresponded with the
beginning of the centre of pressure (COP) retrogression. The end of the movement was
defined as the first change from positive to negative in the differential value of the z-
axis element in the ground reaction force (Fz) after reaching a plateau in the standing
COM position. The time when the buttocks lifted off from the seat was defined as the
time when the reaction force signal from the stool had expired. The time taken for the
movement from onset to the end was normalised to one hundred percent (Fig. 1).

The standard deviation (SD) value of the COM position and velocity in the x, y,
and z directions across 10 trials was obtained at each 1% of movement time. Then,
the SD value of each kinematic parameter was integrated as a measure of variability
with respect to COM control during the specific analysis period, which was the
period from maximum COM velocity in the y direction (T1) to maximum COM
velocity in the z direction (T2) (Fig. 1). During this period, COM simultaneously was
applied a braking force in the y direction and a rising force in the z direction (Fig. 2).
Fig. 3 demonstrates an example of SD integrals of the COM velocity in the y direction
for two conditions {(NO and VSR) in one participant. Each SD value was calculated
from the results of 10 trials under the NO (Fig. 3a) and VSR conditions (Fig. 3b).
Subsequently, the SD integral under the VSR condition, which was computed from

o (y) ™o 12

COM(x)

comly)

COM(z)
COM V(x)

coM Viy)

COM V(z)
COM A(x}
COM Aly)

COM A(z)

Fig. 1. Schematic time series of COP (y direction), which was measured by force
plates under the chair, and centre of mass (COM) kinematics (position, velocity, and
acceleration in the x, y, and z directions). The right, anterior, and upward directions
were defined as positive directions. The period from B to F is defined as movement
time for STS (A) start sign with sound, (B) STS initiated, (C) peak velocity in the y
direction (D) thigh off, (E) peak velocity in the z direction, and (F) STS completed.
The movement time is normalised to one hundred percent. The shaded area from C
to D is defined as the analysis period. Arrows indicate ground reaction vectors of the
force plates under the chair.
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Fig. 2. Determining the period of comparing variability (example of one
participant): (a) the time series of the centre of mass (COM) velocities (y and z
directions) and {b) the time series of the COM accelerations (y and z directions). T1,
the time point when COM velocity (y direction) was maximum; T2, the time point
when COM velocity (z direction) was maximum.

T1 to T2, was smaller than that under the NO condition (Fig. 3c). In this manner, the
SD integrals of the COM position and velocity in the three directions were calculated
for all participants and subsequently compared among the four conditions.

The integrated SD data were statistically analysed with SPSS version 15 (SPSS
Inc., Chicago, IL, USA). A one-way repeated-measures analysis of variance was
performed to examine the difference in the integrated SD values of COM position
and velocity for each direction among the four conditions. Post hoc multiple
comparisons were performed using Bonferroni’s adjustment. The significance level
was set at 0.05.

3. Results
3.1. Experimental task achievement
There were no participants who felt anxiety, and all participants

maintained their balance in all trials. Four trials were deemed
unsuccessful because of stool movement, starting before the
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buzzer and unclear end of movement. Because those trials were
eliminated, 476 of the 480 trials in12 participants were analysed.

The mean movement time was 1120-2440 ms, whereas the
mean SD of the movement time was 90-190 ms. The variability
within individual participants was much smaller than the
variability among participants. No significant differences were
observed in the time taken for STS movements under all four
conditions (p = 0.221).

No significant differences were observed in the peak velocity in
the z direction (p = 0.316), although significant differences were
observed in the y direction between conditions of unrestricted and
restricted somatic senses (p < 0.05). No bell-shaped velocity
profile was observed in the x direction.

The average of the time points (across the trials and
participants) ranged from 35% to 45% in T1 and from 58% to
71% in T2. SD of the T1 and T2 time points for the four conditions
was about 1% (50 ms or shorter) of the movement time within a
participant. The seat-off timing was 49.3% (SD 2.1) across all trials
for all participants (Table 1).

3.2. Variability in the COM velocity and position

Significant differences were observed in the SD integral of the
COM velocity in the y (p < 0.05) and z (p < 0.05) directions during
the analysis period. The SD integral under the VSR condition was
smaller than that under the NO condition (Fig. 4a and b).
Significant differences were also observed in the SD integral of
the COM position in the x direction (p < 0.05), where a significant
difference was observed between the SD integral under the SR and
NO conditions (p < 0.05). The SD integral increased for the COM
position under the condition of perceptual constraint (Fig. 4c). No
significant difference was observed in velocity in the x direction or
in position in the y and z directions under all four conditions. No
significant differences were observed in the COP position in the x
and y directions.

4. Discussion

In this experiment, the length of the movement time and timing
of T1 and T2 was almost the same within each participant for all

100
Movement time (%)

Fig. 3. Example of the variability in the y direction velocity: (a) velocity during the 10 trials under the normal (NO) condition, (b) velocity during the 10 trials in the vision- and
somatosensory-restricted (VSR) condition, and (c) SD values of velocity for the two experimental conditions. Solid line indicates the NO condition. Dashed line indicates the
VSR condition. They are calculated in the shaded area as the period from T1 to T2.
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Table 1

Mean values (standard deviation) of movement time, centre of mass (COM) velocity (y and z direction), and timing of events under each condition.

Condition Movement time (s) Peak Vy (cm/s) Peak Vz (cm/s) Timing of T1 (%) Timing of T2 (%) Timing of lift off (%)
NO 1.68 (0.33) 48.6 (5.6) 62.5 (13.2) 37.9 (3.6) 63.0 (3.8) 50.4 (3.5)
VR 1.74 (0.37) 47.8 (64) 60.8 (14.9) 38.0(3.6) 63.6 (5.0) 50.7 (3.8)
SR 1.76 (0.34) 44.1 (7.1) 57.8 (12.7) 37.7 (2.7) 63.4 (4.0) 47.8 (3.1)
VSR 1.75 (0.36) 44.7 (7.4) 60.1 (14.3) 37.9(2.9) 63.6 (4.1) 48.5 (3.5)
Total 1.73 (0.34) 46.3 (6.6) 60.3 (13.8) 37.9 (3.2) 63.4 (4.2) 49.3 (3.1)

NO, normal condition; VR, vision restricted condition; SR, somatosensory restricted condition; VSR, vision and somatosensory restricted condition; T1, time point when COM
velocity (y direction) was maximum; T2, time point when COM velocity (z direction) was maximum.

four conditions. This finding suggests that the unstable wooden
board did not affect performance despite various perceptual
constraints. During STS, COM was accelerated forward in the
sitting position before T1 and was decelerated upward within the
base of support in the standing position after T2. Movements
during both periods were relatively stable and simple. However,
between the T1 and T2 periods, COM simultaneously decelerated
forward and accelerated upward. Additionally, the support surface
changed during the analysis period. These results demonstrate that
variability in the COM velocity decreased more during this critical
period when the two modalities (visual and somatic) were
constrained. Kuniyoshi et al. [27] proposed that human body
dynamics have both relatively stable regions (stable and simple
movement periods) and relatively unstable regions (unstable and
critical movement periods), and that human behaviour may realise
motion by exploiting stable regions for reducing control signals
and by applying intensive control only during the unstable regions.
Our results corresponded to this proposition.

Constraining one modality did not significantly decrease the
variability in COM kinematics, although the COM velocity was more
controlled during the specific period (T1-T2) under the condition
that constrained both modalities. A previous study demonstrated no
significant differences in the variability in COM velocity and position
by changing the support surface conditions, although a difference
was demonstrated by only uncontrolled manifold analysis [14]. It
may be difficult to detect the effect of perceptual constraints by
intervening only one modality. This is because perceptual systems
are redundant; in addition, there is a complementary relationship
between the visual and somatosensory systems [2].

Our results demonstrated that variability in the COM velocity
decreased significantly in the anterior-posterior and upward-
downward directions under more severe perceptual constraints,
whereas variability in the COM position in the right-left direction
increased under similar conditions. Our findings correspond to the

uncontrolled manifold hypothesis [28] and the optimal feedback
control hypothesis [29]. These hypotheses concerning skilled
performance postulate that variability is reduced in the direction
where accuracy is most required and is allowed to increase in the
other direction under a task-constrained situation. Our findings
suggest that control of the COM velocity, which is more reliable
information for postural control than position and acceleration
[30], was enhanced in the major moving directions (anterior and
upward directions) during the critical period when the two
modalities of perception with respect to postural orientation
(visual and somatic) were constrained.

One of the reasons why variability in the right-left direction
was allowed to increase may be because healthy people use both
legs as an actuator and a supporter. Therefore, participants could
have executed STS movements with loading either on the left or
right foot. Additionally the participants could move with similar
timing and speed irrespective of changes in the loading side during
trials, which may have resulted in a difference in COM position
without a difference in COM velocity.

This study had a few limitations. First, only STS motion was
investigated to understand the interaction between perception
and whole-body movements. Thus, it will be necessary to research
other movements to confirm further applications. Second, only
variability in COM kinematics was analysed in this study. Further
investigations regarding the initial posture, time series of joint
angles or torques during movements and a quantification of the
coordinative structure among joints should be considered for a
more specific understanding of the perceptual effects on STS. Third,
the degree of perceptual constraint was not the same between
visual and somatic senses and did not exactly reflect the perceptual
constraint in actual patients.

In conclusion, the nervous system sets priorities for COM
control in the moving direction to accomplish STS motion under
vision- and somatosensory-restricted conditions. These motor
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Fig. 4. Variability in centre of mass (COM) kinematics under the four experimental conditions that was calculated as an SD integral value during the T1-T2 period: (a)
variability in velocity (y direction), (b) variability in velocity (z direction), and (c) variability in position (x direction). Boxes represent the interquartile range, cross bars in the
boxes represent the median, the lengths of the whisker are within 1.5 times the box size, and the small circle represents an outlier. *p < 0.05; p = 0.065.
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regulations with perceptual constraints may facilitate better
adaptation to changes in body and environmental conditions
during daily life. An assessment of the relationship between
perceptual constraints and motor regulation in patients with
movement disorders may be needed because these disorders can
lead to falls or cause difficulty in performing motor tasks.
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