[ tapraid4/zha-ahealzh4-ahea/zn400508/2148209d082 | xppws [ S=1 | 3/5/08 [ 12:14 [ MS: H-00986-2007 | Ini: 05/JTG/BEW | |

HI10

the Function of Human Body from the Ministry of Health, Labor and Welfare
of Japan (H15-19 Physi-001) and by the Suzuken Memorial Foundation.

REFERENCES

6.

10

12

AQ: S

American Heart Association. 2005 American Heart Assoctation guide-
lines for cardiopulmonary resuscitation and emergency cardiovascular
care: Part 7.5: Postresuscitation support. Circulation 112, Suppl IV:
IV-84-1V-88, 2005.

. Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge

G, Smith K. Treatment of comatose survivors of out-of-hospital cardiac
arrest with induced hypothermia. N Engl J Med 346: 557-563, 2002.

. Boddicker KA, Zhang Y, Zimmerman MB, Davies LR, Kerber RE.

Hypothermia improves defibrillation success and resuscitation oulcomes
from ventricular fibrillation. Circulation 111: 3195-3201, 2005.

. Bukauskas FF, Weingart R. Temperature dependence of gap junction

properties in neonatal rat heart cells. Pfliigers Arch 423: 133139, 1993,

. Bursac N, Tung L. Acceleration of functional reentry by rapid pacing in

anisotropic cardiac monolayers: formation of multi-wave functional reen-
tries. Cardiovase Res 69: 381-389, 2006.

Cavalic A, McDonald TF, Pelezer D, Trautwein W. Temperature-
induced transitory and steady-state changes in the calcium current of
cuinea pig ventricular myocytes. Pfliigers Arch 405: 294-296, 1985,

. Chorro FJ, Guerrero J, Ferrerco A, Tormos A, Mainar L, Millet J,

Canoves J, Porres JC, Sanchis J, Lopez-Merino V, Such L. Effects of
acute reduction of temperature on ventricular fibrillation activation pat-
terns, Am J Physiol Heart Circ Physiol 283: H2331-H2340, 2002.

. Davidenko JM, Salmonsz R, Pertsov AM, Baxter WT, Jalife J. Effects

of pacing on stationary reentrant activity. Circ Res 77: 1166-1179, 1995.

. Efimov IR, Cheng Y, Van Wagoner DR, Mazgalev T, Tchou PJ.

Virtual electrode-induced phase singularity: a basic mechanism of defi-
brillation failure. Circ Res 82: 918-925, 1998.

Gambassi G, Cerbai E, Pahor M, Capogrossi MC, Carbonin P,
Mugelli A, Temperature modurates calcium homeostasis and ventriculur
arrhythmias in myocardial preparations. Cardiovase Res 28: 391-399,
1994,

. Gray RA. Global mechanisms of defibrillation. In: Cardiac Electrophys-

iology: from Cell to Bedside (4th ed.), edited by Zipes DP and Jalife J.
Philadelphia, PA: Saunders, 2004, p. 417-425.

Gray RA, Pertsov AM, Jalife J. Spatial and temporal organization during
cardiae fibrillation. Nature 392: 75-78, 1998,

124 Hypothermia after Cardiac Arrest Study Group. Mild therapeutic

hypothermia to improve the neurologic outcome after cardiac arrest.
N Engl J Med 346: 549-556, 2002.

13

14,

15.

. Wu TJ, Lin SI, We

SPIRAL WAVE DYNAMICS UNDER HYPOTHERMIA

Kirsch GE, Sykes JS. Temperature dependence of Na* currents in rabbit
and frog muscle membranes. J Gen Physiol 89: 239-251, 1987,
Kiyosue T, Arita M, Muramatsu H, Spindler AJ, Noble D. lonic
mechanisms of action potential prolongation at low temperature in guinea-
pig ventricular myocytes. J Physiol 468: 85-106, 1993,

Koller ML, Riccio ML, Gilmour RF Jr. Dynamic restitution of action
potential duration during electrical alternans and ventricular fibrillation.
Am J Physiol Heart Cire Physiol 275: H1635-H1642, 1998,

. Lee MH, Lin SF, Ohara T, Omichi C, Okuyama Y, Chudin E,

Garfinkel A, Weiss JN, Karagucuzian HS, Chen PS. Effects of diacetyl
monoxime and cytochalasin D on ventricular fibrillation in swine right
ventricles. Am J Physiol Heart Circ Physiol 280: H2689-H2696, 2001.

. Marion DW, Leonov Y, Ginsberg M, Katz LM, Kochanck PM,

Lechleuthner A, Nemoto EM, Obrist W, Safar P, Sterz F, Tisherman
SA, White RJ, Xiao F, Zar H. Resuscitative hypothermia. Crit Care Med
24: S81-589, 1996.

. Mortensen E, Berntsen R, Tveita T, Lathrop DA, Refsum H. Changes

in ventricular fibrillation threshold during acute hypothermia. A model for
future studies. J Basic Clin Physiol Pharmacol 4: 313-319, 1993,

. Noujaim 8, Pandit SV, Berenfeld O, Vikstrom K, Cerrone M,

Minonov S, Zugermayr M, Lopatin AN, Jalife J. Up-regulation of the
inward rectifier K* current (fx;) in the mouse heat accelerates and
stabilizes rotors. J Physiol 578: 315-326, 2007.

. Qu Z. Critical mass hypothesis revisited: role of dynamical wave stability

in spontaneous termination of cardiac fibrillation. Am J Physiol Heart Cire
Physiol 290: H255-H263, 2006.

. Salama G, Kanai AJ, Huang D, Efimov IR, Girouard SD, Rosenbaum

DS. Hypoxia and hypothermia enhance spatial heterogeneities of repolar-
ization in guinea pig hearts: analysis of spatial autocorrelation of optically
recorded action potential durations. J Cardiovasc Electrophysiol 9: 164 -
183, 1998.

. Ujihelyi MR, Sims JJ, Dubin SA, Vender J, Miller AW. Defibrillation

energy requirements and electrical heterogencity during total body hypo-
thermia. Crit Care Med 29: 10061011, 2001

. Weiss JN, Qu Z, Chen PS, Lin SF, Karagucuzian 1S, Hayashi H,

Garfinkel A, Karma A. The dynamics of cardiac tibrillation. Circelation
112: 1232-1240, 2005,

JN, Ting CT, Chen PS. T'wo types of ventricular
fibrillation in isolated rabbit hearts importance of excitability and action
potential duration restitution. Circulation 106: 1859 1866, 2002,

. Yamazaki M, Honjo H, Nakagawa L, Ishiguro YS, Okuno Y, Sakuma

1, Kamiya K, Kodama L Mechanisms of destabilization and carly
termination of spiral wave reentry in the ventricle by a class antiarrhyth-
mic agent, nifekalamt, Am J Physiol Heart Cire Physiol 292: H539-H548.
2007.

AJP-Heart Cire Physiol = VOL 294 « MAY 2005 =« www.ajpheart.org



Journal of NeuroEngineering and

Rehabilitgtion

Research

)

BioMed Central

A pilot study on pupillary and cardiovascular changes induced by
stereoscopic video movies

Hiroshi Oyamadal, Atsuhiko lijima!, Akira Tanaka2, Kazuhiko Ukai3,
Haruo Toda!, Norihiro Sugita4, Makoto Yoshizawa* and Takehiko Bando*!

Address: 'Division of Integrated Physiology, Niigata University Graduate School for Medical and Dental Sciences, Asahi-machil, Niigata, 951-
8510, Japan, ?Department of Human Support System, Faculty of Symbiotic Systems Science, Fukushima University, Fukushima, Japan,
*Department of Applied Physics, Waseda University, Tokyo, Japan and *Research Division on Advanced Information Technology, Information
Synergy Center, Tohoku University, Sendai, Japan

Email: Hiroshi Oyamada - theta@qg7 so-net.ne.jp; Atsuhiko lijima - a-iijima@med.niigata-u.ac.jp; Akira Tanaka - a-tanaka@sss.fukushima-
u.ac.jp; Kazuhiko Ukai - ukai@waseda.jp; Haruo Toda - toda@med.niigata-u.ac.jp; Norihiro Sugita - sugita@yoshizawa.ecei.tohoku.ac.jp;
Makoto Yoshizawa - yoshizawa@yoshizawa.ecei.tohoku.ac.jp; Takehiko Bando* - bando@adm niigata-u.ac.jp

* Corresponding author

Published: 4 October 2007 Received: | June 2006

Journal of NeuroEngineering and Rehabilitation 2007, 4:37  doi:10.1186/1743-0003-4-37

Accepted: 4 October 2007

This article is available from: htep:/fwww.jneuroengrehab.com/content/4/1/37

© 2007 Oyamada et al; licensee BioMed Central Ltd.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommeons.org/licenses/by/2.0),

which permits unrestricted use, distribution, and reproduction in any medium, provided the ariginal work is properly cited.

Abstract

Background: Taking advantage of developed image technology, it is expected that image
presentation would be utilized to promote health in the field of medical care and public health. To
accumulate knowledge on biomedical effects induced by image presentation, an essential
prerequisite for these purposes, studies on autonomic responses in more than one physiological
system would be necessary. In this study, changes in parameters of the pupillary light reflex and
cardiovascular reflex evoked by motion pictures were examined, which would be utilized to
evaluate the effects of images, and to avoid side effects.

Methods: Three stereoscopic video movies with different properties were field-sequentially rear-
projected through two LCD projectors on an 80-inch screen. Seven healthy young subjects
watched movies in a dark room. Pupillary parameters were measured before and after presentation
of movies by an infrared pupillometer. ECG and radial blood pressure were continuausly
monitored. The maximum cross-correlation coefficient between heart rate and blood pressure,
Pmax Was used as an index to evaluate changes in the cardiovascular reflex.

Results: Parameters of pupillary and cardiovascular reflexes changed differentdy after subjects
watched three different video movies. Amplitudes of the pupillary light reflex, CR, increased when
subjects watched two CG movies (movies A and D), while they did not change after watching a
movie with the real scenery (movie R). The p,,,, was significantly larger after presentation of the
movie D. Scores of the questionnaire for subjective evaluation of physical condition increased after
presentation of all movies, but their relationship with changes in CR and p,,, was different in three
movies. Possible causes of these biomedical differences are discussed.

Conclusion: The autonomic responses were effective to monitor biomedical effects induced by
image presentation. Further accumulation of data on multiple autonomic functions would
contribute to develop the tools which evaluate the effects of image presentation to select applicable
procedures and to avoid side effects in the medical care and rehabilitation.
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Introduction

Taking advantage of recent developments in the image
technology, new trials of efforts to promote health by uti-
lizing images are expected. Images may be applied to the
medical care, or may be used as the tools to monitor the
effects of the care. One of the prerequisite of these trials is
the understanding of biomedical influences evoked by
visual stimulation. The biomedical influences evoked by
presentation of images have been studied in efforts to pre-
vent biomedical hazards such as asthenopia and other
symptoms of the VDT syndrome evoked by using video
displays in the business offices [ 1-6]. Results of these stud-
ies indicated that autonomic responses, including cardio-
vascular and ocular responses, would provide valuable
information.

In this study, changes in the pupillary light reflex and car-
diovascular reflex evoked by watching three different ster-
eoscopic video movies were measured in healthy young
subjects, and related with the subjective assessment of dis-
comfort measured as scores of the questionnaire collected
at the same time. It is shown that biomedical effects
evoked by presentation of video movies were different
depending on the properties of video movies. Possible
causes of these differences are discussed. Accumulation of
the knowledge may provide the efficient tool to select
proper images applicable to the cases, and to evaluate
properly the effects of treatments in the field of medical
care and rehabilitation. Such estimation is also necessary
to avoid the side effect or aggravation due to improper
stimuli. Some of the preliminary data were reported in the
abstract form [7].

Methods

Subjects

Subjects were seven (five male and two female) medical
students (23.0 + 0.9 years). The procedures and general
purpose of the experiments were explained to subjects,
but no information on the expected results was given. The
Bioethics Committee of the Niigata University School of
Medicine approved the experiments in this study, and all
subjects gave the informed consents to participate in the
study.

Presentation of motion pictures

Three stereoscopic movies of 5-min-long were used as the
test stimuli. The digital signals of the movies were fed to a
liquid-crystalline display, and total brightness of a frame
in the movie was monitored by a photocell on the screen,
which was positioned in front of the display. The binocu-
lar disparity was roughly evaluated by the MATLAB soft-
ware (MathWorks, Inc), in which the separation of the
central objects in even and odd frames of the movie was
calculated.

http://www.jneuroengrehab.com/content/4/1/37

Among three movies, two were made of computer graph-
ics (CG), and the other was the real scenery taken by a
camera in a car of the roller coaster (R), which gave strong
vection sensation in all subjects, probably because the
quick changes in the apparent velocities of objects in the
scenery would invoke the past experiences of subjects.
One of the CG movies was an imaginary work, in which
various objects were moving violently without a consist-
ent story through the movie (movie A). The other CG
movie dealt with an imaginary ancient world in which
many kinds of dinosaurs approached the subjects with the
progression of the story, and finally the subject was
attacked by a tyrannosaurus (movie D).

Other properties of the movies were as follows. Firstly,
brightness in two CG (A and D) movies was changed fre-
quently. Their mean brightness was in the same range, but
switching in the brightness was much frequent in the
movie D. The movie R had stable and high brightness.
Secondly, the degree of binocular disparity is larger in two
CG movies (largest in the movie D) than in the movie R.
Thirdly movies D and R had a kind of story, which pro-
ceeded from the beginning to the end, while blocks of
frames were not temporally continuous in the movie A.

Subjects watched three different video images in a ran-
dom order in a day. Before the presentation of each viden
movie, five minutes of rest were allowed for each subject,
which were necessary to prepare the stable condition of
subjects, and to collect stable cardiovascular data as the
control. Just after presentation of the movie, measure-
ment of pupillary parameters was quickly performed.
Then, five minutes of the rest were again allowed to collect
cardiovascular data. The same subjects repeated the exper-
iments within two weeks at the corresponding time zone
in each day to avoid the influence of the circadian rhythm
of pupillary parameters |8].

Stereoscopic movies in digital video cassettes were con-
sisted with the sequential frames of odd and even fields,
which provided images to the left and right eyes with the
binocular disparity necessary for stereoscopic vision. They
were replayed by a video cassette recorder (WV-D10000,
Sony Co.), fed to a signal distributor, and then were rear-
projected by two aligned liquid-crystalline display (LCD)
projectors (TH-L795]J, Matsushita Elec. Co., XGA, total of
1400 Im) onto an 80-inch screen (Fig. 1). By an electronic
distributor, even and odd fields of the images were allot-
ted to each of the two LCD projectors. Each of two projec-
tors had a polarizing filter, orthogonal to each other.
Subjects sat in a chair at 2 m from the screen, wearing
polarizing-glasses and watching motion pictures in the
80-inch screen, with the comfortable posture in the dark
room (illuminance, 10 Ix at the floor of the room just in
front of the screen). The size of the images in the screen
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Figure |

The p,,, of a subject obtained in the consecutive three days
(day |, day 2 and day 3) during video presentation of the
movie D is shown respectively. The mean and SE of p,,,,
obtained in the rest before and after presentation of the
movies P, control aF€ also shown (control, n = é).

was 120 cm (length) = 160 cm (width). The visual angle
was vertically 17 deg, and horizontally 22 deg, because the
distance between the subject and the screen was 2 m.

Measurement of pupil diameter

Pupil diameters were measured by an infrared pupillom-
eter (Iriscorder C7364, Hamamatsu Photonics Co.), in
which a charge-coupled device (CCD) camera took the
image of a pupil with a sampling rate of 1/60 sec. This
camera had an effective field of 30 mm x 22.5 mm. The
field was illuminated by a light-emitting diode (LED)
with a peak wavelength of 890 nm. Another LED in the
pupillometer (peak wavelength, 660 nm; maximum
intensity, 10 pW) was lit for 1 sec to induce the pupillary
light reflex. Measurements of the pupil were performed in
the dark room (illuminance, 10 Ix). In the control, the
parameters of the pupil were measured after the rest of 5
min in the dark room. After presentation of movies, they
were measured just after presentation in the dark room.
Then the difference in the brightness of video movies
might contribute to the differences in the pupillary
parameters, but it was not the case in this study (see Dis-
cussion, changes in pupillary parameters). Data were col-
lected by an interface (PCI-MIO-16XE-10, National
[nstruments Co.) by the aid of the LabVIEW (National
[nstruments Co.) and stored in a hard disk. Original data
were also stored in a digital tape by using a data-recorder
(RD135T, TEAC Co.).

http:/fwww jneuroengrehab.com/content/4/1/37

A polynomial curve was fitted to the rising or falling time
course of the pupillary light responses. The maximal
velocity and acceleration of pupillary constriction, and the
maximal velocity of re-dilation of the pupil in the light
reflex were calculated by the first- and second-order differ-
entiation of the fitted curve.

Amplitudes of the pupillary light reflex are dependent on
the pupil diameter before light stimulation (baseline
pupil diameter, D1). We then adopted the constriction
ratio [9], CR, to balance the differences in D1 as follows:
CR = (D1-D2)/D1, where D2 was the diameter of the
pupil at the peak of the light reflex. The CR,,,;, was defined
as (CRaf/CRbf), to evaluate the changes in CR before
(CRbf) and after (CRaf) presentation of movies,

Measurement of blood pressure and ECG

ECG (electrocardiogram) (Nihon-Koden Co.) and radial
blood pressure (JENTOW770, Colin Japan Co.) were con-
tinuously collected by a data-collection system at a sam-
pling rate of 1 kHz with 12 bit resolution. Data in the rest
time before and after video presentation (5 min each),
and those during video presentation (5 min) were ana-
lyzed. Heart rate (min-') was calculated from the recipro-
cal of the inter-R-wave interval of the ECG signal. Mean
blood pressure (mmlg) was obtained as the mean value
of the pressure signal over one heanbeat. Beat-to-heoat
mean pressure and heart rate were interpolated by a cubic
spline function and were re-sampled every 0.469 sec to
yield corresponding beat-to-beat data, denoted by BP and
HR, respectively. The data is filtered through a band-pass
filter with the bandwidth between 0.08 Hz and 0.12 Hz to
extract Mayer wave components. At time {, Hanning win-
dow whose interval is [t-60, t+60] in second is used to seg-
ment BP and HR into 2 min-long data. After this
processing, the normalized cross-correlation function
p(t) between BP and HR is calculated. The p,,,, was
defined as the maximum cross-correlation coefficient p(1)
for the positive t [10,11]. The p,,,, would be 1, if changes
in the heart rate depend completely on changes in blood
pressure. But it is ordinarily lower than 1, because the
heart rate depends also on the biological noises embed-
ded in the baroreflex loop. When noises are increased, for
example, by emotional inputs, p,,.. is lowered. The p,,..
would be also lowered, if the vascular resistance changes
without the corresponding change in pulse rate. On the
other hand, increased p,, would be induced by the
reduction of biological noises. The contribution of noises
may be lowered by the stimuli that drive cardiac reactions
to prepare movements of the body.

Data analysis
Subjects evaluated their physical conditions during the
rest before and after presentation of movies by filling out
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a questionnaire with 10 items on a seven-point rating
scale [12).

We used the paired t-test (two tailed) to compare means.
Pearson's correlation coefficient was used to assess the
relationship between two parameters. We used the SPSS
software (release 10.07], SPSS, Inc.) for statistical analy-
ses.

Results

The scores of the questionnaire (the last column in Table
1) increased significantly after the subjects watched any of
three video movies (p < 0.02, for movie D, and p < 0.05,
for movie A and R, paired t-test), indicating that they felt
some discomforts by watching 3D movies or possibly by
restriction of body movement with various equipments in
the experiment.

Pupillary parameters

Seven subjects watched three different video movies in a
random order in a day, and the test was repeated two
times within two weeks. Then total of 21 trials for each of
three movies was performed. The changes in data
obtained in the dayl, day2 and day3 were not different
each other (ANOVA, LSD and Bonferroni), and therefore,
data in these 21 trials were pooled. The baseline pupil
diameters (D1) were measured just before the onset of
light stimulus which induced the pupillary light reflex.
The D1_video, which was obtained after presentation of
video movies, was significantly smaller than the
D1_control, which obtained before presentation in all of
three movies (Table 1). In addition, values of the
D1_video for any of three video movies were not signifi-
cantly different each other. The pupil diameters at the
peak of the light reflex (D2) were also significantly smaller
after presentation of movies.

The constriction ratio of the light reflex, CR, was signifi-
cantly larger after presentation of the movies D (p < 0.01,
paired t-test) and A (p < 0.05) than the control obtained
before presentation (the control) (Table 1), while after
presentation of the movie R the CR was not significantly
different from the control (p > 0.05). Other parameters of

http://www.jneuroengrehab.com/content/4/1/37

the pupillary light reflex, i.e., the latency of the constric-
tion, the velocity of constriction (vc), the velocity of re-
dilation (vd), the acceleration of constriction (ac), and the
time at the peak of constriction (peak time) were not sig-
nificantly different before and after presentation of mov-
ies A, D and R.

Cardiovascular reflex

Heart rate and blood pressure were continuously moni-
tored. The p,,., was calculated for 2 min. Then the data
window was shifted by 10 seconds, and the p,, was again
calculated. In this way, 18 points of the p,,, were
obtained between 60 and 230 seconds following the onset
of the movie. In Fig. 1, the values of the p,,, measured
when a subject watched movie D in the first, second and
third days are plotted against the time after the onset of
the movie.

To evaluate the changes in the p,. the p... 1o Was
defined. Firstly the p,,,, at each of the 18 points along the
time following the onset of a movie was calculated
(Pinax_test) Secondly the values of p,,,, at the correspond-
ing points in the rest before and after presentation were
averaged (pmax—onual)- The standardized p,,,, is defined as
the Pray test/Pmax_conuol At €ach of 18 points. Thirdly the
mean of the standardized p,,,, for 18 points gave the
Pmax_ratio- 1N Table 2, the mean p, . conuor the mean
Pmax st a5 well as the p. .. .4, are shown. The mean
Prmax_test Was significantly larger than the mean p,. convol
when the subject watched the movie D (p < 0.05, paired ¢-
test), while the mean values of the p,,. ., were not signif-
icantly different after presentation of movies A and R (p >
0.05).

Correlation between objective and subjective indices

The CR,,;, obtained after the subject watched movie D or
R was correlated significantly with the difference in the
scores of questionnaire (p < 0.01) (Table 3, Pearson's coef-
ficient of correlation, n = 21, and Fig. 2B-C), while after
presentation of the movie A, they were not correlated sig-
nificantly (p > 0.05) (Fig. 2A). Increased discomfort after
presentation of movies is indicated as the positive values

Table I: The pupil parameters and the scores of questionnaire obtained before (control) and after presentation of movies A, D and R

D1 [mm] D2 [mm] CR latency [msec] vec [mmisec] vd [mmisec] ac[mmisec2] peak time [sec] score of
questionnaire
Control 65621089 525+1.03 021 £007 303 £29 3994129 1.14 £ 036 212113 1.10 £ 0.24 324+ 102
movie A 595 £098% 4481 |.06™ 0.25=0.09* 304 £ 28 4334127 I.14 £042 3481 127 1.10 £ 0.27 36.1 £ 10.3*
movie D 608 £ 092" 454093 026 £ 0.08* 300 £ 32 435 % LI 1.16 £ 0.48 323+96 1.10 £ 0.20 38.0 £ 14.1%*
movieR  6.15£ 086" 477 £092** 023 £008 306 £33 4.02 £ 1.37 1.10 £ 0.43 N2z 115 1.06 £0.18 367 113"

mean £ SD. D1: baseline pupil diamerer just before light stimulation to induce the light reflex (mm), D2: pupil diameter ar the peak of the light reflex (mm), CR: the amplitude
of the pupillary light reflex (D1-D2) divided by DI, latency: the latency of the pupillary light reflex (msec), vc: the velocity of constriction (mm/sec), vd: the velocity of re-
dilation (mm/sec), ac: the acceleration of the constriction (mm/sec?), peak time: time at the peak of the pupillary light reflex (sec), and the scores of the questionnaire. *, p <

0.05, **, p < 0.01. Paired t-test (two-tailed).
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Table 2: Mean values of Pmax_controlr Pmax_testr AN Prax ravio are
shown for each video movie (movie A, D and R)

pmu_:oﬂtml pmu_te:t Pmu,rltio
Movie A 0.65+0.10 0.66 £ 0.13 1.03+ 0.06
Movie D 066 £0.12 0.70 + 0.08* .11+ 0.05
Movie R 0.66 £ 0.09 0.69 £ 0.12 1.08+ 0.07

mean 1 SD. ¥, p < 0.05. Paired t-test.

of the differences in scores of the subjective evaluation in
Fig. 2.

The correlation of the p,,,, ..o With the difference in the
scores of questionnaire was not significant when the sub-
jects watched any of three movies (p > 0.05) (Fig. 2D-F,
and Table 4). In addition, the CR,,,;, was not correlated
with the p. ruio (P > 0.05) (Table 5).

Discussion

Changes in pupillary parameters

The diameter of the pupil is controlled both by sympa-
thetic and parasympathetic activities [13]. Pupil is con-
stricted by increased contraction of the pupillary
constrictor muscle, which is innervated by parasympa-
thetic short ciliary and oculomotor nerves, and/or by
decreased tension of the pupillary dilator muscles, inner-
vated by sympathetic nerves. The parasympathetic oculo-
motor neurons are in the dorso-rostral oculomotor
nucleus in the midbrain. Sympathetic innervation is orig-
inated from the cervical and superior thoracic segments of
the spinal cord. Changes in pupillary size may reflect the
balance of sympathetic and parasympathetic tones, and
are the good measure of the sustained state of the auto-
nomic function. On the other hand, the pupillary light
reflex is controlled through the arc through the retinal
ganglion cells, the pretectum, and the parasympathetic
oculomotor neurons. Changes in parameters of the pupil-
lary light reflex depend probably on the activation levels
of the brain stem structures related to this reflex arc.

In point of view of the sustained autonomic function, it is
suggested that parasympathetic tone prevailed over sym-
pathetic tone after presentation of any of three movies,
because baseline pupillary sizes were decreased (Table 1).

Table 3: Correlation coefficient (Pearson) between CR and

differences in the scores of questionnaire

ratio

correlation coefficient level of significance

movie A 0.059 0.799
movie D -0.567%* 0.007
movie R 0,590+ 0.005

**, p < 0.01. In the second column, the levels of significance are
shown.

http://www.jneuroengrehab.comicontent/4/1/37

The miotic condition may be caused by the relaxed condi-
tion of the subject after the end of the task, by the fatigue
or by the drowsiness in the dark room, although no sub-
ject reported sleepiness in the experiment. On the other
hand, CR, which is the change in the amplitude of the
light reflex, was different, depending on the movies. The
CR increased significantly after presentation of two CG
movies, and the change was not significant after presenta-
tion of the movie R (Tables 1). Because changes in base-
line pupil diameters were not significantly different
among three movies, the differences in CR were not
dependent on the mean brightness of movies, and other
causes should be sought. By comparing properties of three
movies (Material and Methods, presentation of motion
pictures), changes in the CR might be induced by accumu-
lation of the activities in the brain stem possibly due to
the unnatural changes in the disparity and/or brightness,
which could facilitate the transmission of the visual sig-
nals to the intraocular sphincter muscles.

Changes in the cardiovascular reflex

Cardiovascular measures, such as spectral analyses of the
R-Rinterval in the cardiac thythm [14-16|, have been typ-
ical tools to evaluate the autonomic nervous function.
However, in these traditional methods, only slight body
movement was allowed. By newly developed index, the
Pmay Stable measurement of parameters of the cardiovas-
cular reflex is possible when the subjects watch movies
with less severe restriction of body movement.

The p,,,, was increased significantly after presentation of
the movie D. In movie D, subjects were met various dino-
saurs one after another and were attacked by some of
them, which drove cardiac reactions to escape from them.
Such reactions could increase the contribution of the
baroreflex over biological noises (see Materials and Meth-
ods, measurement of blood pressure and ECG), which
might increase p,,,,..

Correlation among the pupillary, cardiovascular and
subjective indices

In order to relate the subjective and objective evaluation
of biomedical effects induced by presentation of images,
changes in the CR and p,,,, were related with the differ-
ences in the scores of questionnaire. Differences in the
subjective evaluation correlated significantly with changes
in CR after presentation of movies D and R, but in other
combinations the correlation was not significant (p >
0.05).

The different relation to the subjective evaluation of the
pupillary light reflex and the baroreflex would suggest that
different factors contributed to the biomedical influences
caused by image presentation. Although further studies
with larger number of subjects are necessary, it is sug-
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are shown.

gested that biomedical influences should be evaluated by
multiple physical parameters, which are carefully selected.

Significance of the present study

Pupillary and cardiovascular parameters as well as subjec-
tive evaluation were changed after image presentation,
and the effects were different depending on the types of
images. The results may be utilized to detect subtle
changes in physical parameters to assess the effect of med-

Table 4: Correlation coefficient (Pearson) between p, .., .., and
differences in the scores of questionnaire. In the second column,

ical care [17,18]. Images can also be used as the tool for
the treatment, for example, of the patients with panic dis-
order [19]. Images should be carefully selected, however,
and the biomedical effects must be carefully monitored to
avoid side effects or aggravation. Rehabilitation of posture
and movement of paralyzed patients may be facilitated in
virtual environment which would promote their motiva-
tion, but some patients may complain of cybersickness
due to the virtual motion scenery. Tools to monitor bio-

Table 5: Correlation coefficient (Pearson) between p,,,, ;a0 and

CR, In the second column, the levels of significance are

ratio*

the levels of significance are shown shown
correlation coefficient level of significance correlation coefficient level of significance
movie A 032 0.161 movie A 0.07 0.77
movie D 0.16 0.491 movie D 0.11 0.65
movie R -0.42 0.059 movie R 0.21 037
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medical influences are also needed, which are provided by
monitoring parameters such as shown in the present
study.

Although many questions remained to be clarified, this
study is an important step to accumulate knowledge on
biomedical effects evoked by audiovisual stimulation. By
accurmnulation of such knowledge, the efficient tools
would be developed to select proper images applicable to
the medical care and rehabilitation, and to monitor unde-
sirable effect of images to avoid side effect.
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Modulation of Spiral Wave Reentry by
K+ Channel Blockade

Haruo Honjo, MD; Masatoshi Yamazaki, MD;
Kaichiro Kamiya, MD; Itsuo Kodama, MD

It is well established that spiral wave reentry is the primary mechanism of ventricular tachyarrhythmias (ventricu-
lar fibrillation/tachycardia, VF/VT), but information is still limited concerning pharmacological modification of
spiral waves by ion channel blockers. In this brief review, the antiarrhythmic and proarrhythmic actions of K+*-
channel blockade (/kr and 7«1) are discussed in terms of spiral wave dynamics, primarily based on recent experi-
mental findings in ventricular preparations perfused in vitro with the aid of high-resolution optical mapping, as
well as their related theoretical studies using computer simulation.  (Circ J 2007; Suppl A: A-26-A-31)

Key Words: Antiarchythmic drugs; K* channel; Spiral wave reentry; Ventricular fibrillation/tachycardia

entricular tachyarrhythmias, including ventricular
fibrillation (VF) and polymorphic ventricular tach-
yeardia (VT), are the leading causes of sudden
cardiac death. Recent theoretical studies using computer
simulation on nonlinear excitable media and experimental
studies using high-resolution optical mapping have revealed
that spiral wave reentry rotating around a functional obsta-
cle is the major mechanism underlying most of these tachy-
arrhythmias!="* In order to establish reliable therapeutic
methods of effective prevention and termination of these
tachyarrhythmias, better understanding of spiral waves in
cardiac tissues is essential. However, information obtained
from real hearts of animals or human patients is still limited,
especially concerning pharmacological modulation of spiral
wave dynamics, and findings provided by computer simu-
lation studies remain to be validated.

Recently, the effects of nifekalant, a selective blocker of
the rapid component of the delayed rectifier K+ current
(Ix0), have been investigated in a 2-dimensional (2-D) layer
of rabbit ventricular myocardium, using an original high-
resolution video imaging system!3-'7 It was found that
nifekalant promotes self-termination of ventricular tachyar-
rhythmias through destabilization of spiral waves. In clini-
cal practice, intravenous nifekalant is reported to be highly
cffective in terminating and preventing VT/VF that is resis-
tant to other antiarrhythmic drugs and DC shocks!8-'? On
the other hand, it is well known that excessive prolongation
of ventricular action potentials by K*-channel blockers

(drug-induced QT prolongation) leads to an induction of

torsades de pointes (TdP)-type polymorphic VT2 In this
brief review, such bimodal actions, antiarrhythmic and
proarrhythmic, of K+*-channel blockers are discussed in
terms ol modulation of the spiral wave dynamics.
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Spiral Wave Reentry in Ventricles

The concept of spiral waves appeared in the generic theo-
ry of excitable media to describe rotating waves of excita-
tion in a variety of nonlinear excitable systems of chemical,
physical and biological origin?!22 Winfrec is a pioneer who
introduced the notion of spiral waves to cardiac electro-
physiology to explain the mechanism of functional reen-
try+23:24 In the center of the rotating wave of excitation, the
tip of the wave moves along a complex trajectory and waves
ecmanate from the organizing center into the surrounding
medium=710.1225-28 Because the propagation velocity of a
convex wavefront is lower than that of a flat wavefront, as
the result of decreased local excitatory current distributing
over a relatively larger membrane area downstream (source —
sink mismatch), the rotating wave has to acquire the shape
of a spiral?6.7.10.12,29

Spiral waves can be initiated when a disruption (wave-
break) of a propagating wave is formed in the excitable
medium?6.7.9-12.14.30 Interaction of the propagating wave-
front with an unexcitable obstacle, which is either an ana-
tomical structure or functionally refractory tissue, results in
wavefront fragmentation. The propagation dynamics of a
broken wave differ qualitatively from those of planar or cir-
cular waves!=1%.23-31 During normal propagation initiated
by a linear source (planar wave) or a point source (circular
wave), the wavefront of depolarization and the wavetail of
repolarization never meet; the distance between them coi-
responds to the wavelength of excitation. In contrast, in
spiral waves, the front and the tail of a propagating wave
touch each other at the wavebreak. In this situation, propa-
gation velocity decreases toward the wavebreak (the broken
end of the wave), as the result of pronounced source—sink
mismatch of local excitatory current, and the wavefront
starts o curl. Consequently, the wavebreak serves as a pivol
point and the broken wave rotates around this organizing
center.

The dynamics and stability ol spiral waves in the heart de-
pend on the underlying electrophysiological properties and
anatomical structure of the myocardium, and therefore spiral
waves can exhibit a variety of phenotypesd67.2.10.12.14.31-3
[t is obvious that stationary spiral waves produce a regular
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axis almost parallel o the myocardial tiber orientation. The
anisotrapic ratio of conduction velocity estimated around
the central area of the LV free wall was 2.4-2.65-17 A pair
of paddle electrodes was placed on the lateral surface of
both ventricles, and a single monophasic DC pulse (20V,
LOms) was applied to the heart during a vulnerable period
of preceding constant stimuli from the apex. This “maodilicd
cross-lield” stimulation consistently induced self-terminat-
ing or sustained VT, [n approximately 60% ot these VT
episodes, a single-loop or figure-ol-cight paltern ol spiral
wave reentry was documented and. in the remaining VTs,
one-way propagation of excitation waves was observed!™ V7
There was no breakthrough patiern of activation during any
of the VT episodes induced by modified cross-field sumu-
latton, suggesting that neither Tocal activity (enhanced
automancity and triggered activity) nor transmural reentry
15 responsible for the occurrence of VT in the quasi-2D ven-
tricular preparations! =17

Eftecrs of Nifekalanr on Spiral Weave Dynconics

Fhe effects of nifekalant (0.1 amol/L) on the action
potential and conduction have been characterized during
constant pacing at a cycle length of 200-800ms! 07
Nitekalant prolongs the action potential duration (APD) in

a reverse-lrequency dependent manner (by 7-253%) without
affecung conduction velocity. The APD prolongation was
spatially homogeneous in the LV, but APD alternans dur
g rapid pacing was enhanced after nitekalant. Nitekalant
increased the maximum slope of APD restitution curves
(from (.48 to 0.70), but the values did not exceed [ even
after nitekalant administration
other than restitution properties, such as unstable Ca™
dynamics, electrotonic currents and short-term memory.
may be also mvolved in the increased dynamic mstability
(APD alternans) induced by mifekalant, Cross-held stimula
ton induced VT in the presence of nifekalant. as m the
control group, but the VT duration was signilicantly shorter
after nifekalant: the percentage of sustained VT (>305) n
the total VT episodes was approximately 20% under control
conditions and was decreased to approximately 4% after
nifekalant. and most VTs (>80% ) self-terminated within 35
after induction in the presence of mifekalant

Fig 1A is a representative record of spirul wave reentry
durme a VT episode under control conditions: a spiral wave
is rotating around a short line of functional block (=7mm n
length) and this pattern ol activation was stable for more
than 107 The distant bipolar electrogram of ventricul
excitation durnng this VT episode shows a monomorphie

This suggests that factors
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Spiral Wave Reentry and K* Channel

pattern. Optical membrane potential signals recorded from
the line of block show a double-potential pattern, which is
characteristic of electrotonic interaction of excitation waves
with a large phase shift across the line. This suggests that
the line of block is a result of a refractory wake of a single
wave moving back and forth after a full turn at the end of
the line. According to the original theoretical concept of
spiral wave reentry in an excitable media, the core of the
spiral is excitable but unexcited. However, this is not the
case in the real 2-D ventricular myocardium. Instead, the
wave is rotating around a line of block equivalent to the
“inactive core”, as proposed by the “leading circle”™ con-
cept. Action potential signals close to the pivot point are
characterized by a prolonged upstroke phase, sometimes
with a notch, which may reflect a localized reduction in the
excitatory current at the pronounced convex wavefront
close to the pivot point.

Spiral wave reentry induced after application of nifekalant
is not stationary but shows irregular meandering along
remarkably prolonged complex lines of functional block
(Fig 1B)!7 Most lines of functional block are the result of a
refractory wake of preceding excitations, similar to those
under control conditions but, when multiple waves coexist
(see the next section), head-on collision of wavefronts also
produces lines of functional block. The electrogram shows
a polymorphic pattern of VT with varying cycle length.
Optical action potential signals also show a large beat-to-
beat change in morphology. Such disorganized spiral wave
reentry in the presence of nifekalant could not be sustained
and self-terminated.

Interactions Between Wavefront and Wavetail

The nifekalant-induced modification of spiral wave reen-
try can be further characterized in terms of the wavefront—
wavetail interaction and the phase singularity dynamics
(Fig2)!7 In spiral wave reentry under control conditions,
the wavefront of depolarization is always chasing its own
tail of repolarization and they rarely met each other, except
at the tip of the wave. Therefore, the number of phase singu-
larities (the organizing center of a spiral wave) recognized
in the phase map is normally 1 (a single rotor) and only tran-
siently increases to 2. After administration of nifekalant,
the wavefront frequently encounters its own tail at the
spiral arm distant from the tip of the spiral wave. Such in-
teractions of the wavefront and the wavetail result in either
breakup of the original wave or a sudden movement of the
organizing center of the spiral wave. In the phase map, the
former is recognized as the appearance of a pair of new
phase singularities with opposite chirality and the latter as a
sudden spatial jump of the original phase singularity. Both
of these events result in a remarkable enhancement of the
disorganization of the spiral wave dynamics and prevention
of their pinning to anatomical structures.

Theoretical studies have proposed 2 different mecha-
nisms of spiral wave breakup in homogeneous tissue?’-33:
one is the result of large meandering of the spiral tip. pro-
ducing prominent dispersion of the wavelength, leading to
complex spatiolemporal chaos; the other type of breakup
occurs in response to enhanced alternans of the wavelength
in the spiral arm at a certain distance from a rclatively stable
organizing center. In the latter case, the dominant periodici-
ty of excitation is kept constant. The spiral wave breakup in
the presence of nifekalant may be attributable mainly to the
former mechanism, because the breakup is associated with
large meandering and marked variation of excitation cycle

Cirewlation_fowrnal -~ Supplement A 2007

length.

Self-Termination of Spiral Wave Reentry

Computer simulation studies and theoretical considera-
tions have suggested that there are 3 different modes of
termination of spiral wave reentry*’: (1) a pair of counter-
rotating spiral waves can mutually annihilate via collision
of their rotation centers; (2) a spiral wave can run off a
nonexcitable tissue boundary and terminate; and (3) a
spiral wave tip is trapped in a region entirely surrounded by
refractory tissue, leading to its own extinction. We have
demonstrated these 3 patterns of spiral wave termination in
experiments using 2-D ventricular tissue of rabbit hearts
with the aid of phase mapping analysis!” In the control con-
ditions, type 1 (mutual annihilation of counter-rotating spiral
waves) was the major mode of spontaneous termination of
spiral waves. In contrast, in the presence of nifekalant, type
2 (collision of a phase singularity with nonexcitable tissue in
the atrioventricular groove) and type 3 (trapping of a phase
singularity in a region surrounded by refractory tissue)
modes are predominant in spiral wave self-termination. The
former may be the result of enhanced meandering and un-
pinning of the spiral tip and the latter may be a consequence
of repolarization delay and its beat-to-beat variation.

Inward Rectifier K* Current (/K1) and
Spiral Wave Stabilization

In working cardiomyocytes, action potential repolariza-
tion depends on coordinated activation of multiple types of
K+ currents: delayed rectifier K+ currents (/xr, /Ks). tran-
sient outward current (fw), and fki. During spiral wave
propagation, the contribution of respective K* currents is
considered to be spatially heterogencous, depending on
their vicinity to the spiral tip!=*3 The results of our optical
mapping study have suggested that [k plays a significant
role in action potential repolarization close to the spiral tip,
because the selective blockade of this current by nifekalant
enhanced meandering of the spiral tip. Such destabilization
of spiral waves promotes their self-termination. A recent
computer simulation study. using the Luo-Rudy action
potential model, has also demonstrated that blockade ol the
delayed rectifier K*-channel increases dynamic instability
and promotes spiral wave extinction through mutual anni-
hilation and collision with an anatomical boundary in a
finite-sized 2-D sheet¥ In contrast, Jalife et al*!= have
proposed that instantaneous K1, rather than time-dependent
Ik, is the major repolarizing current responsible for the
prematurely abbreviated wavetail close to the spiral tip. In
their studics using guinea-pig hearts, spatiotemporal perio-
dicities with a domain-like distribution of excitation fre-
quency always exist during VF and a persistent stable rotor
that provides exceedingly high-frequency excitation and
fibrillatory conduction is consistently located in the LV
where the outward component of /ki is larger than that in
the right ventricle?>43 Selective blockade of Ik by Ba’*
was shown to abolish the high-frequency excitation in the
LV and facilitate self-termination of VF#3 They have also
demonstrated recently that genetic overexpression of Kir2.1,
a major pore-forming unit of the /ki channel, in the mouse
heart results in a remarkable increase in the VE/VT fre-
quency and a significant prolongation of VF/VT duration?®
Based on those findings they have argued that /xi plays a
key role in action potential repolarization close to the spiral
tip. allowing high-frequency rotors to stabilize?
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VF and K+-Channel Blockade

As for the role of spiral-wave reentry in the maintenance
of VF, there are 2 major working hypotheses: a “multiple-
wavelet” hypothesis and a “mother rotor” hypothesis, in
which the role of spiral wave breakup differs!0424347-50
According to the multiple-wavelet hypothesis, continuous-
ly generated wavebreak is the engine maintaining VF. In
this hypothesis, wave breakup is originally thought to be
the result of structural and/or functional heterogeneity of
the myocardium, but it has been recently emphasized that
dynamic factors, such as restitution properties, play syn-
ergistic roles with preexisting heterogeneity in amplifying
the wave instability leading to spiral wave breakup (“dy-
namic wavebreak hypothesis™)!!-4849 On the other hand,
Jalife et al have proposed that a fairly stable mother rotor
serves as a source of high-frequency excitation and, because
of its high frequency rate, waves of excitation emanating
from the rotor develop intermittent conduction block at the
periphery (fibrillatory conduction), which gives rise to the
characteristic complex pattern of QRS on the ECG!0-42:43.50
Therefore, in this theory, wavebreak is just an epiphenome-
non and not essential for the maintenance of VF. Recent
studies have shown that these 2 mechanisms are interchange-
able, depending on underlying conditions?!-53

Mother-rotor-type VF will not self-terminate as long as
the mother rotor is anchored to small structural discontinui-
ties?* Blockade of Ik promotes meandering and breakup of
spiral waves through an increase in dynamic instability,
and this facilitates unpinning of the spiral waves from ana-
tomical structures!7-33-5¢ Unstable spiral waves showing
chaotic meandering tend to self-terminate as a result of
collision of the spiral tip with the nonexcitable boundary of
a limited area of tissue. These processes may explain, in
part, the antiarthythmic actions of fkr blockers. Blockade of
Ixi may have similar actions. In contrast, the increased
spiral wave breakup by 7«r blockade, as a result of increased
wavefront—wavetail interactions in the spiral arm, promotes
degeneration of stable VT to complex multiple wavelet-type
VF, and this may be involved in the profibrillatory actions
of Ik: blockers. Such actions might be less with /k1 block-
ade, if the relative contribution of ki to action potential
repolarization is much greater in the vicinity of the spiral
tip than in the spiral arm. As for the modification of spiral
wave reentry dynamics by K+*-channel blockade, informa-
tion available to date is mainly from 2-D cardiac tissues in
computer simulation or in real hearts of small animals. Ex-
tending these results to 3-D hearts, especially in larger
animals including humans, is not straightforward. An in-
crease in the tissue mass (surface area and wall thickness)
would reduce the chance of spontaneous termination of
spiral wave reentry by rotor collision or trapping, and it
would enhance rotor meandering and wave instability
through complex 3-D dynamics in favor of the transition
from VT to VF. The greater structural discontinuities and
functional heterogeneities in diseased hearts would also
alter the spatial requirements of spontaneous rotor termina-
tion. Further experimental and theoretical studies are
required to shed light on these issues.
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VI b —DFAF I AR ESHIZHELLMH
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WH (31 (single rotor) Tdh h, I F AL EREM S
F2thot. =745~ MEET T, wave
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EEBRLTWA.
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